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ARTICLE INFO ABSTRACT
Arﬁclf-’ history: In the 21st century, energy demand and the attendant environmental degradation, are among the most
Received 23 May 2018 challenging issues. The concern is due to the high dependence, globally on fossil fuels as a form of energy
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- ) generation. Over 6.5 billion people worldwide require approximately 13 Terawatts of energy for their
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day-to-day needs. In order to achieve the required energy demand, there is a need to diversify into other
forms of energy; in this case, renewable energy. In so doing, there is the need to study, extensively, alter-

f\(leywotrds:t d native materials and sources needed for energy generation, storage, distribution and application. There
cg;(;sozliltcesure has been a significant advancement in energy generation, conversion and storage, such as fuel cells

and solar cells, photovoltaic cells, supercapacitors, batteries, etc. The emergence of nanostructured and
composite materials has resulted in some significant contributions towards the improvement in the
energy industry development. Renewable energy, such as wind and solar energies, depend considerably,
on the environmental conditions, which are not always stable. Hence, in order to harness the energy from
these sources and to adequately store such energy, there is a need for a high-performance energy conver-
sion and storage system for the energy generation process. In this regard, carbon nanomaterials, metallic
sulphides, titanium oxide and many other nanostructured materials have been studied, to a large extent,
for energy conversions and storage devices. The importance of nanostructured and composite materials
has shown, from researches, to resolve the issues surrounding energy from generation to storage.
© 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recently, a large number of scientific research has been
reported on the overwhelming challenges emanating as a result
of the increase in energy demand. The increasing demand for
energy is due to rapid population growth, industrialization and
technological advancement. The hazardous effect of the conven-
tional method of energy generation from fossil fuels (natural gas,
oil and coal), is another key issue, globally. More than 80% of the
global energy requirement comes from fossil fuels and the global
energy demand projection (Global Carbon Capture and Storage
Institute LTD, 2014a) for 2035, is assumed to be 40% higher than
what it was in 2010. Several reports on the possible depletion of
fossil fuels have been in the public domain, but according to a
report by BP oil Statistical Review of World Energy in 2014, it will
take over 113 years to finally exhaust the fossil fuel reserves
(Fig. 1).

Environmental concern is one of the driving forces to be consid-
ered in the search for alternatives to fossil fuels as energy, even
though it has the potential to still meet the demands. To this effect,
renewable and sustainable energy has been largely explored as a
solution to environmental sustainability. These alternative clean
energies include: solar, wind, geothermal, hydro, wave/tidal and
biogas. In order to harness these energies (i.e., generation and stor-
age), there is a need for new and novel materials. The material can
either be metal, ceramic or polymer matrix (or a hybrid of any of
the three materials). In this report, emphasis will be placed more
on polymer matrix composites. If the total solar radiation from
the sun, over a period of only 1 h can be converted and stored, it
has the potential to meet the global energy demand for a whole
year (Ganesh, 2014; Lewis and Nocera, 2006).

In most part of Africa, solar radiation is effective for a period of
between 6 and 8 h on a daily basis, making it a valuable resource
for the African community. This solar radiation potential is equally
possible in other parts of the world. Composite materials have pro-
ven to be very helpful for energy generation, conversion and stor-
age. The conductive ability of certain polymeric materials is an
advantage for their utilization in the energy sector. Furthermore,
the properties can be improved by introducing nanoparticle into
the polymer matrix, where the nanoparticle acts as the discontin-
uous phase and the polymer matrix is the continuous phase. Nano-
sized and nanostructured materials are largely in use to tackle the
pressing energy challenges associated with the conversion of
energy (Buller and Strunk, 2016). A substantial number of
researches has been published in this area, highlighting the impor-
tance of nanostructured and composites materials (Liu et al., 2014;
Lou and Chen, 2015; Ran et al,, 2015).
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Fig. 2. Comparison of nanosize material with other material sizes. Adopted from
Simoes and Takeda (2017).

Kumar et al. (2017), explained the importance of nanostruc-
tured materials as an effective alternative energy storage material,
which can be a replacement for the conventionally used materials.
Nanostructured materials can be in the form of metal-based nano-
materials, nanostructured inorganic materials, coordination poly-
mers, carbon nanomaterials, etc. The authors further highlighted
the area of applications (Li-ion batteries, supercapacitors and solar
cell) and the advantages and challenges that are associated with
incorporating nanostructured materials into polymer composites.

Meeting the energy demand globally will require continuous
focus and development of new materials. New and improved mate-
rials contribute a great deal to the economy of any country because
it leads to technological advancement and in return generate for-
eign exchange and leading to income generation for the country.
Stronger materials have been developed by introducing nanomate-
rial into the matrix. Nanostructured material is when at least one
dimension of the constituting components are in the nanosize of
<100 nm. A better understanding of what a nanosize material
looks like, in comparison to other material sizes, is shown in
Fig. 2. Nanostructured materials have proven to have better phys-
ical, chemical and biological properties than the conventional
materials with no nanoparticles inclusion (Kashiwazaki et al.,

Bubbles show proved resarves in barrels of oil equivalent
(boe) with bubble size expressed as the number of years of
production remaining based on estimated production in 2013.
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Fig. 1. Available fossil fuels reserves for many decades. Source (Global Carbon Capture and Storage Institute Ltd, 2014b).
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Fig. 3. Areas of application of nanostructured and composite materials in (a) energy
(b) medical.

2009; Diaz et al., 2015; Lee et al., 2016; Castafieda et al., 2017).
Therefore, this study focuses on the relevance of nanostructured
and composite materials, used for energy applications in areas,
such as supercapacitor, solar cells, fuel cells and batteries.

2. Nanostructured materials and composites

Advance material development has gone beyond the use of sin-
gle material to a combination of various individual materials in

Table 1
Different nanoparticles use for producing nanocomposites.

order to form hybrid composites. The properties of the matrices
can be improved significantly by introducing a reinforcing material
in the form of a discontinuous phase; fiber has been widely uti-
lized. More recently, nanosize material has gained considerable
attention, since tremendous results have been reported with
nanoparticle-based composites (Mallakpour and Ezhieh, 2017;
Sharma et al, 2019; Sahoo et al, 2018; Ji et al, 2018).
Nanoparticle-based composites have found useful applications in
several fields of engineering and health, as illustrated in Fig. 3.
Table 1 shows the various categories of nanoparticles and exam-
ples of each category.

Andrew et al. (2014) highlighted the recent work and chal-
lenges encountered in synthesizing and the characterization of
magnetoelectric multi-ferroic materials (combination of ferromag-
netic and ferroelectric). Single-phase materials of ferromagnetism
and ferroelectricity existence is not a common phenomenon; this
has further contributed to the development of composite materials
made of multi-ferroic. Nanostructured and composite materials
ensure the development of this rare material, however, the proper-
ties of magnetoelectric have not been fully expressed. This means
that there is still the need for further research work in order to
maximize the potentials of the material. The properties of this
novel material can be enhanced if the structure-property relation-
ship of the material at the nanoscale, is better understood. This
aspect of nanoparticle-based composite materials is very crucial
since the overall properties and areas of application are deter-
mined, based on the understanding of the material.

Another important area where nanostructured materials are
widely used is in microwave receptors. In comparison, microwave
heating has several advantages over conventional heating meth-
ods. These benefits according to Haque (1999), include:

i. Transfer of energy as opposed to heat transfer
ii. Fast heating
ii. Volumetric heating
iv. Non-contact heating
v. Selective material heating
vi. Quick start-up and stopping
vii. A higher level of safety and automation
viii. Heating from the inner portion of the material body

—_

Materials with poor dielectric loss properties are usually dis-
couraged because they respond poorly to the microwave electro-
magnetic radiation. In order to enable the usability of such
materials, particles in the form of nanoscale receptors are incorpo-
rated into the materials, thereby increasing the dielectric loss

Carbon-based
nanoparticles

Organic macromolecular
(polymeric particles)

Inorganic non-metallic
nanoparticles

Metal-based
nanoparticle

Surface area
(nm?)

Nanospere
diameter (nm)

References

Dendrimers Synthetic amorphous Carbon black Gold 314-31400 10-100 Nanocomposix-a
silica
Titanium dioxide Carbon nanotube  Silver 314-31400 10-100 Nanocomposix-b
Aluminium oxide Graphene Iron* - 5-30 Sigma-Aldrich
Platinum” 0.15-2,8¢ 2,5-9 Shao et al. (2013), Chiang
et al. (2015)
Palladium* 0.61-0.83¢ 45 Shao et al. (2013)
Cadmium® - 7.2 Raj and Rajendran (2017)
Zirconium 5-10" 50-100 American-Elements,
Opalinska et al. (2015)
2 :Iron is in the combined state as Fe;0,.
b : Platinum is in the combined state.
¢ : Surface area unit is in cm?
d : Palladium is in the combined state.
€ : Cadmium is in the combined state cadmium sulfide nanoparticles.
f

: Surface area unit is in m?/g.
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properties and making it absorb the microwave energy and ulti-
mately converting it to the desired heat.

Majdzadeh-Ardakani and Banaszak Holl (2017), studied the
effect of surface modification and interfacial interaction between
the base materials and the nanostructured receptors, knowing that
the level compatibility between the nanostructured receptor and
matrix will determine the performance of the system. From their
study, the following observations are concluded:

i. Miscibility of the fillers with base polymers was achieved
due to the adequate surface modification of the fillers. Fur-
thermore, voids or defects were minimized in the compos-
ites, thereby leading to a significant increase in the
dielectric loss because there was a decrease in the current
leakages.

ii. Percolative composites, consisting of conductive fillers and
insulating polymers, have shown remarkable promises for
the next generation of materials suitable for energy harvest-
ing and storage. This is due to the very high dielectric con-
stants, recorded near the percolation threshold.

iii. Conductive polymers and carbon materials (including silicon
carbide and graphene) are good microwave absorbers.

iv. Composite materials consisting of a three-phase structure of
conducting polymer, magnetic particles and graphene are
promising candidates for obtaining improved dielectric
properties and high dielectric loss.

In a similar study, Al-Gaashani et al. (2018), developed SiC-
based composites, used to absorb microwave and to convert it to
heat, for the purpose of rapidly synthesizing nanostructured mate-
rials. The dielectric loss properties of the composites increased by
incorporating 10% of vanadium or aluminium oxide, represented
by (90% SiC + 10% V,03) and (90% SiC + 10% A¢,03), respectively.
The temperature of the microwave oven after 2 min was 1750 °C,
operating at 2.45 GHz. The authors further explained that the tem-
perature that was attained could be as a result of the formation of
amorphous alumina-silica phase or silica-vanadate glass phase.
The composites produced was then used as a heater for the synthe-
sis of oxide nanostructures, at a fast rate.

Nanostructured-based composites have been reported to have
enhanced ultra-violet (UV) shielding and increased electrical con-
ductivity. This technology has been used to develop wearable
devices, e.g. cotton fabric. Veluswamy et al. (2017), developed a
cotton fabric that was coated with ZnO/Sb-/AG-/ZnO composites,
which was simply carried out by modifying the composites with
ZnO, by synthesizing via the solvothermal method. From their
report, 83.96 and 471.9 uV/K, respectively, were recorded for the
UV shielding and the thermopower. The study has proven that a
cotton fabric (insulator) can conveniently be converted into a con-
ductive fabric, simply by ingeniously incorporating nanostructured
materials.

3. Areas of application of nanostructured materials (energy
harvesting and storage)

Recent advancement and requirement in several fields have
brought about a great improvement in human lives; i.e. health,
agriculture, industries and finance. In many ways, these sectors
have witnessed technological growth and this growth has some-
thing to do with materials. In recent years, new and novel materi-
als have been discovered, thereby, creating further growth that is
currently being experienced. Interesting research works have been
reported, showcasing the rich contribution of material develop-
ment to the global community. These areas include: environmental
(Theerthagiri et al., 2017), agriculture (Antonacci et al.,, 2017),

medical (Brazaca et al, 2017; Venditti, 2019), construction
(Campillo et al., 2004), aerospace (Weston et al., 2010), automotive
(Garces et al., 2000), energy (Barber et al., 2009), etc. Razavi (2018),
reported on the use of bio-based materials, which are products of
living organisms, for consumer goods, packaging, medicine, elec-
tronics, construction, transportation and other green
technologically-inclined applications. The inclusion of bio-based
nanostructured materials has further promoted the application of
bio-based materials. Bio-nanomaterials are gradually revolutioniz-
ing the field of science and engineering, thereby making it possible
to develop materials that are compatible with the human body and
are environmentally-friendly. These materials, have almost zero
impact on the environment, therefore, they are widely used mate-
rials in biomedical applications (Okamoto and John, 2013). The
quest for new and novel materials that are compatible with the
human body and with high strength and low-weight, has led to
the emergence of the hybridization of bio-based materials with
nanostructured materials. Thus, they have been successfully uti-
lized for tissue repairs, wound closure and dressing, tissue regener-
ation, etc. Despite the successes recorded with such materials,
there is still a lot of work to be done. Magesh et al. (2018), high-
lighted the limitations/drawbacks associated with nanostructured
materials for medical applications and there are short-term perfor-
mance and difficulties in large-scale manufacturing.

3.1. Supercapacitors

Gholivand et al. (2015) prepared nanocomposite of copper
oxide and polyaniline (CuO/PANI) by using in-situ polymerization
technique. The materials were characterized by cyclic voltammetry
at various potential scan rates (ranging between 5 and 100 mV/s)
and electrochemical impedance spectroscopy. The capacitance
retention rate and the specific capacitance of 75% and 185 F/g,
respectively were recorded as compared 30% and 76 F/g for the
pure CuO nanoparticle. In a similar study, Ates et al. (2015)
recorded the highest specific capacitance of 286.35 F/g at a scan-
ning rate of 20 mV/s for the same material, as reported by
Gholivand et al. (2015).

3.2. Photovoltaic cells

The photovoltaic (PV) technology is a process of converting
solar radiation from sun to electrical energy. This occurs when
electromagnetic radiation from the sun falls on a semiconductor,
leading to electron excitation and thereby enhancing, very
strongly, the conductivity. Two types of PV technology that are
available in the market, include: (a) crystalline silicon-based PV
cells and (b) thin film technologies that are made from different
semiconducting materials (cadmium telluride, amorphous silicon
and copper indium gallium dieseline) (Sagadevan, 2013). Fig. 4

Backing
Material

Fig. 4. Schematic diagram of a solar cell. Adopted from (Electrical Technology).
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shows a typical solar cell (photovoltaic cell). The glass cover
increases the light transmittance and protects the layers in contact
from being damaged, leading to improved cell efficiency; the back-
ing material helps to minimise the effect of weather on the mate-
rial and for mechanical strength for a long-lasting system
operation; the polymer sheet prevents water and dust from enter-
ing the cell and acts as an anti-shock or vibration and the solar
cells, which previously were made from relatively heavy and brit-
tle semiconductors, e.g. silicon. Recently, PV cells have been devel-
oped from conductive polymers or polymer induced with
nanoparticles to create the conductive properties.

Al Garni and Darwish (2017), fabricated hybrid organic-
inorganic solar cells that have a configuration of ITO/InSe/TCVA/
Au, by using the method of thermal evaporation. Where TCVA is
the p-type material of dye 4-tricyanovinyl-N,N-diethylaniline, an
acceptor-donor, InSe is an n-type conductor of layered semicon-

<

Au

<

ITO

Glass

Fig. 5. Schematic layout of hybrid ITO/InSe/TCVA/Au solar cell. Adopted from Al
Garni and Darwish (2017).

Counter
Electrode
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) Carbon paper
Electrode

e
Ultrasonication v
from carbon fiber

Reduced by
hydrogen gas

ductor, ITO is the cover for the substrates of glass and Au is the
deposited gold electrodes. The assembly arrangement is shown
in Fig. 5. From their study, the followings are observed: the execu-
tion of solar cells was enhanced due to the good interface between
InSe and TCVA films, an increase in power efficiency conversion as
the temperature of the photovoltaic cell increased, thereby, limit-
ing the temperature range to between 303 and 373 K, TCVA/InSe
cell showed a 157 at *1V rectification ratio and a nine-fold
improvement in the conversion efficiency was observed. There is
a need to further explore the use of nanostructured materials for
PV cell, this is due to the undiscovered potentials that exist in
the field of solar cells for energy generation and conversion
(Tsakalakos, 2008).

3.3. Electrocatalysis

Electrocatalysis mainly focuses on the electrochemical reac-
tions between an electrolyte and an electrode at the interface
(GroR, 2018), therefore, making electrocatalytic processes relevant
technology in terms of sustainable future energy. The evolution of
hydrogen via electrocatalytic water splitting is an important
approach for the sustainability of hydrogen-based fuels; this is
due to the possibility of hybridizing it with other renewable energy
sources, such as wind, solar and biomass, just to mention a few,
without compromising the high energy conversion efficiency of
hydrogen (Ouchi and Henzie, 2017). Hydrogen has gained global
interest due to its’ environmental-friendliness. In order to produce
hydrogen fuel to a level of global resource, there is a need to intro-
duce nanostructured-based materials. Of all the nanostructured
materials, platinum (Pt) gives the most efficient result. The draw-
backs of using Pt are scarcity and high cost, hence, these have led
to the exploration of other metals, such as nickel (Ni), molybde-
num (Mo) and Cobalt (Co), which happen to be of low-grade when
compared with the Pt-based catalyst, as explained by Wang et al.
(2018). The authors studied the use of alternative metals, e.g.,
ruthenium (Ru) to prepare hybrid of Ru and polyaniline (Ru-
PAni) catalyst. Based on their result, it was reported that 2 wt%

)ﬁ,,

PANI fiber Carbon fiber PdCl;> Pd
o e
£ 3 P
—nT e 800 °Cin N,
i g for3h
J i . P

Carbonization

Pdcl,>
adsorption

@ Hydrogen
L s

Dispersed
y .

e in ethanol

.

Fig. 6. Schematic diagram of synthesizing hybrid Pd/N-C material. Adopted from Shim et al. (2018).
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(b) CO>

CO, Reduction Half Reactions [V] vs RHE
CO,+H0+2e  —» CO+20H -0.10
CO, +H,0+2¢° —» HCOO + OH- -0.03
CO,+5H,0+6e  —> CH,OH+60H  0.03
CO,+6H,0+8  —> CH,+80H 0.17
2C0O, +8H,0 +12¢¢ > C,H, + 120H 0.08
H,O Reduction Half Reaction

2H,0 + 2 = 2H,+20H 0.0

Fig. 7. (a) Artificial way of recycling carbon powered by renewable electricity
sources (solar and wind) and (b) Various representative of half reactions and
reduction capability of CO, reduction reactions, with that of the hydrogen evolution
reaction. Adopted from Wang et al. (2016).

Ru loading, gave approximately 6.8 times better than the commer-
cial 20 wt% Pt/C catalyst (where C is carbon).

In a separate research conducted by Shim et al. (2018), the use
of alternative metal, other than the high-cost platinum (Pt) for cat-
alyst application was investigated. The noble metal considered was
palladium (Pd), this is due to the low cost of the material and the
growing interest for its’ various applications (gas sensors, energy
storage and fuel cells) (Liang et al., 2013; Ye et al, 2016;
Rajkumar et al., 2017). Fig. 6 shows the process of synthesizing
Pd nanoparticle embedded N-doped carbon fibers (Pd/N-C), as pre-
pared by Shim et al. by maintaining the Pd loading at 1.5 wt%. At
the end of the experiment, hybrid Pd/N-C-modified electrode dis-
played two dynamic ranges (of between 0.1-10 pm and 10-
200 pm) and a detection limit of 29.44 +0.77 nm, making it a
viable catalyst for electrochemical sensing.

Another nanostructured-based material that has been used for
catalyst applications in the past is metal/N-containing polymer
composite (e.g. Fe-N-C catalyst). The use of carbon-based catalysts
for oxygen reduction reaction (ORR) was also reported by Wang
et al. (2015a,b). The proposed mechanism and approach used by
the authors have opened up new possibilities for the development
of sustainable carbon-based functional materials.

In other research work, nonprecious metal catalysts has been
developed for electrochemical reduction of CO, (Wang et al,
2015a,b; Alshammari et al., 2017). These kind of catalysts are cat-
egorise into five namely: organic frameworks, doped carbons,
metal oxides and sulphides, partially oxidized metals and metals.
Wang et al. (2016), explained how electrochemical reduction of
CO, is a valuable means of converting environmentally harmful
CO,, into precious fuels. The authors further explained the impor-
tance of using this approach and it include: the rate of reaction is
easily controllable, can be conducted below ambient conditions
and total recycling of the supporting electrolytes is possible mak-

ing the general chemical consumption to be minimized to water
only. The energy input can be from renewable energy, therefore,
water and CO, are converted into industrial chemicals and fuels
as shown in Fig. 7. There is the possibilities of the CO, reduction
reactions electron transfer to be 2, 6, 8 and 12 as represented in
Fig. 7b. The product of these reactions are carbon monoxide (CO),
methanol (CH30H), formic acid (HCOOH), ethanol (CH3CH,OH),
formaldehyde (HCHO), acetate (CH3COOH), methane (CH,), ethy-
lene (CH,CH,), and many others. This process has the potentials
of opening sustainable pathway for energy conversion and storage.
Continued effort and extensive research in developing new and
novel nonprecious nanostructured catalyst materials have shown
great promises for future production of fuels and industrial chem-
icals through electrochemical CO, reduction.

4. Conclusion

The energy sector has received a significant boost due to the
development of new and novel materials from nanostructured
and composites materials. Nanostructured materials have a way
of meeting the requirements, which are unachievable by conven-
tional materials that have been in use for several decades. This
review presents an understanding of the importance of advanced
materials in the present age and time. The development of novel
materials is made possible by the current technological advance-
ment in nanostructured and composite materials. The emergence
of nanostructured and composite materials has resulted in great
contributions towards attaining some strategic improvements in
the energy industry and other fields, such as health, aerospace,
automotive, construction, agriculture, environment, etc.

Several nanostructured materials, such as gold, silver, iron, plat-
inum, palladium, nickel, ruthenium, tin, silicon, zirconium, etc.
have been employed for various energy conversion and storage
strategies. The essence of using these materials is due to the excep-
tional properties they can offer; properties, such as high thermal
conductivity, high-strength-to-weight ratio, ability to work at
extreme temperatures, good electrical conductivity, good insula-
tion and low cost of certain nanoparticles. The use of nanostruc-
tured materials can improve the specific capacitance and
capacitance retention rate of supercapacitors. Furthermore, the
energy conversion efficiency of photovoltaic cells can be enhanced
due to the presence of the nanostructured material.

The production of hydrogen fuel through a process known as
electrocatalytic water splitting is a global focus. Nanostructured-
based materials, e.g. platinum happens to be the most efficient cat-
alyst, however, it has some drawbacks (i.e., high cost and scarcity).
This review has highlighted on two materials (Ru and Pd) that can
be used as a substitute for Pt. Continuous researches in this field
will lead to the emergence of new, cost-effective and durable
materials that have useful applications for energy generation/har-
vesting, conversion and storage.
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