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a b s t r a c t

Nanostructured materials (NMs) are acknowledged as a viable energy storage alternative to effectively
replace conventional materials. With this regard, the development of NMs (nanostructured inorganic
materials, metal-based nanomaterials, carbon nanomaterials, coordination polymers, etc.) as energy
materials has experienced exceptional progress, especially in the area of high-performance energy stor-
age devices (e.g., supercapacitors, thin film batteries, rechargeable Li/Na batteries, redox flow batteries,
and other NM-based batteries). In this review, we critically assess the progress made toward the research
and development of NMs for energy device applications. Furthermore, this review is also structured to
cover the technical advantages and challenges of NMs in order to outline the future opportunities/direc-
tion in this emerging field with the goal of upgrading their feasibility, especially with regard to Li-ion bat-
teries (LIBs), supercapacitors, and solar cell applications.

� 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, a great deal of scientific effort have been put on the
establishment of advanced strategies to overcome various chal-
lenges associated with energy. Due to a rapid increase in energy
consumption, it is important to sustain global economic growth
and industrial development with clean energy provisions without
the depletion of natural energy resources. To meet these goals, a
number of novel technologies have been proposed and developed
to resolve various challenges with meaningful solutions to the
fields of potential energy applications (e.g., supercapacitors,
lithium-ion batteries (LIBs), and solar/fuel cells) necessary for
automobiles, phones, and miscellaneous applications (Fig. 1)
[1–6]. Worldwide, numerous research groups working within the
field of energy storage and conservation have recently placed their
focus on novel materials, as reflected by the large number of arti-
cles focusing on this topic. With regard to real-world applications,
the global production of energy storage was US $31.4 billion in
2015, 60% of which could be attributed to energy storage devices
such as commercial LIBs used for electronic devices (e.g., mobile
phones). As expected, the demand and growth for energy storage
is projected to increase dramatically up to US $53.7 billion in
2020 [7,8].

Currently, common devices for energy storage and conservation
(e.g., LIBs, supercapacitors, and fuel/solar cells) cannot fully accom-
modate the requirements for practical application due to several
core challenges including their specific capacity, structural stabil-
ity, low energy density anode/cathode materials, and low perfor-
mance rates. As such, the advancement of many common energy
storage devices has been significantly hindered, especially by the
low performance of charge–discharge rates (e.g., recharge periods
of two to five hours) [5–11]. Likewise, supercapacitor capacities
are also limited by low energy densities with low restoring capac-
ities. In fact, the energy densities (5–10 Wh kg�1) of supercapaci-

tors are significantly lower than those of other storing devices
(e.g., lead-acid batteries (20–35Wh kg�1), Ni-metal hydride bat-
teries (40–100 Wh kg�1), and LIBs (120–170Wh kg�1)) [7,9].
Fig. 1 depicts the energy/power performance for various energy
devises (e.g., conventional gasoline combustion engines, hydrogen
fuel cells, and hydrogen combustion engines (HCEs)). Because con-
ventional materials made from organic/inorganic components (e.g.,
lead acid, Ni–Cd, sodium, carbon, and LiCoO2) have a high specific
power output with a poor specific energy, their actual performance
can only be compared to that of typical batteries [5–8]. These tech-
nologies have been actively accommodated with regard to the
development of diverse devices (e.g., power tools, back-up power
supply units, and off-peak energy storage (load leveling) from the
electric grid [4–8]. For each energy storage and conservation appli-
cation, technologies must be advanced considerably in order to sat-
isfy the essential criteria for real-world applications, including (a)
reduced costs, (b) energy density improvements (e.g., from �120
to �250 Wh kg�1), (c) high-power operation of energy storage
devices at high-current charge/discharge rates (2–10 �C), and (d)
improvements to both low- and high-temperature operation [4–8].

To achieve rapid progress with regard to energy storage and
conservation technologies, various approaches have been proposed
for the design of anodes/cathodes/cells through the use of nano-
sized particles, surface engineering/modifications, structure opti-
mizations, and the synthesis of nanocomposite materials. These
approaches have been utilized to enhance redox reaction rates in
battery electrodes as well as to obtain faster kinetic mechanisms
for rapid charging and high power [4,5]. Basically, nano-sized parti
cles/materials/composites and their morphologies can easily influ-
ence the rates of redox reactions to directly contribute to optimiz-
ing the electrode–electrolyte interface. Additionally, nanomaterials
can adopt reversible redox reactions, making them a promising
tool for clean energy storage and conservation because of their
high storage capacities, safety, possible environmental friendliness,
sustainability, and potential cost benefits [1–11]. Thus, the use of
nano-sized particles is recognized as the most feasible approach
toward achieving highly efficient energy storage and conservation
technologies [5–11].

Lately, a diverse range of nanostructured materials (NMs),
including nanostructured inorganic materials, metal-based nano-
materials, carbon nanomaterials, and coordination polymers have
been developed, sharing key properties such as a high conductivity,
good electroactivity, and fast kinetics for environmentally–friendly
energy storage and conservation applications. As such, NM perfor-
mance was found to be superior over that of materials made from
inorganic compounds (e.g., LiCoO2, LiFePO4, Li4Ti5O12, sulfides, and
Si), organic compounds, and transition metals (e.g., Mn, Fe, Co, and
Ni) [6–14].

It is therefore important to enumerate the properties/features/
applications of NM-based energy storage and conservation devices.
For instance, ideal electrode materials should be made from com-
pounds or elements with a low atomic weight and/or density. They
should also be able to accommodate large quantities of metal ions
per formula unit. Additionally, such materials should be chemically
inert with electrolyte salts or solvents, easily cyclable, high yield-
ing, highly volumetric (mA h cm�3), and reversibly gravimetric
(mA h g�1) [14–21]. As a result, the chemical and electrochemical
properties of nanomaterials will be enhanced and improved withFig. 1. Ragone plot with specific energy and power for a diverse range of energy

storage devices [6].
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