
Solar Energy 142 (2017) 68–86
Contents lists available at ScienceDirect

Solar Energy

journal homepage: www.elsevier .com/locate /solener
Review
Potential of producing solar grade silicon nanoparticles from selected
agro-wastes: A review
http://dx.doi.org/10.1016/j.solener.2016.12.001
0038-092X/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: adebisijeleel@gmail.com (J.A. Adebisi).
J.A. Adebisi a,b,⇑, J.O. Agunsoye a, S.A. Bello c, I.I. Ahmed b, O.A. Ojo a,d, S.B. Hassan a

aUniversity of Lagos, Metallurgical and Materials Engineering, Lagos, Nigeria
bUniversity of Ilorin, Materials and Metallurgical Engineering, Ilorin, Nigeria
cKwara State University, Materials Science and Engineering, Ilorin, Nigeria
dUniversity of Manitoba, Mechanical Engineering, Winnipeg, Canada

a r t i c l e i n f o a b s t r a c t
Article history:
Received 8 March 2016
Received in revised form 3 November 2016
Accepted 1 December 2016

Keywords:
Silicon
Agricultural wastes
Nanoparticles
Photovoltaic materials
Energy
The U.S. Energy Information Administration (EIA) stated that Nigeria generates around 3080 MW of elec-
tricity but with actual estimated demand of 10,000 MW. Due to the low electricity generation, total
energy consumption profile of Nigeria showed that about 99% of the energy consumed is derived from
fossil fuels which invariably contribute to greenhouse gases emission. Electricity, if readily available at
low cost, can easily replace the fossil fuels which pose adverse effect on the citizen and climate. Solar
photovoltaic is identified as an effective renewable energy source that has proven to be a promising can-
didate for provision of clean and sustainable electricity. Silicon is the leading commercialized terrestrial
PV material for making solar cell due to its relative efficiency. This review work highlights the viability of
using abundant agricultural wastes in Nigeria to produce nano-sized solar grade silicon employing meth-
ods that will require less energy. Details of previous silicon (nanoparticles) synthesized from agricultural
wastes are dissected. Production of silicon nanoparticles from this origin could provide low cost solar
grade silicon compared with high temperature robust methods currently been used to obtain them.
Hence various methods of producing nanoparticles are highlighted.
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1. Introduction

Energy is very crucial to the sustainability of our societies
(Chendo, 1994), without which life could be unconceivable with
a lot of absence in our world. Its supply has been seen as future
problem consequently drawing attention of all nations because
human welfare in our modern life is intimately related to the qual-
ity and quantity of energy utilized (Hasan et al., 2012). As projected
by several organizations, Fig. 1 shows the world electricity gener-
Fig. 1. World electricity generation in teraw

Fig. 2. Electricity production by source (
ation for more than two decades from 1990 which increases across
the continents owing to people demand for more energy. Electric-
ity distributed via national grids has been dominated by fossil fuels
among the major sources of electricity which include coal, natural
gas, petroleum, nuclear, hydroelectricity and renewables, as shown
in Fig. 2.

Combustion of fossil fuels to unlock the energy stored in them
has paved way for emission of greenhouse gases (GHGs) which
contribute significantly to global warming (International Energy
atts-h (data obtained from BP (2014)).

extracted from World Bank (2011)).



Table 1
Gross domestic product (GDP) (Extracted from (Trading Economics, 2016)).

Country GDP (US $ billions) GDP per capita (US $)

United States 17947.00 51486.00
China 10866.44 6416.18
United Kingdom 2848.76 40933.46
Nigeria 481.07 2548.2
South Africa 312.80 7575.24
Egypt 330.78 2707.09
Algeria 166.84 4152.77

Fig. 3. Total primary energy consumption in Nigeria (U.S. Energy Information
Administration, 2015).
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Agency, 2014; Greenhouse gas, 2015). This consequently leads to
climate change that is becoming serious concerns for governments
worldwide (White et al., 2013; Moore et al., 1999; Mcnutt et al.,
2015; Grebmeier et al., 2011). According to World Health Organi-
zation (WHO), as numerous as 160,000 people lost their lives each
year from the side-effects of climate change whose value could
almost double by 2020 (Asif and Muneer, 2007). In Nigeria for
instance, the amount of fossil fuels consumed daily is terrific. This
is because most Nigerians and industries typically rely on electric
generators to augment their low energy supply, more importantly
the telecommunication companies that rely solely on diesel oil
generators to power their equipment. Consequently, Fig. 3 shows
the total energy consumption profile in Nigeria with about 99%
of the energy consumption coming from fossil fuels. This is because
most of the energy needs apart from electrical gadgets and equip-
ment are from these sources.

Nigeria has been rated with the lowest net electricity genera-
tion per capita in the world. Thus, electricity generation falls short
of demand leading to load shedding, blackouts and substantial
dependence on private generators (U.S. Energy Information
Administration, 2015). Nigerians have access to around 3080 MW
of electricity but the actual demand is estimated at 10,000 MW
(U.S. Energy Information Administration, 2015). The electricity
generated increased to its highest peak of 5074.7 MW on February
2nd, 2016 but this could not be sustained due to the recent Niger
Delta agitations (Kitey and Tippur, 2005). This low electricity gen-
eration and supply with high cost of diesel oil for running high
duty electric generators account for relocation of several manufac-
turing companies from the country to neighbouring countries with
better energy profiles. This erratic meagre electricity supply has
reduced the productivities of several small and medium enter-
prises (SMEs) and sometimes causing loss of properties and lives
(Oji et al., 2012; Ikeme and Ebohon, 2005). Hence, the nation’s
gross domestic product per capita is quite low relative to other
developing Africa countries, though with the largest GDP (see
Table 1).

Consequently, the net electricity generation and consumption
of three Africa countries (South Africa, Egypt and Algeria) with bet-
ter energy profiles are higher than those of Nigeria, the most pop-
ulous country in the continent (see Fig. 4).

Solar photovoltaic (PV) energy has been realized as a gorgeous
and effective renewable energy resource that could provide clean
and sustainable power generated from the inexhaustible solar
energy (Goetzberger et al., 1998; Kumar and Rosen, 2011;
Muneer et al., 2003; Parida et al., 2011; Tsoutsos et al., 2005;
Shah et al., 1999). The utilization of this enormous gift of nature
was showcased fourteen years ago in solar buildings (Masuki,
2011). Fig. 5 shows the applications of solar PV in solar community
settlement (Glaser, 2009), traffic light (FHKE, 2007), aerospace
(Vuille, 2014; NASA, 2000), automobile (Prince Arutha, 2014), solar
car mobile station (Tatmouss, 2010) and marine (Kołodziejczak-
Radzimska and Jesionowski, 2014).

The energy available in the Sun is more than 10,000 times that
required on the earth planet (El Chaar et al., 2011); if harnessed
will be sustainable and is still the cheapest in areas where its
reception is high since it costs nothing but space and gadgets (effi-
cient PV module and storage facilities) required to tap into it.
Krauter and Ruther (2004) also calculated the reduction in GHGs
emitted by replacing diesel generating engines with PV technolo-
gies in Brazil while Peng et al. (2013) examined the sustainability
and environmental performance of electricity generation systems
based photovoltaic technologies. Consequently, introduction of
this green energy (integrated with others) will minimize the side
effects of climate change (Li et al., 2016; Liu et al., 2013; Lorenz
and Kandelbauer, 2014).

The average radiation in tropical and sub-tropical regions in
developing countries is between 1600 and 2200 kW h/m2 annual
global radiation (U.S. Energy Information Administration, 2011).
Nigeria is located within this region as shown in Fig. 6 which
makes it a potential beneficiary of this gift of nature and the pro-
spect for PV market in the country has been studied by Adurodija
et al. (1998). It is evident from Fig. 7 that Nigeria has not been cat-
egorized among the countries utilizing its solar energy potential
but government’s Electricity vision 30–30–30 is revealed in Nige-
rian Sustainable Energy for All (SE4ALL) action agenda (Liu et al.,
2005). Researchers and governments across the world are working
assiduously in order to improve the efficiency of gadgets required
for concentrating heat and generating electricity from the Sun (U.S.
Department of Transportation 2012; Chanap, 2012; Hutmacher,
2000; Laurenzi and Marchetti, 2012; Li et al., 2008; Loos and
Springer, 1983).

Silicon is the leading commercialized PV material for non-
terrestrial application due to its relative efficiency along with cad-
mium telluride (CdTe), and copper-indium-gallium-diselenide
(CIGS) Pizzini, 2009. Researchers and industries later investigated
into thin film technologies for materials reduction and improve-
ment of the cell performance (Gorter and Reinders, 2012;
Madakson et al., 2012; Majid et al., 2012). Manufacture of solar
grade silicon (SoG-Si) initially depended on by-products from elec-
tronic grade silicon (EG-Si) production which make it to be very
expensive. The cost was later reduced by refining metallurgical
grade silicon (MG-Si). The various methods of manufacturing
low-cost solar-grade silicon have been reviewed (Mauk, 2003;
Bathey and Cretella, 1982). Untila and Zaks (2011) reviewed scien-
tific and technical research works accomplished on silicon solar
cells aimed at reducing cost of photovoltaic power. Researches
are ongoing on market introduction of cheaper and higher effi-
ciency organic thin-film PV technologies with great optimism on
recently discovered perovskites solar cells (Loh et al., 2015).



Fig. 4. Population and electricity consumption per capita for selected Africa countries (extracted from BP (2014), PRB (2014) and Helmut and Gerhard (1989)).
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Though quartz, which is a raw material for silica, is readily
available in Nigeria (Merati and Eustaugh, 2007; Merati and
Gasser, 2006; Michael, 2006; Murugan and Ramakrishna, 2005),
the challenge of poor electricity generation in the country would
not make their conversion to solar grade silicon (SoG-Si) econom-
ical because of high processing temperature requirement
(Zemnukhova et al., 2012). Silicon nanoparticle production can as
well be produced via several means as reviewed by Ma et al.
(2006). The conversion of agro-wastes to low cost SoG-Si nanopar-
ticles for production of cost effective solar cells could be a means of
solving the environmental challenges due to inefficient waste
management and energy insufficiency. In order to reduce waste
generated from rice mills, rice husk has been employed to synthe-
size silicon by various researchers (Banerjee et al., 1982; Mishra
et al., 1985; Ikram and Akhter, 1988; Nandi et al., 1991; Larbi
et al., 2012; Venkateswaran et al., 2012). This has prompted this
review considering numerous agricultural wastes produced in
Nigeria.

This review highlights the prospect of producing silicon
nanoparticles from other agricultural wastes of importance to
Nigeria. Its agricultural profile will be highlighted with wastes gen-
erated from few of them. Previous works on the production of sil-
icon from rice husks are also discussed. The prospect of using Si
nanoparticles produced from this source in thin film PV production
will also be enumerated.
2. Nigeria agricultural profiles and waste management

Nigeria occupies total area of 923,768 sq km with 98.59% land-
mass out of which 78% is agricultural land (see Fig. 8). Nigeria pro-
duces crops such as cocoa, peanuts, cotton, palm oil, maize, rice,
sorghum, millet, cassava, yams, rubber; and timber (Navarro
et al., 2012).

As in 2009, Nigeria generated 3.4 million tonnes of cassava
peelings (Heuzé et al., 2014) and similar wastes are generated
annually from the numerous agricultural produces during their
domestic and industrial processing to semi-finished or finished
products. Indiscriminate disposal and burning of these wastes pose
major challenges to sustainable healthy environment. Some of the
wastes are intentionally used as fossil fuels domestically and
industrially to augment energy need at low cost but without con-
sidering their side effects on our environment. Burning the agro-
wastes produces greenhouse gases (GHGs) which have adverse
effect on the climate and ecosystem leading to depletion of the
ozone layer and subsequently global warming (Greenhouse gas,
2015). Indiscriminate disposal in open spaces pollutes the environ-
ment with irritating odours and emission of unhealthy hazardous
gases. All these unwanted products cumulatively affect the life
expectancy of people (Asif and Muneer, 2007). Recycling and con-
version of many of these wastes to useful products with good eco-
nomic values have been the efforts of many researchers to sustain
a sustainable cleaner environment.
2.1. Cassava

Typically, Nigeria is the largest producer of cassava in the world
with a tonnage of about 30 million tonnes as in 2002 (Truman
et al., 2004; Felix, 2005). It is cultivated across the country with
the North Central Nigeria producing the largest proportion (27%)
followed by South South (23%), South West (21%), South East
(21%), North West (8%) and the remaining from the North East
(Truman et al., 2004). In Fig. 9, a typical cassava processing route
is illustrated. The cassava tubers after transporting to the process-
ing site are processed in commercial factory (Plate A) (EKHA Agro,
a Glucose Syrup producing factory, Ogun State) or small scale
factory (Plate B) (Oja Tuntun, Baboko Area, Ilorin, Kwara State) to
give cassava peelings (Plate C) (a dumpsite at Atiba local
government, Oyo, Oyo State) which could be processed further
by drying and sorting (Plate D) (Betterlife market, Isale-Osun,
Osogbo, Osun State) to get dried cassava peelings (Plate E) and



Fig. 5. Applications of PV technologies in (a and b) aviation Vuille, 2014; NASA, 2000, (c, f and g) automobile and traffic (FHKE, 2007; Prince Arutha, 2014; Tatmouss, 2010),
(d) marine (Kołodziejczak-Radzimska and Jesionowski, 2014) and (e) community settlement (Glaser, 2009).

Fig. 6. World Map of Global horizontal Irradiation (SolarGIS, 2013).
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Fig. 7. Solar energy consumption in selected Africa countries (extracted from International Energy Agency (2014)).

Fig. 8. Nigeria land use (Majer et al., 2014).
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finally cassava periderm (Plate F) which is a complete waste of no
economic value.

A cassava starch production unit processing 100 tonnes of
tubers per day has an output of 47 tonnes of fresh by-products
which may inadvertently pose environmental challenges when
carelessly disposed or left in the processing plant’s neighbourhood
(Aro et al., 2010). Cassava peelings can represent 5–15% of the root
which invariably means 4680 tonnes of cassava peel per annum
(Aro et al., 2010; Heuzé, 2014; Nwokoro et al., 2005). The main
use of this waste is for livestock feed, else it is usually burnt or left
to rot away creating waste heaps around the facility or in a desig-
nated place (Heuzé et al., 2014). Cassava peels which contain cas-
sava periderm (CP), as shown in Fig. 10, are usually discarded or
burnt whenever available.
2.2. Maize

Maize is a unique plant as source of staple food for indigenous
peoples in rural areas. United States and China are the major pro-
ducers of maize in the world while Nigeria is the second in Africa
(Maize, 2015; Badu-Apraku et al., 2014). Fig. 11 shows the various
parts of a typical maize plant (on the left). Usually after the ears are
harvested from Plate A, the stalks are left to decompose in situ
(Plate B), grazed by cattle (Plate C) while some farmers ploughed
them for another planting. The ears after harvesting (Plate E) are
processed for the grains. The stalks (Plate D), cobs (Plate F) and
husks (Plate G) are various wastes from the plant.
2.3. Sugarcane

Sugarcane is one of the species of tall perennial true grasses.
It has stout jointed fibrous stalks rich in sucrose accumulating in
the stalk internodes, thus used in sugar production (Sugarcane,
2015). Fig. 12 highlights basic domestic stages that generate sug-
arcane bagasse: Plate A is a sugarcane plantation at Giwa Local
Government, Kaya, Kaduna State; Plates B, C and D show sugar-
cane processing at Orange market, Mararaba, Karu Local Govern-
ment, Nasarawa State, while Plate E is the common means of
selling to the consumers. The wastes from sugarcane, Plates D
and F can be used as the source of sugarcane bagasse. The
bagasse could be obtained either by mechanical milling or by
direct chewing.



Fig. 10. Cross section of cassava tuber (Reference Manual, 1990).

Fig. 9. Typical cassava processing routes (Tarawali et al., 2013).
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3. Synthesis of nanoparticles

The introduction of thin films PV technologies has recently been
appreciated to have the highest potential in cutting cost which is
the main bane of thin-film silicon PV technologies (Martin et al.,
2004). The main advantage of these technologies is materials
reduction unlike the wafer silicon (Sopori, 2007). Other merits
include high product quality with relatively high efficiency, low
energy needs and large area production (Loos and Springer,
1983). The advent of nanotechnology has improved manufacturing
of several products with higher efficiency because of improved
materials properties (Pokropivny et al., 2007).

Nanoparticles can be produced through various known meth-
ods categorized as either ‘‘bottom-up” or ‘‘top down” (De Castro
and Mitchell, 2003; Yadav et al., 2012; Bhushan, 2004; Kulkarni,
2009; Overney, 2010; Robert and Nguyen, 2008) depending on
whether the materials are made from elemental basis via chemical
processes or reduced from its bulk state via mechanical milling or
chemical attrition processes. Bottom-up nanoparticle synthesis is
achieved via pyrolysis, solvothermal reaction, inert gas condensa-
tion, sol-gel fabrication and structured media while top-down
methods are accomplished majorly by milling and attrition
(Overney, 2010). The methods employed include laser ablation of
solid targets (Niu et al., 2010), plasma- or laser-induced reactions
of gaseous mixtures (Tao et al., 2012; Song et al., 2007; Remnev
and Pushkarev, 2004), ball milling (Luo et al., 2010; ELECTRON
MICROSCOPE; Merati et al., 2003), self-propagating high tempera-
ture synthesis (Yermekova et al., 2010a; Yermekova et al., 2010a,
2010b; Moskovskikh et al., 2013), sol–gel (Wang et al., 2001;
Kim et al., 2009; He et al., 2006; Raman et al., 2005;
Kandelbauer, 2014), hydrolysis (Kumar et al., 2012), spray drying
of solutions (Song et al., 2008), Precipitation (Sudirmana et al.,
2012), pyrolysis (Surovikin et al., 2010) and chemical vapour
decomposition at low pressure (Legrand and Sénémaud, 2003).

Table 2 shows the summary of some synthesized nanoparticles
giving brief highlights of the starting materials, reagents used,
methods used, and final products with particle sizes in nano scale.
The table shows that agricultural waste has been utilized to



Fig. 11. Parts of a maize plant.

Fig. 12. Sugarcane plantation and various processing stages to obtain bagasse.
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synthesize nanoparticles as low as 6 nm while microporous
nanocrystalline silicon of less than 2 nm has been obtained
through reduction of silica with magnesium at temperature of
650 �C.

The methods employed for synthesis of silicon nanoparticles
could be categorized into physical, chemical, physiochemical, and
electrochemical (Kumar, 2007). The physical methods could be
by implantation or ablation; combustion, thermal decomposition,
microwave plasma, gas-evaporation and chemical vapour
deposition (CVD) are physicochemical methods; the chemical
methods utilize reduction procedures, while electrochemical
method is an etching procedure via electrodeposition and
ultrasonic fracturing.

SiO2ðsÞ þ 2MgðgÞ ! SiðsÞ þ 2MgOðsÞ ð1Þ



Fig. 13. Distribution of different semiconductors in the PV chain (Pizzini, 2009).

Table 2
Synthesis of nanoparticles from various sources using different processing routes.

Starting material(s) Procedural highlights Product(s) Particle
size (nm)

Reference

Rice husk (RH) Pyrolysis, leaching, sol-gel, reduction, leaching Silicon 70–100 Venkateswaran et al. (2012)
Corn tissues (leaves, roots, stalks, silks, and

husks)
Acid pre-treatment, in-situ growth
(impregnation), calcination, crystallization
Max. Temp. 550 �C

Porous TiO2–
SiO2

13.8–20.3 Ma et al. (2013)

RH Acid pre-treatment, combustion, leaching,
pyrolysis, sol-gel
Max. Temp. 500 �C, 700 �C, 1000 �C

Silica 6 Rafiee et al. (2012)

RH (from 2 different sources) Leaching, calcination
Max. Temp. 650 �C

Silica 181.2–
294.7

Carmona et al. (2013)

Corn hob Pyrolysis, sol-gel, calcination
Max. Temp. 700 �C

Silica 305 Ogunfowokan et al. (2011)

RH, rice straw (RS), sylvan horsetail, scouring
horsetail and larch needles

Hydrolysis, calcination, metallothermic reduction
Max. Temp. 700 �C

Amorphous
silica

50–200 Zemnukhova et al. (2012)

Corn cob Precipitation
Max. Temp. 750 �C

Amorphous
silica

25 Mohanraj et al. (2012)

Rice husk Sol-gel, supercritical carbon dioxide drying
Max. Temp. 600 �C

Nanoporous
silica aerogel

10–60 Tang and Wang (2005)

Rice husk, coffee husk and sugarcane bagasse Biotransformation, calcination, leaching
Max. Temp. 700 �C

Silica 152–254 Espíndola-Gonzalez et al.
(2010)

Cassava periderm Pyrolysis, sol-gel, calcination
Max. Temp. 600 �C

Silica 62.69 Kandelbauer (2014)

Silica, Mg Magnesiothermic reduction (see Eq. (1)). Max.
Temp. 650 �C

Silicon <2 Yermekova et al. (2010a) and
Bao et al. (2007)
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4. Solar cells and silicon

4.1. Trends in PV cells

A solar photovoltaic (PV) module works by converting solar
radiation directly into electricity, using semiconductor technology.
Illuminating a module with (solar) light excites an electron from
the valence band, makes the electron to move to the conduction
band and thus creates electron–hole pair. The electron (negatively
charge) and hole (positively charge) generated within the module
move to the n and p surfaces, respectively. When metal contacts
are applied to the two surfaces, the electrons flow in an external
circuit via an applied load (Muneer et al., 2003). Razykov et al.
(2011) and Rockett (2010) have reviewed the progress made in
PV technologies and challenges facing them. Silicon solar cells
make up 95% of solar cells and are the most developed and com-
mercialized types as can be seen from Fig. 13 (Pizzini, 2009).

There are two types of silicon solar cells: amorphous (a-Si) and
crystalline (c-Si) with the later leading commercial PV cell’s
material. Crystalline silicon has a market share of more than 80%
(for both single crystal and cast silicon) as observed from Fig. 13
(Loh et al., 2015; Aberle, 2006; Pucker et al., 2012; Lotz and



Fig. 14. Conversion efficiencies of various researches in photovoltaic cells (Nunez et al., 2012).
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Schneider, 2013/14; Goetzberger and Hebling, 2000; Swanson,
2006). Other types of solar cells being developed use doped
semiconductor materials (like GaAs, CdTe, CuInSe2, etc.), organic
semiconductor cells and perovskite which are in research stage
while dye-sensitized TiO2 cells are gaining momentum (El Chaar
et al., 2011; Gorter and Reinders, 2012; Lotz and Schneider,
2013/14; Lizin et al., 2012; Nunzi, 2002; Green et al., 2014). There
are other technologies that have been discovered, one of such is the
silicon quantum dots technology (Pucker et al., 2012; Lotz and
Schneider, 2013/14; Conibeer et al., 2011, 2012; Mercaldo et al.,
2009; Perez-Wurfl et al., 2009; Tayagaki et al., 2013; Hodgson
et al., 2013; Lee et al., 2014; Löper et al., 2013) which has been
proven to have very high efficiency (Green et al., 2014). Hybrid
PV cells combine crystalline silicon with non-crystalline silicon
(Itoh et al., 2001) while dye-sensitized materials (about to be
deployed to the market, Fig. 14) have been introduced to solve
the problems with efficiency, production cost and environmental
issues (Nazeeruddin et al., 2011; Gratzel, 2003). Some researchers
(Aberle, 2006; McCann et al., 2001; Catchpole et al., 2001)
reviewed the outstanding thin-film crystalline silicon PV technolo-
gies that have emerged in the last decade while one of the advan-
tages of a-Si in thin film solar technology has been reviewed by
Markvart and Castaner (2003).

4.2. Production of (solar grade) silicon

Silicon has been produced majorly via carbothermal reduction
(see Eq. (2)) of silicon dioxide in which intermediate reactions (that
yield SiO=SiC) must be avoided. The usual starting materials for
this process are chunks of quartz/quartzite, coke, charcoal and
wood chips for good ventilation of the charge which yields metal-
lurgical grade silicon (MG-Si) with a purity of 98% for which a typ-
ical analysis is 0.5% Fe; 0.4% Al; 100–400 ppm each of Ca, Cr, Mg,
Mn, Ni, Ti, and V; and 20–40 ppm each of B, Cu, P, and Zr
(Zulehner et al., 1977). This conventional silicon production with
the reduction of silica with carbon (Koch and Clément, 2007;
Braga et al., 2008; Nakajima and Usami, 2009) easily gives a by-
product (CO2) that is detrimental to our environment and usually
involves high temperature with high energy consumption
(Yermekova et al., 2010a). Other methods in use include the met-
allothermic reduction of the silica (see Eq. (1)) or silicon tetrafluo-
ride (see Eq. (3)) and decomposition of silane, e.g. SiH4 (see Eq. (4)).
There are several other reactions that could give silicon but most of
them are not economically viable.

SiO2ðsÞ þ 2CðsÞ ! SiðsÞ þ 2COðgÞ ð2Þ

SiF4ðgÞ þ 4NaðlÞ ! Siðs;powderÞ þ 4NaFðsÞ ð3Þ

SiH4ðgÞ ! Siðs;powderÞ þ 2H2ðgÞ ð4Þ

Semiconductor/electronic grade silicon (EG-Si), which differ
from solar grade silicon (SoG-Si) Pizzini, 2009; Saravanan and
Sheeba, 2012, is expensive while metallurgical grade (MG) silicon’s
composition is not suitable for solar application but somewhat
cheap. Hence most of the SoG-Si produced has been achieved by
upgrading MG-Si. Various methods (see Fig. 15) for SoG-Si
production/MG-Si purification have been developed and upgraded
by researchers for overcoming the low productivity of the Siemens
process. These methods are classified into the following:

� thermal decomposition and/or H2 reduction of silane gases by
improving the existing Si production methods that are based
on the Siemens based processes;

� metallothermic reduction of Si halide compounds by Zn, Al and
Na;

� upgrading metallurgical grade Si (MG-Si, 98–99% purity) via
metallurgical (pyro- or hydro-) purification methods;

� fluoride processes for the preparation of high purity silicon; and
� reduction of silicon dioxide.



Fig. 15. Silicon material processing to produce solar cells, and impurity-related phenomena (Delannoy, 2012).
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Due to high temperature demand of the conventional methods,
Murray et al. (2006) presented a method that uses two-step solar
process for the production of silicon from silica: a carbothermal
reduction in the presence of nitrogen to yield silicon nitride and
solar dissociation of the nitride to yield silicon. Braga et al.
(2008) reviewed the advances made in silicon production and clas-
sified them as either chemical or metallurgical routes as shown in
Fig. 16. Chemical methods (associated with the Siemens process)
are exploited in companies such as Wacker Chemie AG, Tokuyama
Corporation, Renewable Energy Corporation (REC) Group and
Chisso Corporation while metallurgical routes (usually purification
of metallurgical silicon) are employed in Solar Silicon Company
(SOLSILC), Silicon Purification Technology (SPURT), Elkem, Kawa-
saki Steel Corporation, Apollon Solar and University of Campinas
(UNICAMP). Both routes started with quartz with carbothermic
reduction process to produce metallurgical silicon but with major
differences at the purification stage where they acquire their
appellations (chemical or metallurgical). In the chemical route,
the low grade silicon is reacted with hydrochloric acid to form
chlorosilanes that is then reduced with hydrogen gas to deposit a
purer silicon grade while the metallurgical route uses fusion, refu-
sion and solidification processes.

Gribov and Zinov’ev (2008) and Gribov and Zinov’ev (2003) pre-
sent problems associated with polycrystalline silicon production
for solar cells applications and highlighted new promising tech-
nologies. The criteria for the specification of SoG-Si that have been
published by different authors differ in orders of magnitude and
the origin of these values is not always clearly justified
(Hofstetter et al., 2009). The acceptable contamination levels in
solar grade silicon from feedstock to solar cell was modelled by
Hofstetter et al. (2009) but the study is limited to Ti, Cr, Fe and
Cu in a p-type mc-Si solar cell, in the initial mc-Si wafer and in
the silicon feedstock. Investigations into amorphous-Si and the
various degradations have been reported by researchers (Radue
and Van Dyk, 2010; Tawada and Yamagishi, 2001; Yang et al.,
2003). It has been revealed in the work and reviews of several
researchers (Goetzberger and Hebling, 2000; Goetzberger et al.,
2003; Lund et al., 2001; Carlson, 2003; Carlson and Wronski,
2003) that there is great hope for a-Si solar cells with subsequent
reduction in the effect of the Staebler–Wronski effect.

Yasuda and Okabe (2010) reviewed the various methods
employed in solar grade silicon production by metallothermic
reduction in order to suggest inexpensive routes that suits indus-
trial production to replace the expensive and low productivity
Siemens-based processes. Arnberg et al. (2012) studied how
demands for lower cost, better yield, higher efficiency and use of
less pure silicon in solar cells are addressed by advanced solidifica-
tion process.

4.3. Purification of silicon

Purification of silicon is an essential concept in industrial SoG-Si
production since it is not generally produced directly without pass-
ing through a refining process. The earlier challenge of its produc-
tion was due to shortage (Woditsch and Koch, 2002) of
semiconductor grade which is expensive and off-spec (Morita
and Yoshikawa, 2011). This later opened way for upgrading metal-
lurgical grade silicon at lower cost though at the expense of loss of
some silicon (Wei et al., 2011). Pizzini (2010) enumerated the chal-
lenges and benefits for low cost photovoltaic materials as regards
solar grade silicon. Upgraded metallurgical grade silicon (UMG-
Si) usually contains impurities that have been shown to greatly
degrade photovoltaic performances such as the short-circuit cur-
rent (JSC), open-circuit voltage (VOC), fill factor (FF) and power
conversion efficiency (PCE) in silicon solar cells (Coletti et al.,
2011; Davis et al., 1978, 1980).

Phosphorus diffusion gettering process has been widely used to
improve the performance of Si solar cells in photovoltaic technol-
ogy by improving the electrical properties of UMG-Si wafers and
solar cells (Xu et al., 2010). In the study of Safarian et al. (2012),



Fig. 16. Stages of the production of solar cells and panels that require research in the area of environmental control (Braga et al., 2008).
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the effect of impurities on PV module efficiencies and the impurity
contents in silicon materials was reviewed. Lee et al. (2013) inves-
tigated the effects of metallic contaminant type and concentration
(Al, Cu, Ni, and Fe) on the minority-carrier recombination lifetime
and photovoltaic performance degradation of p-type silicon solar
cells. The distributions of Al and Ca in mc-Si ingot (obtained from
MG-Si) by vacuum induction melting and directional solidification
processes were studied (Tan et al., 2014) and the results showed
that at the initial stage of solidification, the impurity distribution
is controlled by both segregation and evaporation while at the
end stage, it is mainly determined by segregation due to the
decrease of the diffusibility and evaporability with the decrease
of melt temperature.

Several purification methods (Delannoy, 2012) had been inves-
tigated to get a stable SoG-Si and to reduce the production cost
minimally without affecting the required properties of the built
solar cells. It should be noted that most of these purification meth-
ods are simply preparation of SoG-Si from lower grades most espe-
cially MG-Si. It has been shown also that heat treatment could be
used to modify the morphology of purified silicon. The effect of
thermal annealing on the UMG-Si was investigated under different
conditions by Wu et al. (2011). Thermodynamics of the various
purification methods have been investigated by many researchers
(Wu et al., 2013; Li and Guo, 2014; Ma et al., 2012; Morita and
Miki, 2003) to have deep cognition of the processes.

Solvent refining process (Morita and Yoshikawa, 2011) is an
important purification method that offers the possibility of cost
reduction due to its high purification efficiency and low processing
temperature. It involves alloying silicon with another element to
enable the solvation and solidification with recrystallization of sil-
icon from the solvent at a lower temperature than the melting
point of silicon which is then followed by separation of the crystal-
lized silicon. Yoshikawa and Morita (2012) reviewed solvent refin-
ing processes for SoG-Si purification with emphasis on their
advantages and identifying the problems that must be solved for
process development.

In general, several refining methods have been researched to
include directional solidification (Martorano et al., 2011; Liu
et al., 2012; Yoshikawa and Morita, 2009), fractional melting (Lee
et al., 2009), leaching (Sahu and Asselin, 2012; Lian et al., 1992;
Juneja and Mukherjee, 1986; Dietl, 1983; Zhanliang et al., 2011;
Santos et al., 1990), slag treatment/gas blowing (Wu et al., 2013;
Johnston and Barati, 2013, 2010; Jung et al., 2011; Cai et al.,
2011; Li et al., 2013), electron beam melting (Pires et al., 2005;
Liu et al., 2012; Sun et al., 2013; Peng et al., 2011), gravity separa-
tion (Li et al., 2012; Mitrašinović and Utigard, 2009), electromag-
netic induction slag melting (Luo et al., 2011), vapourization
(Morito et al., 2012; Zheng et al., 2011), zone refining (Mei et al.,
2012), plasma refining (Wang et al., 2013; Delannoy et al., 2002;
Degoulange et al., 2008; Zhao et al., 2011), concentrated solar radi-
ation (Flamant et al., 2006), powder metallurgy technique (Gu
et al., 2011) and integrated methods (Khattak et al., 2001; Hu
et al., 2013; Schutz-Kuchly et al., 2011; Liang et al., 2010; Yuge
et al., 2001, 1994; Mukashev et al., 2009; Martinsen et al., 2013;
Visnovec et al., 2013) that use two or more of those aforemen-
tioned studies.
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4.4. Silicon nanoparticles

Silicon nanoparticles have been prepared by many methods,
such as fracturing porous silicon by ultrasonication (Belomoin
et al., 2002), microwave-induced or laser-induced decomposition
of silane (SiH4)-like precursors (Holmes et al., 2001; Jones, 1996),
low-temperature solution route (Neiner et al., 2006), low pressure
chemical vapour deposition (Nakajima et al., 1996; Grisky, 1995),
plasma-enhanced chemical vapour deposition (Mercaldo et al.,
2009; Pi et al., 2006; Jawaid et al., 2012; Gabriel et al., 2010;
Eng-Kwong et al., 2007), pulsed-laser ablation (PLA) of Si Gelloz
et al., 2005; Shaaban et al., 2015, spark discharge (Tg, 2013) and
electroless/electrochemical etching (Bracmort, 2009; Nayfeh
et al., 2003). The review of Ma et al. (2006) has dissected the var-
ious methods of preparation of silicon nanoparticles with their
astonishing properties and applications. Solar-grade silicon
microparticles were prepared by a two-stage technique consisting
of a combustion process (metallothermic process) in a
SiO2 þMg ! SiþMgO reaction in an inert atmosphere and the
hydrometallurgical treatment of the combustion product (Won
et al., 2011). Su et al. (2012) directly prepared a low cost solar-
grade mc-Si in a vacuum directional solidification process starting
with a 99.5% commercial metallurgical grade. Yasuda et al. (2011)
investigated the production of solar-grade silicon by halidothermic
reduction of silicon tetrachloride (SiCl4) based on the subhalide
reduction by Al subchloride reductant at 1273 K. Abdyukhanov
et al. (2000) investigated the conditions that will favour the pro-
duction of enhanced MG silicon for use in land-based solar cells
by reduction of silica with silicon carbide according to Eq. (5).
Using a modified vacuum electric resistance furnace, the tempera-
ture dependences of equilibrium concentrations of condensed and
gaseous phases in the ‘‘silica - silicon carbide” system for various
mole proportions characterized by the coefficient X, were
determined, where X ¼ 1:4;1:6;1:8;2:0; and 2:2. Based on a
thermodynamic analysis, it was determined that the conditions
for the reduction of silicon dioxide by silicon carbide that yields
metallurgical silicon of enhanced quality, are, temperature,
T = 2450–2600 K, X = 1.4–1.6, and pressure, p = 0.1 MPa.

SiO2 þ XSiC ! SiðlÞ þ CO ð5Þ
5. Feasibility of producing silicon from agro wastes

5.1. Silica

Silica is the starting material for silicon production. It is found
naturally as quartz which is an abundant mineral. It is the major
component of sand and rock. It has also been confirmed that it
could be synthesized from sodium silicate (Sudirmana et al.,
2012), water glass (Shi et al., 2006; Lee et al., 2007), tetraethoxyl-
silane (TEOS) He et al., 2006; Shimura and Ogawa, 2007; Liu et al.,
2006 and several agricultural wastes (Zemnukhova et al., 2012; Ma
et al., 2013; Rafiee et al., 2012; Carmona et al., 2013; Ogunfowokan
et al., 2011, 2012; Mohanraj et al., 2012; Tang and Wang, 2005;
Espíndola-Gonzalez et al., 2010; Umeda and Kondoh, 2008;
Yalcin and Sevinc, 2001; Oghenevweta et al., 2016; Özdemir and
Yakuphanoglu, 2006; Ozin et al., 2008; Palmero et al., 2011;
Pandey et al., 2009; Pokropivny et al., 2007; Yang et al., 2005;
Zaluzec). Silica is usually prepared by reacting sodium carbonate
powder and quartz sand at high temperature to form sodium sili-
cate which will then react with sulphuric acid to precipitate silica
(Soltani et al., 2014). This method is hazardous to the environment
since most of its by-products are not environmentally friendly
(sodium sulphate, carbon dioxide and lots of waste water). It is
of great importance to acknowledge that many research works
have been carried out on the synthesis of silica from agro-waste
(see Table 2) and many other compounds using several processing
routes. This approach applies the principles of 3R (Reduce, Reuse
and Recycle) for waste management.

El-Sayed and El-Samni (2006) reported various silica contents
obtained from different sources; Sorghum (88.75%), wheat
(90.56%), corn (64.32%), bamboo (57.40%), bagasse (73.00%), lan-
tana (23.38%), sunflower (25.32%), RH (93.00%), RS (82.00%) and
bread fruit tree (81.80%). Vaibhav et al. (2015) produced nanosilica
from bamboo leaves, rice husk, groundnut shell and sugarcane
bagasse using the pyro-chemical method. Similarly, extraction
and characterization of nanosilica from two types of rice husk were
investigated using mild acid solutions by Carmona et al. (2013).

Ogunfowokan et al. (2011) produced nanoporous silica from
corn-cob using sol-gel method with investigation on the effect of
nanostructuring of crystal sizes of the silica obtained. The corn-
cob was ashed at 700 �C in a muffle furnace for 2 h and solation
was executed using 1 M NaOH to form silicate solution.
Cetyltrimethylammonium chloride (CTMACl) which served as sur-
factant in the sol-gel process was used for nanostructuring and
porosity generation in the extracted silica. Using similar procedure,
Kandelbauer (2014) produced nanosilica with average sizes of
62.69 nm from cassava periderm.

Venkateswaran et al. (2012) prepared nano silica from rice husk
by sol-gel method. RHA was dispersed in double-distilled water
and pH was adjusted to neutrality to remove the impurities. The
washed RHA and 6 N HCl were stirred for 2 h, filtered and washed
with distilled water. The residue was washed thoroughly with hot
distilled water and then dried. To produce sodium silicate solution
from this residue, 2.5 N NaOH was added and boiled for 1 h with
constant stirring. After cooling and filtering, H2SO4 was titrated
and precipitates started forming at pH < 10. The titration was
stopped at three different PHs (1, 3 and 5) and the gel formed
was washed with distilled water. This was separated by centrifuga-
tion at 2500 rpm for 15 min and washing was repeated several
times to remove impurities. The gel was later dried at 70 �C for
12 h and then sintered at 650 �C to yield silica nanopowder.

Rafiee et al. (2012) also produced nanosilica from rice husk.
Acid treatment of the rice husk was followed by thermal combus-
tion under controlled conditions to give 22.50% ash with 90.469%
silica. Nanosilica was prepared by reflux technique of the extracted
silica with 6.0 M HCl for 4 h and then washed repeatedly using
deionized water to make it acid free. It was then dissolved in
2.5 M sodium hydroxide by stirring. H2SO4 was added until it
reached pH 8. The precipitated silica was washed repeatedly with
warm, deionized water to make it alkali free and then dried at
50 �C for 48 h in the oven.

Espíndola-Gonzalez et al. (2010) synthesized silica nanoparti-
cles from rice husk, sugarcane bagasse and coffee husk by employ-
ing vermicompost with annelids (Eisenia foetida). The product
(humus) was calcined at 500, 600 and 700 �C for 19 h and extracted
with aqua regia to recover the crystalline nanoparticles. Another
important source of silica that could be harnessed is the solid resi-
due of ethanol production from wheat straw (Hansen et al., 2013)
and other cereals.

Zakharov et al. (1993) proposed a method in which silica parti-
cles distributed in the plant cells of rice husk were separated by
organic layers from mineralizer impurities before crystallization
of the silica. Zemnukhova et al. (2006) investigated and presented
data on the purity (concentrations of metal oxides), morphology
(particle size and shape), specific surface area, pore diameter, den-
sity, and water solubility of amorphous silica.

It is noteworthy that silica has been obtained by combination of
processes such as acid treatment, partial burning (charring), burn-
ing, calcination, leaching, enzymatic treatment (Decker et al.,
2007), pyrolysis, hydrolysis and sol-gel (Nayak and Bera, 2012;
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Mansha et al., 2011). Acid pre-treatment has been reported to
improve the quantity and quality of the silica yield
(Chandrasekhar et al., 2005; Chakraverty and Kaleemullah, 1991;
Real et al., 1996). It was also reported to be very effective in remov-
ing metallic impurities, sulphur and phosphorus from the wastes
(Rafiee et al., 2012; Carmona et al., 2013; Yang et al., 2005;
Zaluzec; Chakraverty and Kaleemullah, 1991; Chakraverty et al.,
1988; Li et al., 2009; Krishnarao et al., 2001; Kalapathy et al.,
2000; Zinin, 2011; Durowaye et al., 2014). This may be as a result
of reaction between the metallic impurities with acid and similar
process is repeated after calcination (Chakraverty and
Kaleemullah, 1991). Several acids (mostly inorganic) have been
employed to affect this phenomenon at low temperatures, usually
below 110 �C.

Pre-burning is carried out at temperature below 500 �C to
reduce smoke formation and volume of dry matter prior to the
burning of the agro-wastes which is between 550 and 800 �C. Cal-
cination is a process in which a material is heated to a temperature
below its melting point to affect a thermal decomposition or a
phase transition other than melting (McGraw-Hill, 2003). The tem-
perature used depends on the materials being processed which
could be as low as 400 �C and above 1500 �C. Pyrolysis is the ther-
mochemical decomposition of organic material at high tempera-
tures either in complete absence or limited supply of oxygen that
gasification does not occur to an appreciable extent at temperature
of between 500 and 800 �C (Bridgwater and Bridge, 2002; Pande
and Bhaskarwar, 2012). These processes are said to be controlled
when the process is carried out in inert environment. Amorphous
silica is formed at temperatures between 500 and 600 �C but
should always be kept below 700 �C (Patel et al., 1987) to avoid
the formation of crystalline forms, cristobalite and tridymite that
are formed at 800 and 1150 �C respectively (Vaibhav et al., 2015;
Hamad and Khattab, 1981).

The entire thermal degradation takes place in three main stages
of mass loss: drying, devolatilization and slow oxidation of fixed
carbon (Chakraverty and Kaleemullah, 1991). This usually leads
to the formation of silica ash, which could be white, brown, grey
or black depending on inorganic impurities and unburnt carbon
amount (Chakraverty and Kaleemullah, 1991; Chakraverty et al.,
1988; Prasad and Pandey, 2012).

Leaching is dissolving soluble material from its mixture (usually
solid) by a liquid solvent with an insoluble solid left. The solvent
used may be acid or alkaline (McGraw-Hill, 2003). This is usually
done to remove certain impurities present in the ash from which
filtrate will be discarded or formation of a useful solution for fur-
ther processing.

Sol-gel method has been employed to obtain pure silica by dis-
solving an impure silica (usually ash) in alkaline medium to form
sodium silicate (Ogunfowokan et al., 2011; Tang and Wang,
2005; Palmero et al., 2011; Pokropivny et al., 2007; Yang et al.,
2005; Vaibhav et al., 2015; Zemnukhova et al., 2006; Prasad and
Pandey, 2012; Kamath and Proctor, 1998; Pijarn et al., 2010;
Affandi et al., 2009; Okoronkwo et al., 2013). The dissolution of sil-
ica in NaOH by boiling at 100� 10 �C for 1 h with continuous stir-
ring is according to Eq. (6) (Saravanan et al., 2012; Yuvakkumar
et al., 2012).

SiO2ðs;impureÞ þ 2NaOHðaqÞ ! Na2SiO3ðaqÞ þH2OðlÞ ð6Þ
The solution will be filtered to separate undissolved contents

while the filtrate is cooled to room temperature. The silica is then
precipitated from the silicate by adjusting the pH slowly with acids
to 7 or as low as 4 (for easier diffusion of sodium ions from the gel)
and with constant stirring according to Eqs. (7) and (8) (Saravanan
et al., 2012; Yuvakkumar et al., 2012). It is suggested that sodium
silicate solution be added to acid when pH of less than 7.0 is to be
used (Ogunfowokan et al., 2012).
Na2SiO3ðaqÞ þH2SO4ðaqÞ ! SiO2ðgelÞ þ Na2SO4ðaqÞ þH2OðlÞ ð7Þ

Na2SiO3ðaqÞ þ 2HClðaqÞ ! SiO2ðgelÞ þ 2NaClðaqÞ þH2OðlÞ ð8Þ
Gelation starts immediately but this must be allowed to stay for

about 18 h for complete ageing process. The formation of a sol-gel
porous material is through a hydrolysis polycondensation reaction
(Rappoport and Apeloig, 1998). Effect of ageing time and concen-
tration of ageing solution on the porosity characteristics of subcrit-
ically dried silica aerogels was studied by Smitha et al. (2006). The
gel is then centrifuge to separate the silica from the mixture and
thereafter dried. Estella et al. (2007) studied the effects of ageing
and drying conditions on the structural and textural properties of
silica gels.

5.2. Silicon

Larbi et al. (2012) produced silicon from RHA using both
pyrometallurgical and hydrometallurgical processes. The RHA
was leached with HCl and roasted in air before reduction by mag-
nesium and finally recovered silicon through two steps of leaching
with HCl and acetic acid at averagely 70 �C for 1 h. The silicon pro-
duced has an overall purity of over 99.3% with major impurities
(<0.7%) being those metals that are more reactive than silicon.

Ikram and Akhter (1988) prepared polycrystalline silicon by
metallothermic reduction of rice husk ash (RHA) which was
obtained by leaching rice husk with HCl prior to burning in air to
obtain a black ash. This was pyrolysed in a muffle furnace (in an
alumina crucible) at 620 �C to obtain a white ash. The white ash
was then leached with dilute HCl at 100 �C to remove soluble
impurities, rinsed with water, dried and ground into a very fine
powder. The powdered white ash was reduced with magnesium
at 620 �C in a muffle furnace to obtain silicon with magnesium
oxide and magnesium orthosilicate [2(Mg0.96Fe0.04)O�SiO2] as the
major impurities which are soluble in acids. The purity of silicon
obtained was 99.95% after leaching with HCl.

Mishra et al. (1985) prepared a polycrystalline silicon of reason-
able purity by metallothermic reduction of purified rice-husk
white ash (amorphous silica) with calcium. High-grade amorphous
silica was obtained from complete combustion of the rice husk at a
temperature of 500 �C. A silicon grade of 99.9% was obtained after
leaching the reduced silica with concentrated HNO3 and HF, as
revealed by X-ray diffraction, SEM and emission spectrographic
studies.

Banerjee et al. (1982) produced silicon from rice husks by met-
allothermic reduction. Washed rice husk was sun-dried and then
combusted in an electric furnace to give white ash. This was dis-
solved successively by dilute and concentrated HCl for 3–4 h and
then washed and dried to determine the percentage of silica pre-
sent. The dried ash was ground well, intimately mixed with mag-
nesium (magnesium oxide powder was added to reduce the rate
of reaction) to prepare a homogeneous mixture which was fired
at different temperatures for about 1 h. The products were ground
thoroughly before leaching with concentrated HCl (to remove MgO
and other soluble impurities) for about 2 h. The products were then
leached in a mixture of concentrated H2SO4 and HF at 110 �C in a
Teflon vessel for another 2 h, and the final residue was washed
and dried.

Nandi et al. (1991) prepared hydrogenated amorphous silicon
(a-Si:H) at a temperature of 460 �C by thermal chemical vapour
deposition (CVD) of silanes, generated by acid hydrolysis of magne-
sium silicide obtained from rice husk. White ash was obtained by
burning rice husk in an electrical furnace under controlled supply
of air at a temperature of 450� 10 �C. The white ash was then lea-
ched in different concentrations of HCl in a conventional Soxhlet
apparatus to remove volatile and acid soluble impurities. The pure
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silica obtained was mixed with metallic magnesium powder and
ignited under an inert atmospheric condition to convert it to mag-
nesium silicide (Mg2Si). Silane gas mixtures (monosilane and disi-
lane) were produced by reacting Mg2Si with dilute (10% by
volume) hydrochloric acid before depositing the gas mixtures as
a-Si:H thin films by thermal CVD technique on various substrates
at a temperature of 460 �C under hydrogen atmosphere.

Venkateswaran et al. (2012) prepared solar grade silicon
nanoparticles using nanosilica precursor (sol-gelled at pH of 5)
prepared from rice husk with high temperature magnesiothermic
reduction at different temperatures. 0.65 g of magnesium power
was mixed with 2.0 g of aqueous gelatin solution (0.5 wt.%) con-
taining dispersed 0.2 g of silica, and the mixture (ratio of SiO2:Mg
is 1:20) was immediately freezed and lyophilized overnight. The
obtained powder was heated in alumina crucible in a tube furnace
for 5 h at 550, 650, 750 and 850 �C under nitrogen atmosphere. The
obtained powder was leached with 6 N HF to remove impurities,
washed 3 times and dried overnight at 60 �C to obtain silicon
nanopowder. Sample prepared at 850 �C (98.20% purity) gave the
best absorption of solar grade with an efficiency of 2.67%.
6. Conclusion

The challenges of electricity production in Nigeria are as aged as
its independence with citizens’ hope lost. To improvise for their
energy needs, they resulted to complete utilization of fossil fuels
which has adverse effect on our climate. With the countries agri-
cultural potential, it is quite easy to generate huge amount of
greenhouse gases considering the quantity of wastes generated
from its various activities. Nevertheless, these agricultural wastes
can be converted to valuable resource, silicon, which is important
in the fabrication of solar cells required to tap into the Sun’s inex-
haustible energy. This has the potential of generating green elec-
tricity for the populace and consequently reducing the menace of
climate change that every government of the world is seriously
trying to halt. This review critically considers the potential of pro-
ducing solar grade silicon from numerous agricultural wastes in
Nigeria relying on the previous works executed by several
researchers across the world. All the previous works concentrated
on production of silicon from rice husks while other vast agricul-
tural wastes of importance to Nigeria need to be investigated.
The silicon nanoparticles obtained from this source can be dis-
persed in liquids for spin coating of substrates.
References

Abdyukhanov, I.M. et al., 2000. Production of metallurgical silicon of enhanced
quality for land-based solar cells. Met. Sci. Heat Treat. 42 (6), 246–249.

Aberle, A.G., 2006. Fabrication and characterisation of crystalline silicon thin-film
materials for solar cells. Thin Solid Films 511–512, 26–34.

Adurodija, F.O., Asia, I.O., Chendo, M.A.C., 1998. The market potential of
photovoltaic systems in Nigeria. Sol. Energy 64 (4–6), 133–139.

Affandi, S. et al., 2009. A facile method for production of high-purity silica xerogels
from bagasse ash. Adv. Powder Technol. 20 (5), 468–472.

Arnberg, L., Sabatino, D.M., Øvrelid, E., 2012. Solidification of silicon for solar cells.
Trans. Indian Inst. Met. 65 (6), 509–513.

Aro, S.O. et al., 2010. Nutritional potentials of cassava tuber wastes: a case study of a
cassava starch processing factory in south-western Nigeria. Livestock Resour.
Rural Dev. 22 (11).

Asif, M., Muneer, T., 2007. Energy supply, its demand and security issues for developed
and emerging economies. Renew. Sustain. Energy Rev. 11 (7), 1388–1413.

Badu-Apraku, B. et al., 2014. Strategies for Sustainable Maize Seed Production in
West and Central Africa. International Institute of Tropical Agriculture (IITA),
Ibadan, Nigeria, p. 140.

Banerjee, H.D., Sen, S., Acharya, H.N., 1982. Investigations on the production of
silicon from rice husks by the magnesium method. Mater. Sci. Eng. 52 (2), 173–
179.

Bao, Z. et al., 2007. Chemical reduction of three-dimensional silica micro-assemblies
into microporous silicon replicas. Nature 446, 172–175.

Bathey, B.R., Cretella, M.C., 1982. Solar-grade silicon. J. Mater. Sci. 17 (11), 3077–
3096.
Belomoin, G. et al., 2002. Observation of a magic discrete family of ultrabright Si
nanoparticles. Appl. Phys. Lett. 80, 841–843.

Bhushan, B., 2004. Introduction to nanotechnology. In: Bhushan, B. (Ed.), Springer
Handbook of Nanotechnology, p. 1–5.

BP, 2014. BP Statistical Review of World Energy.
Bracmort, K., 2009. Biochar: Examination of an emerging concept to mitigate

climate change. Congressional Research Service. 7–5700, CRS report no.
R40186. <ncseonline.org/NLE/CRs/abstract.cfm>.

Braga, A.F.B. et al., 2008. New processes for the production of solar-grade
polycrystalline silicon: a review. Sol. Energy Mater. Sol. Cells 92 (4), 418–424.

Bridgwater, A.V., S.A., Bridge, 2002. Review of Biomass Pyrolysis Technologies.
Springer, Netherlands.

Cai, J. et al., 2011. Boron removal from metallurgical silicon using CaO-SiO2-CaF2
slags. Trans. Nonferrous Met. Soc. China 21 (6), 1402–1406.

Carlson, D.E., 2003. Monolithic amorphous silicon alloy solar modules. Sol. Energy
Mater. Sol. Cells 78 (1–4), 627–645.

Carlson, D.E., Wronski, C.R., 2003. Amorphous silicon solar cells. In: Markvart, T.,
Castañer, L. (Eds.), Practical Handbook of Photovoltaics. Elsevier Science,
Amsterdam, pp. 281–315.

Carmona, V.B. et al., 2013. Nanosilica from rice husk: extraction and
characterization. Ind. Crops Prod. 43, 291–296.

Catchpole, R.K. et al., 2001. A review of thin-film crystalline silicon for solar cell
applications. Part 2: foreign substrates. Sol. Energy Mater. Sol. Cells 68 (2), 173–
215.

Chakraverty, A., Kaleemullah, S., 1991. Conversion of rice husk into amorphous
silica and combustible gas. Energy Convers. Manage. 32 (6), 565–570.

Chakraverty, A., Mishra, P., Banerjee, H.D., 1988. Investigation of combustion of raw
and acid-leached rice husk for production of pure amorphous white silica. J.
Mater. Sci. 23 (1), 21–24.

Chanap, R., 2012. Study of Mechanical and Flexural Properties of Coconut Shell Ash
Reinforced Epoxy Composites. Department of Mechanical Engineering. National
Institute of Technology, Rourkela, p. 41.

Chandrasekhar, S., Pramada, P.N., Praveen, L., 2005. Effect of organic acid treatment
on the properties of rice husk silica. J. Mater. Sci. 40, 6535–6544.

Chendo, M.A.C., 1994. Towards sustainable renewable energy technology in Africa.
Energy Convers. Manage. 35 (12), 1173–1190.

Coletti, G. et al., 2011. Impact of metal contamination in silicon solar cells. Adv.
Funct. Mater. 21 (5), 879–890.

Conibeer, G. et al., 2011. Silicon quantum dot based solar cells: addressing the
issues of doping, voltage and current transport. Prog. Photovoltaics Res. Appl. 19
(7), 813–824.

Conibeer, G. et al., 2012. Si solid-state quantum dot-based materials for tandem
solar cells. Nanoscale Res. Lett. 7 (1), 1–6.

Davis, J.R. et al., 1978. Characterization of the effects of metallic impurities on
silicon solar cell performance. In: 13th IEEE Photovoltaic Specialists Conference,
Washington DC.

Davis Jr, J.R. et al., 1980. Impurities in silicon solar cells. IEEE Trans. Electron Dev. 27
(4), 677–687.

De Castro, C.L., Mitchell, B.S., 2003. Nanoparticles from mechanical attrition. In:
Baraton, M.I. (Ed.), Synthesis, Functionalization and Surface Treatment of
Nanoparticles. American Scientific Publishers, pp. 1–15.

Decker, S.R. et al., 2007. Biomass conversion. In: Kent, J.A. (Ed.), Kentandriegel’s
Handbook of Industrial Chemistry and Biotechnology. Springer, US, pp. 1449–
1548.

Degoulange, J. et al., 2008. Multicrystalline silicon wafers prepared from upgraded
metallurgical feedstock. Sol. Energy Mater. Sol. Cells 92 (10), 1269–1273.

Delannoy, Y., 2012. Purification of silicon for photovoltaic applications. J. Cryst.
Growth 360, 61–67.

Delannoy, Y. et al., 2002. Plasma-refining process to provide solar-grade silicon. Sol.
Energy Mater. Sol. Cells 72 (1–4), 69–75.

Dietl, J., 1983. Hydrometallurgical purification of metallurgical-grade silicon. Sol.
Cells 10 (2), 145–154.

Durowaye, S.I. et al., 2014. Mechanical properties of particulate coconut shell and
palm fruit polyester composites. Int. J. Mater. Eng. 4 (4), 141–147.

El Chaar, L., lamont, L.A., El Zein, N., 2011. Review of photovoltaic technologies.
Renew. Sustain. Energy Rev. 15 (5), 2165–2175.

ELECTRON MICROSCOPE. SEM, TEM.
El-Sayed, M.A., El-Samni, T.M., 2006. Physical and chemical properties of rice straw

ash and its effect on the cement paste produced from different cement types. J.
King Saud Univ. 19 (1), 21–30.

Eng-Kwong, L., Ryoichi, S.A., Pradeep, K.R., 2007. Numerical simulation and
experimental study of solidification of squeeze cast aluminium composites in
the presence of cooled fibers. Heat Mass Transf. 47, 71–84.

Espíndola-Gonzalez, A. et al., 2010. Novel crystalline SiO2 nanoparticles via
annelids bioprocessing of agro-industrial wastes. Nanoscale Res. Lett. 5 (9),
1408–1417.

Estella, J. et al., 2007. Effects of aging and drying conditions on the structural and
textural properties of silica gels. Microporous Mesoporous Mater. 102 (1–3),
274–282.

Felix, I.N., 2005. The cassava transformation in Africa. In: The global cassava
development strategy. A Review of Cassava in Africa with Country Case
Studies on Nigeria, the United Republic of Tanzania, Uganda and Benin.
International Fund for Agricultural Development (IFAD), Food and Agriculture
Organization of the United Nations (FAO), International Institute of Tropical
Agriculture (IITA).

FHKE, 2007. Solar Energy Powered Traffic Light!



J.A. Adebisi et al. / Solar Energy 142 (2017) 68–86 83
Flamant, G. et al., 2006. Purification of metallurgical grade silicon by a solar process.
Sol. Energy Mater. Sol. Cells 90 (14), 2099–2106.

Gabriel, O. et al., 2010. Application of Modern Polymeric Composite Materials in
Industrial Construction. Buletinul Institutului Politehnic din Ias�i Universitatea
Technica: Gheorghe Asachi.

Gelloz, B., Kojima, A., Koshida, N., 2005. Enhancement of photoluminescence of
nanocrystalline porous silicon by high-pressure water vapor annealing. Appl.
Phys. Lett. 87 (031107).

Glaser, Andrew, 2009. The Solar Settlement with the Sun Ship in the Background.
Freiburg, Germany.

Goetzberger, A., Hebling, C., 2000. Photovoltaic materials, past, present, future. Sol.
Energy Mater. Sol. Cells 62 (1–2), 1–19.

Goetzberger, A., Knobloch, J., VoB, B., 1998. Crystalline Silicon Solar Cells. JohnWiley
& Sons, p. 252.

Goetzberger, A., Hebling, C., Schock, H.-W., 2003. Photovoltaic materials, history,
status and outlook. Mater. Sci. Eng.: R: Rep. 40 (1), 1–46.

Gorter, T., Reinders, A., 2012. A comparison of 15 polymers for application in
photovoltaic modules in PV-powered boats. Appl. Energy 92, 286–297.

Gratzel, M., 2003. Dye-sensitized solar cells. J. Photochem. Photobiol., C 4, 145–153.
Grebmeier, J.M. et al., 2011. Frontiers in Understanding Climate Change and Polar

Ecosystems: Summary of a Workshop. National Research Council.
Green, M.A. et al., 2014. Solar cell efficiency tables (version 43). Prog. Photovoltaics

Res. Appl. 22 (1), 1–9.
Greenhouse gas, 2015. Wikipedia, The Free Encyclopedia.
Gribov, B.G., Zinov’ev, K.V., 2008. New technologies for production of polycrystalline

silicon for solar power engineering. Semiconductors 42 (13), 1475–1479.
Gribov, B.G., Zinov’ev, K.V., 2003. Preparation of high-purity silicon for solar cells.

Inorg. Mater. 39 (7), 653–662.
Grisky, R., 1995. Polymer Processing Engineering. Springer, Netherlands, p. 488.
Gu, X., Yu, X., Yang, D., 2011. Low-cost solar grade silicon purification process with

Al–Si system using a powder metallurgy technique. Sep. Purif. Technol. 77 (1),
33–39.

Hamad, M., Khattab, I., 1981. Effect of the combustion process on the structure of
rice hull silica. Thermochim. Acta 48 (3), 343–349.

Hansen, M.A.T. et al., 2013. Structural and chemical analysis of process residue from
biochemical conversion of wheat straw (Triticum aestivum L.) to ethanol.
Biomass Bioenergy 56, 572–581.

Hasan, M.H., Mahlia, T.M.I., Nur, H., 2012. A review on energy scenario and
sustainable energy in Indonesia. Renew. Sustain. Energy Rev. 16 (4), 2316–
2328.

He, Z.W. et al., 2006. Improvement of electrical properties of low dielectric constant
nanoporous silica films prepared using sol–gel method with catalyst HF. Appl.
Phys. A 82 (2), 349–355.

Helmut, W., Gerhard, E. (Eds.), 1989. Organometallics in Organic Synthesis 2. first
ed. Springer, Berlin. X, 322.

Heuzé, V. et al., 2014. Cassava peels, cassava pomace and other cassava by-products.
Available from: <http://www.feedipedia.org/node/526> (cited 2014 21/02/
2014).

Heuzé, V. et al., 2014. Cassava peels, cassava pomace and other cassava by-products.
2014 November 3, 22:30. Available from: <http://www.feedipedia.org/node/
526> (cited 2014; Feedipedia.org. A programme by INRA, CIRAD, AFZ and FAO).

Hodgson, S.D. et al., 2013. Enhancing blue photoresponse in CdTe photovoltaics by
luminescent down-shifting using semiconductor quantum dot/PMMA films.
Nano Energy 2 (1), 21–27.

Hofstetter, J. et al., 2009. Acceptable contamination levels in solar grade silicon:
from feedstock to solar cell. Mater. Sci. Eng. B 159–160, 299–304.

Holmes, J.D. et al., 2001. Highly luminescent silicon nanocrystals with discrete
optical transitions. J. Am. Chem. Soc. 123 (16), 3743–3748.

Hu, L. et al., 2013. Purification of metallurgical-grade silicon by Sn–Si refining
system with calcium addition. Sep. Purif. Technol. 118, 699–703.

Hutmacher, D.W., 2000. Scaffolds in tissue engineering bone and cartilage.
Biomaterials 21 (24), 2529–2543.

Ikeme, J., Ebohon, O.J., 2005. Nigeria’s electric power sector reform: what should
form the key objectives? Energy Policy 33 (9), 1213–1221.

Ikram, N., Akhter, M., 1988. X-ray diffraction analysis of silicon prepared from rice
husk ash. J. Mater. Sci. 23 (7), 2379–2381.

International Energy Agency, 2014. Key World Energy Statistics, 82.
Itoh, M. et al., 2001. Evaluation of electric energy performance by democratic

module PV system field test. Sol. Energy Mater. Sol. Cells 67, 435–440.
Jawaid, M. et al., 2012. Effect of jute fiber loading on mechanical and thermal

properties of oil palm-epoxy composites. J. Compos. Mater., 1–9
Johnston, M.D., Barati, M., 2010. Distribution of impurity elements in slag–silicon

equilibria for oxidative refining of metallurgical silicon for solar cell
applications. Sol. Energy Mater. Sol. Cells 94 (12), 2085–2090.

Johnston, M.D., Barati, M., 2013. Calcium and titanium as impurity getter metals in
purification of silicon. Sep. Purif. Technol. 107, 129–134.

Jones, D., 1996. Principles and Prevention of Corrosion. Prentice Hall, Upper Saddle
River, New Jersey.

Juneja, J.M., Mukherjee, T.K., 1986. A study of the purification of metallurgical grade
silicon. Hydrometallurgy 16 (1), 69–75.

Jung, E.J., Moon, B.M., Min, D.J., 2011. Quantitative evaluation for effective removal
of phosphorus for SoG-Si. Sol. Energy Mater. Sol. Cells 95 (7), 1779–1784.

Kalapathy, U., Proctor, A., Shultz, J., 2000. A simple method for production of pure
silica from rice hull ash. Bioresour. Technol. 73 (3), 257–262.

Kamath, S.R., Proctor, A., 1998. Silica gel from rice hull ash: preparation and
characterization. Cereal Chem. J. 75 (4), 484–487.
Kandelbauer, A., 2014. Processing, 739–758.
Khattak, C.P., Joyce, D.B., Schmid, F., 2001. Production of Solar Grade (SoG) Silicon by

Refining Liquid Metallurgical Grade (MG) Silicon. National Renewable Energy
Laboratory (U.S. Department of Energy Laboratory).

Kim, C.E., Yoon, J.S., Hwang, H.J., 2009. Synthesis of nanoporous silica aerogel by
ambient pressure drying. J. Sol-Gel. Sci. Technol. 49, 47–52.

Kitey, R., Tippur, H.V., 2005. Role of particle size and filler–matrix adhesion on
dynamic fracture of glass-filled epoxy. I. Macromeasurements. Acta Mater. 53
(4), 1153–1165.

Koch, E.-C., Clément, D., 2007. Special materials in pyrotechnics: VI. Silicon – an old
fuel with new perspectives. Propellants, Explos., Pyrotech. 32 (3), 205–212.

Kołodziejczak-Radzimska, A., Jesionowski, T., 2014. Zinc oxide—from synthesis to
application: a review. Materials 7 (4), 2833–2881.

Krauter, S., Ruther, R., 2004. Considerations for the calculation of greenhouse gas
reduction by photovoltaic solar energy. Renewable Energy 29, 345–355.

Krishnarao, R.V., Subrahmanyam, J., Kumar, T. Jagadish, 2001. Studies on the
formation of black particles in rice husk silica ash. J. Eur. Ceram. Soc. 21 (1), 99–
104.

Kulkarni, L., 2009. Synthesis and Characterization of Nanoparticles.
Kumar, V. (Ed.), 2007. Nanosilicon. first ed. Elsevier, p. 385.
Kumar, R., Rosen, M.A., 2011. A critical review of photovoltaic–thermal solar

collectors for air heating. Appl. Energy 88 (11), 3603–3614.
Kumar, A. et al., 2012. Synthesis and characterization of methylcellulose/PVA based

porous composite. Carbohydr. Polym. 88 (4), 1364–1372.
Larbi, K.K. et al., 2012. Use of rice husk for emission neutral energy generation and

synthesis of solar-grade silicon feedstock. Biomass Convers. Biorefinery 2 (2),
149–157.

Laurenzi, S., Marchetti, M., 2012. Advanced Composite Materials by Resin Transfer
Molding for Aerospace Applications. INTECH.

Lee, S. et al., 2007. The effect of pH on the physicochemical properties of silica
aerogels prepared by an ambient pressure drying method. Mater. Lett. 61,
3130–3133.

Lee, W., Yoon, W., Park, C., 2009. Purification of metallurgical-grade silicon in
fractional melting process. J. Cryst. Growth 312 (1), 146–148.

Lee, I.-J., Paik, U., Park, J.-G., 2013. Effects of metallic contaminant type and
concentration on photovoltaic performance degradation of p-type silicon solar
cells. J. Korean Phys. Soc. 63 (1), 47–52.

Lee, S. et al., 2014. In-situ fabrication and characterization of ordered Ge QDs in
Si3N4 matrix without barrier layers by rf-magnetron sputtering. Appl. Surf. Sci.
290, 167–171.

Legrand, A.P., Sénémaud, C., 2003. Nanostructured Silicon-based Powders and
Composites. Taylor & Francis, London, p. 319.

Li, J., Guo, Z., 2014. Thermodynamic evaluation of segregation behaviors of metallic
impurities in metallurgical grade silicon during AlSi solvent refining process. J.
Cryst. Growth 394, 18–23.

Li, W. et al., 2008. Effects of carbonization temperatures on characteristics of
porosity in coconut shell chars and activated carbons derived from carbonized
coconut shell chars. Ind. Crops Prod. 28 (2), 190–198.

Li, X. et al., 2009. Enhanced light-harvesting and photocatalytic properties in
morph-TiO2 from green-leaf biotemplates. Adv. Funct. Mater. 19 (1), 45–56.

Li, J.-W. et al., 2012. Si purification by solidification of Al–Si melt with super gravity.
Trans. Nonferrous Met. Soc. China 22 (4), 958–963.

Li, F. et al., 2013. Removal of phosphorus frommetallurgical grade silicon by Ar-H2O
gas mixtures. Trans. Nonferrous Met. Soc. China 23 (11), 3470–3475.

Li, R. et al., 2016. A stabilized finite element method based on two local Gauss
integrations for a coupled Stokes-Darcy problem. J. Comput. Appl. Math. 292,
92–104.

Lian, S.-S., Kammel, R., Kheiri, M.J., 1992. Preliminary study of hydrometallurgical
refining of MG-silicon with attrition grinding. Sol. Energy Mater. Sol. Cells 26
(4), 269–276.

Liang, Z.C. et al., 2010. Crystalline Si solar cells based on solar grade silicon
materials. Renewable Energy 35 (10), 2297–2300.

Liu, W., Hoa, S.V., Pugh, M., 2005. Fracture toughness and water uptake of high-
performance epoxy/nanoclay nanocomposites. Compos. Sci. Technol. 65 (15–
16), 2364–2373.

Liu, Y. et al., 2006. Synthesis of nanoporous silica with interior composite cells with
synthetic block copolypeptide as template. Chin. Sci. Bull. 51 (4), 493–497.

Liu, T. et al., 2012. Purification of metallurgical silicon through directional
solidification in a large cold crucible. J. Cryst. Growth 355 (1), 145–150.

Liu, T. et al., 2012. Large scale purification of metallurgical silicon for solar cell by
using electron beam melting. J. Cryst. Growth 351 (1), 19–22.

Liu, T. et al., 2013. Structure evolution of Y2O3 nanoparticle/Fe composite during
mechanical milling and annealing. Progr. Nat. Sci.: Mater. Int. 23 (4),
434–439.

Lizin, S. et al., 2012. The future of organic photovoltaic solar cells as a direct power
source for consumer electronics. Sol. Energy Mater. Sol. Cells 103, 1–10.

Loh, Z.H., Samanta, A.K., Heng, P.W. Sia, 2015. Overview of milling techniques for
improving the solubility of poorly water-soluble drugs. Asian J. Pharm. Sci. 10
(4), 255–274.

Loos, A.C., Springer, G.S., 1983. Curing of epoxy matrix composites. J. Compos.
Mater. 17 (2), 135–169.

Löper, P. et al., 2013. Silicon quantum dot superstructures for all-silicon tandem
solar cells: electrical and optical characterization, 1–3.

Lorenz, G., Kandelbauer, A., 2014. Silicones, 555–575.
Lotz, C., Schneider, K. (Eds.), 2013/14. Fraunhofer, Annual Report. The Fraunhofer

Institute for Solar Energy System ISE.



84 J.A. Adebisi et al. / Solar Energy 142 (2017) 68–86
Lund, C.P. et al., 2001. Field and laboratory studies of the stability of amorphous
silicon solar cells and modules. Renewable Energy 22 (1–3), 287–294.

Luo, X. et al., 2010. Synthesis and photoluminescence property of silicon carbide
nanowires via carbothermic reduction of silica. Nanoscale Res. Lett. 5, 252–256.

Luo, D.-W. et al., 2011. Removal of boron from metallurgical grade silicon by
electromagnetic induction slag melting. Trans. Nonferrous Met. Soc. China 21
(5), 1178–1184.

Ma, H., Shieh, K.-J., Qiao, T.X., 2006. Study of transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). Nat. Sci. 4 (3), 14–22.

Ma, X., Yoshikawa, T., Morita, K., 2012. Phase relations and thermodynamic
property of boron in the silicon-tin melt at 1673 K. J. Alloys Compd. 529,
12–16.

Ma, H. et al., 2013. Biotemplated hierarchical TiO2–SiO2 composites derived from
Zea mays Linn. for efficient dye photodegradation. J. Porous Mater. 20, 1205–
1215.

Madakson, P.B., Yawas, D.S., Apasi, A., 2012. Characterization of coconut shell ash
for potential utilization in metal matrix composites for automotive
applications. Int. J. Eng. Sci. Technol. (IJEST) 4 (3), 1190–1198.

Maize, 2015. Wikipedia, The Free Encyclopedia.
Majer, Z. et al., 2014. Numerical analysis of sub-critical crack growth in particulate

ceramic composites. Proc. Mater. Sci. 3, 2071–2076.
Majid, M. et al., 2012. Fabrication and mechanical properties of MWCNTs-reinforced

aluminum composites by hot extrusion. Rare Met. 31 (4), 372–378.
Mansha, M. et al., 2011. Study of rice husk ash as potential source of acid resistance

calcium silicate. Adv. Chem. Eng. Sci. 1, 147–153.
Markvart, T., Castaner, L., 2003. Practical Handbook of Photovoltaics: Fundamentals

and Applications. Elsevier.
Martin, C.A. et al., 2004. Formation of percolating networks in multi-wall carbon-

nanotube–epoxy composites. Compos. Sci. Technol. 64 (15), 2309–2316.
Martinsen, F.A., Nordstrand, E.F., Gibson, U.J., 2013. Purification of melt-spun

metallurgical grade silicon micro-flakes through a multi-step segregation
procedure. J. Cryst. Growth 363, 33–39.

Martorano, M.A. et al., 2011. Refining of metallurgical silicon by directional
solidification. Mater. Sci. Eng. B 176 (3), 217–226.

Masuki (Ed.), 2011. Metallic Micro and NanoMetallic Materials Fabrication with
Atomic Diffusion, New York.

Mauk, M.G., 2003. Silicon solar cells: physical metallurgy principles. JOM 55 (5), 38–
42.

McCann, J.M. et al., 2001. A review of thin-film crystalline silicon for solar cell
applications. Part 1: native substrates. Sol. Energy Mater. Sol. Cells 68 (2), 135–
171.

McGraw-Hill, 2003. Dictionary of Engineering. Geller, E. (Ed.).
Mcnutt, M.K. et al., 2015. Climate Intervention: Carbon Dioxide Removal and

Reliable Sequestration. National Research Council.
Mei, P.R. et al., 2012. Purification of metallurgical silicon by horizontal zone melting.

Sol. Energy Mater. Sol. Cells 98, 233–239.
Merati, A., Eustaugh, G., 2007. Fatigue related discontinuity state of 7000 series of

aluminum alloy. J. Eng. Fail. Anal. 14 (4), 673–685.
Merati, A., Gasser, L., 2006. Initial Discontinuity State and Results of Fractographic

Analysis of Clad and Unclad 0.063 AA2024 Sheets. IAR-NRC Internal Report.
National Research Council, Canada.

Merati, A. et al., 2003. Final Reports-Test Results for the Determination of Fatigue
Related Features of the Initial Discontinuity State of 7075-T6 Aluminium Alloys.
IAR-NRC Internal Report. National Research Council, Canada.

Mercaldo, L.V. et al., 2009. PECVD in-situ growth of silicon quantum dots in silicon
nitride from silane and nitrogen. Mater. Sci. Eng. B 159–160, 77–79.

Michael, K., 2006. Introduction to Nanotechnology. Veritox Redmond, Washington.
Mishra, P., Chakraverty, A., Banerjee, H.D., 1985. Production and purification of

silicon by calcium reduction of rice-husk white ash. J. Mater. Sci. 20 (12), 4387–
4391.
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