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5.1 INTRODUCTION

With the ever-increasing demand for electrical energy, the development of metal-ion batteries with
high volumetric capacity, high gravimetric capacity, high energy density, high power density, long
cycling life, safe and low cost gained enormous attention. Metal-ion batteries have a key role in
renewable energy systems. Over the years, lithium-ion batteries (LIBs) have been the common
source of electrical energy for portable electronics like mobile phones and laptops. Also, it fulfills the
energy needs of electric and hybrid vehicles. Interestingly, recently due to the limited resources of
lithium metal in the Earth’s crust and its high cost, the different metal-ion batteries viz. the sodium-
ion battery, magnesium-ion battery, aluminum-ion battery, etc., have gained enormous attention as a
secondary energy source to fulfill the need as a power back system and alternative power source in
the global energy market. The Na-, Mg-, and Al-ion batteries are the most promising and low-cost
alternative solutions for global energy needs [1,2]

Na is the fourth most abundant element on the Earth, second to that Al and Mg metal are also
abundant in nature. Recently, due to the similarity in energy storage mechanism and low cost,
batteries based on Na-, Mg-, and Al- metals are highly studied. The metal-ion (Na, Mg, and Al)
batteries show a higher specific and volumetric capacity than LIBs. Moreover, in addition to the
advantages associated with metal-ion batteries, there are different issues related to these batteries
[3,4]. The different components of batteries such as substrate, electrode, electrolyte, separator, etc.
have their special importance in the demonstration of high volumetric capacity, high gravimetric
capacity, high energy density, high power density, and long cycle life at the external load. Recently,
to enhance the performance of metal-ion batteries in the form of energy density, power density, and
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66 Nanowires

cycle life, many research communities have adopted many advanced strategies. This includes syn-
thesis of new electrode and electrolyte materials, modification in electrode fabrication techniques,
advancement in complete cell fabrication, use of solid electrolytes, etc.

The energy stored in metal-ion batteries solely depends on the active material used for the fab-
rication of electrodes in it. During the charging of the metal-ion batteries, the electrolyte ions are
stored in the pores of the active material used for the fabrication of electrodes in it [5—8]. Also, the
specific capacity and energy density of the metal-ion batteries depend on the shape, size, porosity,
and structure of the electrode material used in it. Many recent reports demonstrated that advanced
synthesis techniques can easily control the shape, size, porosity, and structure of the electrode
material. In consequence, the output parameters such as high energy density, high power density,
and long cycle life of the battery can be controlled via tailoring the electrode material. Therefore, for
enhancement of output parameters of batteries, and fabrication of high-performance electrodes for
metal-ion batteries, for many years the researchers majorly focused on the development of advanced
materials for anode and cathode for metal-ion batteries [8—10].

There are various active materials, such as layered and tunnel-type transition metal oxides,
ternary metal oxides, transition metal hydroxides, transition metal fluorides, oxyanionic compounds,
polymers, Prussian blue analogs, etc., on the other hand, graphitic and non-graphitic carbon
materials are one of the most successful candidates as the anode for metal-ion batteries. In addition,
tin-based material, silicon-based material, transition metal oxides, transition metal sulfides, and
organic materials like Schiff bases, etc., have been used as the anode material for metal-ion batteries
[3,6,11].

5.2 NANOCOMPOSITES FOR METAL-ION BATTERIES

In most of the MIBs, graphite has been used as an anode. The graphite is widely sourced and abun-
dant in nature, and low cost. In addition, graphite shows excellent electrochemical performance with
stable behavior in solid as well as liquid electrolytes. Also, the graphite anode in MIBs demonstrated
equal theoretical and practical volumetric capacitance. However, MIBs containing graphite anode are
unstable, which shows side reactions during the charging and discharging process. Also, an accommo-
dation of metal ions is very difficult and is still a challenge for metal- (Na-, Al-, and Mg-) ion batteries
containing graphite material as an anode. In the case of commercial graphite, the intercalation of metal
ions into it is very difficult. As a consequence, metal-ion batteries with commercial graphite result in a
very low volumetric capacity, energy density, and cycle life. Therefore, it is a very prime requirement
to find a suitable anode material for metal- (Na-, Al-, and Mg-) ion batteries [10-12].

To date, there are many anode materials for MIBs. This includes carbon-based materials, metal
oxide, metal sulfides, the nanocomposite of carbon-based materials with different metal oxides and
metal sulfides, etc. The carbon-based nanocomposites are an efficient anode material for MIBs.
The carbon metal oxides and carbon metal sulfide nanocomposites have been excessively used and
demonstrated to be excellent anode materials for MIBs. The MIBs with carbon nanocomposites are
reported to be high volumetric capacity, high energy density, and excellent cyclic stability [5,13].
Also, the synthesis of carbon-based nanocomposites is an easy and simple process. The existence
of nanosized carbon in nanocomposites retains the high electrical conductivity, and high mech-
anical strength and has high structural stability in anode material. To date, the nanocomposites of
nanostructured metal oxides and/or metal sulfides with different carbon nanostructured material viz.
carbon nanotubes, single-walled carbon nanotubes, multiwalled carbon nanotubes, etc. have been
heavily explored, and excessively used as the anode material for MIBs [5,9,11,14]. The latest devel-
opment in the field of nanotechnology makes an easy synthesis of a variety of nanostructures, viz,
nanotubes, nanowires, nanoneedles, nanobelts, etc. These attractive nanostructured materials have
unique geometry with a high aspect ratio, due to that, these materials exhibit excellent physical and
electrochemical properties [15-18].
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5.3 TYPES OF MIBS AND THEIR WORKING PRINCIPLE
5.3.1 THE ENERGY STORAGE MECHANISM OF LIBs

Using LiCoO, as a cathode material andgraphite (C) as the anode material, equations 5.1-5.3 demon-
strate the energy storage mechanism of typical LIBs. During the charging of LIBs the lithium metal
ions (Li*) de-intercalate at the cathode material LiCoO,. After de-intercalation Li* diffused into the
electrolyte present between the cathode and anode in the LIB cell. Further, Li* passes through the
nanopores and separates toward the graphite anode. Simultaneously, to maintain the charge neu-
trality through an external circuit the electrons move in the opposite direction. While during the
discharging the Li* ion moves from an anode (C) to cathode LiCoO, [3,9]. The schematics of the
charge-discharge mechanism of LIBs are demonstrated in Figure 5.1.

Charge
Cathode: LiCoO, Discharge Li(l_x) Co0; + xLit + xe™ 5.1
Charge (5 2)
Anode: 6C + xLi* + xe~ ‘Discharge Li,Ce '
Charge
(5.3)

Net reactions: LiCoO, + 6C Discharge Li(;_,)CoO; + Li,Cs

5.3.2 CHARGE STORAGE MECHANISM IN NIBs

In NIB, the Na* can be inserted into the host of active materials at electrodes via three types of
charge storage mechanisms viz. intercalation, alloying, and conversion. The intercalation can also
be termed insertion. In the intercalation process, the Na* can be inserted into the host active material
or the anode materials. The structural changes of the anode material have been retained in the inter-
calation process. The alloying mechanism can also be termed a solid-state reaction mechanism.
In this mechanism, the Na* metal can beinserted into the host electrode material via reaction 5.4.
Where A is the active material or metal electrode. In the alloying mechanism, the no phase trans-
formation occurred [19]. The conversion mechanism is a relatively new mechanism that is still under
development. The conversion mechanism results in a very high volumetric capacity of NIBs. In the
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FIGURE 5.1 Schematics of the charge-discharge mechanism of LIBs. Adapted with permission. Copyright
© 2020 by the authors. Licensee MDPI, Basel, Switzerland, distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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FIGURE 5.2 Schematics of charge—discharge mechanism of NIBs. Adapted with permission. Copyright
(2020) American Chemical Society.

conversion mechanism, compared with the intercalation and alloying mechanism, the large volume
expansion and heavy voltage hysteresis are persisted. These are the two major shortcomings of the
conversion mechanism [20,21]. The schematics of the charge—discharge mechanism of NIBs are
shown in Figure 5.2.

xNat + A +xe~ +— Na,A (5.4)

5.4 NWS IN MIBS
5.4.1 NANowires IN LiTHiuM-1ON BATTERIES (LIBS)

The volume expansion, pulverization, and shifting effect are the major serious issues of MIBs.
To avoid such problems, recently different strategies have been introduced in the literature. The
application of different carbon composites with ternary metal sulfide and metal oxide is one of the
important remedies. The nanostructure materials have a good aspect ratio, high mechanical strength,
high surface area, large electrolyte electrode interface area, etc., such outstanding characteristics of
nanostructured material reduce the charging-discharging time, provide the excellent electron trans-
mission path decrease the electrode-electrolyte pathway to enhance the electrochemical activity
of metal ion in MIBs [2,23,24]. To enhance the charge capacity, cycle life, and enhanced electro-
chemical characteristics of MIBs the different carbon structures such as nanostructure, nanorods,
nanotubes, nanowire, nanobelt, and nanofiber are highly appreciated [8,17,18].

However, the synthesis of different carbon structures required complex reactions, multi-step
processes, and high temperatures. Also, during synthesis, it is a very difficult task to control the
carbon structure and maintain structural uniformity. Also, the low electrical conductivity and huge
volume expansion of metal sulfides hinder its practical applications. Recently, the highly conductive
and moderate ion size metal insertion in metal sulfide and metal oxide is one of the important
remedies to these problems in MIBs. The application of metal-inserted metal sulfide nanowire
electrodes is one of the important remedies to reduce cycle loss and improve the electrochemical
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FIGURE 5.3 (a) Schematic demonstration of synthesis AgSbS, nanowires via hydrothermal method.
(b, c) SEM images scanning electron microscope images (SEM), (d) Transmission electron microscope images,
(e, f) High-resolution transmission electron microscope images, images, and (g) selected area diffraction
pattern of AgSbS, nanowires. (h-k) energy dispersive X-ray spectroscopy mapping images of Ag, S, and Sb in
AgSbS, nanowires. Adapted with permission. Copyright (2022) Elsevier.

behavior of metal sulfide and metal oxide-based MIBs [4,25,26]. To demonstrate this fact and for
the enhancement of volumetric capacitance and cycle life of LIBs, Ho et al. [26] reported the inser-
tion of silver-doped SbS, nanowires via the hydrothermal method as the anode material for LIBs.
Figure 5.3a demonstrates the schematic of the synthesis AgSbS, nanowires via the hydrothermal
synthesis route. A hydrothermal method is one of the simple and low-cost synthesis methods for
uniform and hierarchical nanostructured materials [12,27,28]. Further, Figures 5.3b-¢ show the
scanning electron microscope (SEM) images, demonstrating the morphology and average diameter
(1040 nm) of AgSbS, nanowires. Figure 5.3d shows transmission electron microscopy (TEM)
images that depict the straight morphology of AgSbS, nanowires. The high-resolution transmission
electron microscope (HRTEM) images (Figures 5.3e-f), and the selected area diffraction pattern
(SAED) (Figure 5.3g) of AgSbS, nanowires demonstrated the single crystal of AgSbS, nanowires.
Moreover, the uniform distribution of Ag, Sb, and S elements are conformed via energy disper-
sive X-ray spectroscopy mapping images and demonstrated in Figures 5.3h-k. In this report, the
presence of Ag metal in SbS , enhances the electrical conductivity of the host material, reduced the
volume change during cycling, constrains the shuttling effect of sulfur, and enhanced the lithium-
ion absorption to improve the electrochemical performance of metal sulfide in LIBs. Using the
LiNi,Co,Mn, cathode, AgSbS, anode and electrolyte 1 M LiPF,, the full cell of LIBs demonstrated a
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high discharge capacity of 904.5 mAh/g with an initial Coulombic efficiency of 62.3%. More inter-
estingly, due to reaching a Coulombic efficiency of 99% per cycles and capacity retention of 90.6%
over 7000 charge discharge cycle at 2A/g makes the AgSbS, anode material a super stable material
for LIBs. Similarly, Lan ef al. synthesized the silver-doped one-dimensional (1D) attapulgite
(hydrated magnesium-aluminum rich silicate mineral) via in-situ reduction of silver nitrate onto
the attapulgite as anode material LIBs The discharge specific capacity for silver-doped attapulgite
anode-based LIBs is reported to be 133.0 mAh/g at a current density of 0.1 A/g after 50 cycles [29].

Guo et al. [30] reported the synthesis of ternary Fe S./SiO /nitrogen-doped carbon matrix by
hydrothermal method and subsequent sulfur. The matrix has been utilized as an anode for LIBs.
The presence of the reported matrix SiO /nitrogen-doped carbon in Fe S, enhances the electrical
conductivity and provides improved electrical performance, cycle life, and reverse capacity of LIBs
fabricated using Fe S /SiO /nitrogen-doped carbon as the anode with a charge capacity of 1060.2
mAh/g at 200 cycles along with an excellent cyclic performance of 415.8 mAh/g at the 1000
cycle at 5 A/g. Li et al. [31] reported the antimony sulfide (Sb,S,) nanowires on reduced graphene
oxide composite synthesized by the self-assembly method. The as-reported three-dimensional (3D)
architecture demonstrated an excellent electrochemical behavior as an anode in LIBs and effect-
ively reduced volume change and improved the conductivity of Sb,S.. The morphology and struc-
ture of reduced graphene oxide (rGO), antimony sulfide (Sb,S,) nanowires and antimony sulfide
(Sb,S.,) nanowires reduced graphene oxide (rGO) composite are shown in Figure 5.4a-f. Further,

FIGURE 5.4 (a) Scanning electron microscopy (SEM) images of reduced graphene oxide (rGO), (b) SEM
images of antimony sulfide (Sb,S,) nanowires, (c) low magnification, (d) high magnification SEM images of
antimony sulfide (Sb,S,) nanowires, (e, f), high-resolution transmission electron microscopy (HRTEM) images,
(g) corresponding SAED pattern (inset) of antimony sulfide (Sb,S,) nanowires reduced graphene oxide (rGO)
composite, and (h), (i), (j), (k) elemental mapping of C, Sb, S, and O, respectively. Adapted with permission.
Copyright (2021) Elsevier.
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the elemental mapping of C, Sb, S, and O is confirmed via EDS elemental mapping (Figure 5.4h-k).
The 3D architecture as the reported composite shows the reversible capacity of 505 mAh/g at 3 A/g
and long cycle stability 697 mAh/g after 100 cycles at 100 mA/g. The electrochemical performance
of the antimony sulfide (Sb,S,) nanowire reduced graphene oxide (rGO) composite is demonstrated
in Figure 5.5. The antimony sulfide (Sb,S,) nanowire reduced graphene oxide (rGO) shows superior
electrochemical performance over reduced graphene oxide (rGO) and antimony sulfide (Sb,S))
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FIGURE 5.5 Cyclic voltammetry curves (0.01-3.00 V at 0.1 mV/s) (a), voltage profiles of antimony sulfide
(Sb,S.,) nanowire reduced graphene oxide (rGO) composite at 50 mA/g (b), cycle performances at 100 mA/g
(c) and rate capability (d) for nanowires reduced graphene oxide (rGO) antimony sulfide (Sb,S,) nanowires
and antimony sulfide (Sb,S,) nanowire reduced graphene oxide (rGO) composite electrodes. Adapted with
permission. Copyright (2021) Elsevier.
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100 nm

FIGURE 5.6 (a, b) Scanning electron microscopy images with low and high magnification of the Ni-Co,O,
dense film; (c, d) SEM images with low and high magnification of the Ni-Co,0, nanowires; (e, f) transmission
electron microscopy images with low and high magnification of the Ni-Co,O, nanowires (selected area
diffraction pattern (SAD) shown in inset). Adapted with permission. Copyright (2016) Elsevier.

nanowires. Moreover, the presence of reduced graphene oxide in antimony sulfide (Sb,S,) nanowires
reduces the Li* diffusion path, can provide the space for shortening the Li* diffusion path, reduce
the volume change, improve the electrical conductivity of the composite, and enhance the electron
transfer between electrode-electrolyte interface and improve the rate performance.

Xiong etal. [32] prepared the 3D Ni-Co,0, with nanowire porous branches and interconnected
pore material by electrodeposition followed by the hydrothermal method. Figure 5.6 shows the
porous branches and interconnected pores of Ni-Co,0, dense film Ni-Co,0, nanowires. Compared
with the dense C030 , film, the reported nanowire shows excellent electrochemical characterization.
The Ni-Co,0, with nanowire electrode demonstrates higher discharge capacities and high cycling
stability of 714 mAh/g at 0.5 A/g after 100 cycles.

Usually, the binder used for the fabrication of electrodes introduces its resistivity into the elec-
trode, which further influences the electrochemical activities of the anode in LIBs. Therefore, the
fabrication of binder-free electrodes gains enormous attention. Many advanced strategies are used for
the fabrication of thin films of active material electrodes. In this context, Wu et al. [33] synthesized
the porous nanowire of porous NiO nanowires and coated it with Zr-based metal-organic gel
(Zr-MOG), and used it as an electrode in LIBs. The LIBs with this electrode showed an excellent elec-
trochemical performance with a specific capacity of 1816.3 mAh/g at a current density of 100 mA/g,
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FIGURE 5.7 Ag,Cu(VO,) /Ag nanowires (a) XRD pattern, (b) FESEM, (c—e) TEM and (f) SEM-EDX
mapping images. Adapted with permission. Copyright (2021), Elsevier.

and capacitance retention of 1318.7 mAh/g over 150 charge-discharge cycles. Similarly, Zhang ez al.
synthesized quaternary transition-metal vanadium oxide Ag,Cu(VO,),/Ag nanowires (Figure 5.7)
by a simple hydrothermal method used as the cathode material for LIBs. Electrochemical measure-
ment shows that the Ag,Cu(VO,) /Ag nanowires are a new cathode material with good electrochem-
ical performance and the discharge capacity can be stabilized at 132.4 mAh/g after 50 cycles at 200
mA/g. Moreover, the recent advancement in the nanostructured material used as an electrode for
LIBs is illustrated in Table 5.1.

5.4.2 NANOWIRES IN SopiUM-ION BATTERIES (SIBS)

Sodium ion batteries (SIBs) are another promising energy storage system in comparison to LIBs.
SIBs have low cost and equivalent electrochemical principle to LIBs. However, major issues like
a large radius of Na* (1.02 A) than Li* vs. Li* (0.76 A), lower electrochemical activity than LIBs,
and serious safety issues (fire or explosion due to the high flammability of organic solvents), etc.,
need more research and development in electrodes and electrolytes used in NIBs. Therefore, to
make the availability of user-friendly NIBs to fulfill global energy needs, the development of NIBs
is searching for suitable anode, cathode, electrode, binder, and separator materials to improve their
electrochemical performance [48,49].

To tackle the issues and remove the existing problems of the NIBs, recently many recent reports
suggested solutions and reported advanced strategies. The use of nanostructure single/binary/
ternary metal sulfide, metal oxide, and their composites with different carbon materials as an elec-
trode is one of the important remedies to the problem associated with NIBs. For example, Cao
et al. [50] reported the single crystalline Na Mn,O . nanowires synthesized by template-assisted
sol-gel method. The reported electrode material shows high crystallinity, pure phase, and homoge-
neous size, using the Na4Mn9018 nanowires as the cathode, the as-fabricated NIBs show excellent
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FIGURE 5.8 (a) SEM images of the samples on Ti foil annealed at 250 °C, inset in (a) is a digital photo
of the entire sample; (b) high-resolution SEM image from the marked in area (a); (c) TEM image of several
nanowires; (d) HR-TEM image of a Na_V, O, nanowire. Adapted with permission. Copyright (2019) Elsevier.

5712732

electrochemical performance, high capacity of 109 mAh/g at 0.5C, and capacity retention of 77%
of this value even after 1000 charge/discharge at 0.5 C. Similarly, Ta et al.reported the synthesis
of Na,Mn O, nanowires via simple and low-cost hydrothermal method [51]. Using Na,Mn,O
nanowires as a cathode in NIBs demonstrated excellent electrochemical performance, delivering a
high capacity of 90 mAh/gand Coulombic efficiencies of greater than 91% at a rate of 0.2C during
30 charge/discharge. Interestingly, Cao et al. [52] reported the first time use of the sodium vanadate
(Na,V ,0,,) array nanowire (Figure 5.8) on titanium foil synthesis via the hydrothermal synthesis
route. The electrochemical performance of sodium vanadate nanowires is illustrated in Figure 5.9.
The sodium vanadate nanowires demonstrated excellent electrochemical performance and resulted
in 166 and 161 mAh/g charge/discharge capacities at a current density of 30 mA/g, respectively,
and retained a capacity of 130 mAh/g after 40 cycles. Moreover, the recent advancement in the
nanostructured material used as an electrode for NIBs is illustrated in Table 5.2.

5.5 CONCLUSIONS

In conclusion, the recent advancements in designing and fabrication of NW electrodes for MIBs
have been summarized. The electrode materials for MIBs countenance various factors viz. material
properties and volume, etc. Providentially, the NWs have given rise to MIBs with improved per-
formance. The unique structural feature of the NWs offers their high performance. Compared to
conventional electrodes, NW electrodes tender various advantages as electrodes for MIBs, which
includes the following: (i) compliant volume changes during the metal-ion insertion/extraction; (ii)
simple ion diffusion mechanism; (iii) effective charge transfer; (iv) tough structural permanence.
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