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Featured Application: The focus of this research paper is to deploy ball milled nanocomposite
materials for potential energy storage applications.

Abstract: This review is focused on the topical developments in the synthesis of nanocomposites
using the simplest top-down approach, mechanochemical milling, and the related aspects of the
interfacial interactions. Milling constraints include time duration of milling, ball size, the ball-to-
sample content proportion, rotation speed, and energy that took part in a vital part of the structure—
property relationships and composite interactions. Milled nanocomposites are being used in different
structural applications for their higher performance rate and throughput. The synthesis of different
nanocomposites and the effect of various parameters on the mill-ability of nanocomposites are
discussed. Moreover, some of the major advancements in the energy sector are discussed in the latter
part of the review.
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1. Introduction

The first ever produced dispersion-strengthened alloys with distribution of uniform
dispersoid were synthesized by the powder metallurgy method commonly known as
mechanochemical alloying [1]. It is further used as a powerful non-equilibrium processing
method that can be deployed to synthesize a variety of meta-stable structured materials [2].
Categorically, the milling of particles is classified as (i) mechanical milling where the
similar nature of elements or compounds can be milled, and (ii) mechanical alloying where
dissimilar constituents can be milled with transfer or sharing of material species [2-4]. The
advent of ball milling thus supported the production of nanostructure materials that are
meta-stable when compared to their pristine counterparts. The grain size refinement is a
controllable property based on the mechanochemical agitation, features, and properties
of the constituent powders involved in the milling technique and, finally, the amounts
of defects and/or dislocations introduced based on the plastic deformation during the
thermal recovery processes [2].

In a typical high energy mechanochemical milling process, the reactive ingredients
are added with the required balls and the media in a closed container. Then, after specific
milling experiment, very fine particulates of the product are obtained, which are often
of micrometric size; however, the components that are welded together are nano-sized,
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for industrial and research quality. The “media” refers to fluids (for example, liquid
media such as solvents, DI, surfactants, or dispersants, and gaseous media such as air,
argon, nitrogen, and reactive atmospheres, namely, hydrogen). The root cause of nano-
structural formation could be due to the two concurrent processes, particle fracturing
and agglomeration/aggregation (or cold welding in the case of mechanical alloying) that
occur at different rates. Additionally, the milled product exhibits a large number of defect
accumulation sites. Compared to many other synthesis techniques, solid state milling has
dual advantages, for example, this process can not only produce ultra-fine nanoparticles
with definite stoichiometric ratios, but also enable those products with high yield, greater
densification, and homogeneity. However, a segregation phenomenon like presence of
reagents residue that is unavoidable during the milling of diverse materials [3]. For the
development of new and advanced materials, with appropriate stress—strain characteristics,
the ball milling or rod milling techniques have been considered potential and powerful
tools. The mechanical alloying is a unique technique that can be performed at ambient
conditions and with different types of mills, such as high (or low) energy, centrifugal type,
attritor type, vibratory type, and tumbling type.

In the vibratory type of ball mill, grinding of the materials can be performed with
vibratory motions with high frequencies and low amplitudes. The ball’s velocity in the
vibratory milling apparatus is much greater than that of planetary ball mill system; there-
fore, less time may be needed for the particle size reduction in the vibratory ball mills.
Here, the similar parameters need to be considered at time of milling process, i.e., milling
speed, milling time, grinding medium, atmosphere, etc. Another type of milling apparatus
involving planetary motions of the sample vials containing the materials to be grinded are
called planetary ball mills. In this planetary milling method, an equal magnitude, as well
as an opposite direction of forces with the containers and the underneath support disks,
often produces both friction (due to balls rolling on the walls) and severe impact (due to
the balls hits each other or with the milled powder). In a single event of planetary ball
mill, at least few hundred grams of the initial powders can be milled with high consistency
and uniformity. Greater control of rotation speed of individual containers with respect to
the support surfaces have recently been developed in modern instruments by different
manufacturers [4-6]. In both the laboratory scale and an industrial scale ball milling, an
important physical parameter, such as kinetic energy (K.E. = 3 mv?) of the energetic balls
having a specific mass moving with the agitation velocity, contributes and determines
the effectiveness and the total duration required in addition to particle size reduction.
Therefore, based on the kinetic energy value in a laboratory scale apparatus, the vibratory
mill, due to the higher velocity, induces faster transformation while the ball mass is kept
constant when compared to the planetary ball mill. However, an industrial scale vibratory
mill, due the containment of velocity, leads slower transformation with respect to other
types of mills.

The mechanochemical alloying is considered as the versatile method for the manufac-
ture of oxide composites in large quantities [7]. The uniqueness of this alloying process is
due to the high energy induced repeated collisions of the constituents, fracturing, and cold
welding of the candidate materials, such as amorphous and/or nanostructure materials [8].
Another competing characteristic of the ball milling processes is that the scaling of materials’
manufacturing to industrial quantities are not cumbersome. The mechanochemical milling
not only influences the attrition and agglomeration behavior of the materials involved,
but also induces the chemical reactivity that eventually decides the final product and its
properties. With this advantage of additional features of mechanical alloying induced
chemical transformation reactions, a number of metal oxide nanocomposites have been
milled with more reactive materials. Therefore, utilizing mechanochemical processes in
place of mechanical alloying has a difference when we deal with the reactive chemical
species that yields a desired product [9].

A typical ball mill can be constructed with a hollow cylindrical chamber that is made
to rotate about a horizontal axis and is filled with different dimension balls. Depending on
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the characteristics of the materials to be milled, different material types of the container
and the balls are chosen, for example, stainless steel, tungsten carbide, zirconia, alumina,
agate, or silicon nitride. In order to avoid a reaction with the container walls, these are
coated with liner based on manganese, steel, or rubber material. In the category of reactive
mechanochemical milling, a low vacuum (~10~2 Torr), or special purpose gases, such
argon, hydrogen, nitrogen, will be deployed while the milling process is underway. Many
of the ball mill types, such as attrition, planetary, vibratory, and low-energy tumbling,
are often handling variable temperatures and pressures which are convenient for in-situ
processing and optimization [10]. The mechanochemical pulverization process breaks the
chemical bonds through the energy of the kinetic motions of the impacted balls, which
crush the bulk material to give small particles and generate new surfaces and properties.
In 2020, Tanna et al. prepared and studied the effect of multiferroic composite materials
which are free from the lead metal and are synthesized via the high energy mechanical
alloying techniques [11].

The ball milling technique is a versatile top-down synthesis technique to synthesize
nanomaterials, including metallic, multi-metallic, alloyed, ceramic nanocomposites, etc. It
is a simple, economical, and high throughput top-down fabrication method for nanocom-
posites compared to other techniques. Ball milling reinforces the particles onto the surface
or into the interlayers of the matrix phase of the composite [12]. This could be performed
with/without solid-state chemical reaction. The mechanochemical milling process includes
the synthesis of various nanocomposite materials such as metal matrix [13-20], polymer
matrix [21], and ceramic matrix [22,23] nanocomposites.

Metallic particles and reinforcing particles (nanomaterials) are mixed and ground in a
sample jar containing a large number of balls. Progressive, repeated collisions between the
particles, balls, and vessel walls leads to particle fracturing and cold-welding mechanism
where compression, shear, and frictional forces act together to break down the material into
nano-powder. These mechanisms result in the formation of the fine metallic nanocomposite
powder corresponding to the initial state. The advantage of mechanochemical alloying
is the homogenous distribution of compounded particles into the matrix, which prevent
agglomeration. During the milling process, the matrix phase is deformed plastically while
the compounding particulates become finer due to persistence of ball and powder colli-
sions. The metal may become flattened and is then welded together and the fragmented
reinforcing material is embedded together between two or more metallic particles. The
properties of ball milled nanocomposites are mainly affected by matrix strength, dispersion
of nanofiller, porosity, active surface area, interfacial interactions, and reactions. The interfa-
cial bonding influences the properties of the nanocomposites. An efficient bonding could be
established by modifying the wettability angle at the interface. This is usually achieved via
the sintering process [24]. The process is depicted in Figure 1 where the particles inserted
onto the interfacial boundaries of the welded metal have been shown explicitly.

. Balls

@ Metallic Particles

¢ Reinforcing material

Figure 1. Schematic of metallic nanocomposite ball milling process. Inserted: the particle embedded
onto the interfacial boundaries of the metallic matrix after mechanical alloying.
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The most common method for the preparation of polymer nanocomposite via top-
down approach is the wet milling method. The polymer and the filler are dispersed in
a solvent medium. The size of the filler gets reduced and simultaneous polymerization
occurs when subjected to mechanical agitation. These alloyed particles tend to agglomerate
or recrystallize to maintain minimum Gibbs free energy. Process control agents or solvents
are used to prevent aggregation and to maintain stability. High energy ball milling exerts
higher kinetic energy (~30 m]) refers the impact of a single ball collision that is traveling
with a velocity of at least 3.6 m/s. than the conventional ball milling (~5 m]) [25]. Faster
phase transformation and particle size reduction can be achieved at a minimum milling
time with high energy mechanical milling process [26]. Optimizing the parameters for the
milling process tends to have a great effect on obtaining a stable homogeneous dispersion
of particles [27]. The preparation of polymer nanocomposites via the top-down method is
discussed in relation to metallic nanocomposite synthesis.

2. Type of Ball Mills
2.1. Based on Mechanical Energy

Mechano-chemical milling can be categorized based on the mechanical energy induced
onto the sample inside the chamber as low (LEBM) and high energy ball mills (HEBM).
The energy released via collision and attrition between the balls and the samples directly
impacts the formation of nanomaterials with high specific surface area [28]. Wei X. et al.
have prepared biochar/copper oxide (BC/CuO) nanocomposite with a surface area of
330.0 m? g_1 where the size of CuO is 10.4 nm using HEBM [29]. Horizontal mills fall
under the LEBM, while HEBM includes planetary, attrition, and vibratory mills (Figure 2).

(a) attritor mill (b) vibratory mill (c) planetary mill
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Figure 2. Schematic representation of various types of ball mills [30] “Reprinted/adapted with
permission from Ref. [30]. 1999, Royal Society of Chemistry (Great Britain)”. More details on
“Copyright and Licensing are available via the following link: http://Creativecommons.org/license/
by/4.0/ (accessed on 29 August 2022).

2.2. Based on Operation Mode

Direct and indirect milling are the two modes, depending on their operations. In the
former, kinetic energy (KE) is directly imparted onto the powder sample through the shafts
(including attritor, roll, and pan mills), and in the latter, initially, KE is imparted into the
body of the mill and then is transmitted to the balls and samples charged through friction.
Examples of indirect mode consists of the planetary, tumbler, and vibratory mills. From the
literature, it is evident that the specific energy supplied to the mill charge could be rated
planetary > vibrational > attritor > tumbling mill [30].
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2.3. Based on Wettability

Based on wettability, ball mills are classified into dry and wet mills. In wet ball mills, a
surface-active media is introduced to inhibit the formation of aggregates while dry mills are
free of solvents and the attrition of particles occurs through powder-to-powder friction. Dry
balling is the usual method adopted for the synthesis of carbon nanotube-based composites
to control the length of the tube, for stable coatings with strong interface interactions [31-33].
From the earlier investigations, it is evident that wet milling is the effective method for the
homogeneous dispersion of ceramic particles [34]. Zhang Z. et al. successfully introduced
the structural water into the MnO, / Graphite nanocomposites cathode for zinc-ion batteries,
which reduces the electrostatic interactions promoting the diffusion of zinc-ions [35].

2.4. Plasma Assisted Milling (P-Milling)

Nowadays, in ball milling process, magnetic, ultrasonic, electric energy fields, and
temperature are applied. Plasma assisted milling technology, known as p-milling, involves
introduction of dielectric barrier discharge plasma in the milling process for improving the
milling efficiency, capacity, and process controllability. This involves concurrent action of
heating by plasma and the impact resulting in ball-milling for material processing. Plasma
is considered to be the fourth state of matter, and is composed of positive ions, neutral
particles, electrons, and free radicals. The high energy possessed by these particles and
ions can effectively interact with materials. Moreover, p-milling results in the formation of
fractures, chemical decomposition, and recrystallization on materials leading to increased
surface area formation and different bulk defects compared to conventional ball milling.
Hence, they become more attractive in materials processing. Therefore, plasma assisted
milling techniques have received significant research interest and are explored for the
synthesis of electrode materials, graphene materials, lubricating materials, cermet materials,
and hydrogen storage materials [36].

The p-milling route increased the synthesis efficiency of aluminum nitride (AIN) nano
powders and reduced the precursor temperatures significantly [37]. The effect of precursors
Al,O3 and Al,O3/C on AIN nano powder synthesis were investigated. Compared with
conventional milling (c-milling), p-milling reduced the calcination temperature due to
synergistic effects between rapid heating by plasma and impact stress of milling thereby
improved the synthesis efficiency.

Sun et al. fabricated nano silicon/graphene nanocomposites as anode materials by
embedding nano silicon in graphene using p-milling method [38]. This route converted
graphite into graphene nanosheets with the integration of nano silicon in the in situ formed
graphene. Twenty hours of p-milling of nano silicon/graphene nanocomposite resulted in a
unique structure with homogeneous distribution of nano silicon along with abundant nano-
sized free spaces in the composite yielded enhanced conductivity and cycle performance.
In another study, lithium storage performance of MgB; is investigated [39]. A composite
consists of MgB, /expanded graphite/TiO; is fabricated by p-milling for about 20 h and
the resultant composite material exhibited a discharge capacity of 305.5 mA h g~!, even
after 100 cycles. A facile route for the synthesis of germanium nanoparticles wrapped
with few-layers of graphene by plasma assisted ball milling for anode applications is
presented [40]. The precursor materials used are commercial grade germanium powder
and natural graphite. The electrodes made using germanium/graphene nanocomposite
material showed better electrical conductivity, low initial loss, and better cycling capacity
compared to conventional milling process.

Although plasma assisted milling is reported to have several advantages, there is
also room for discussion and improvement. Owing to the complexity and non-thermal
equilibrium nature of plasma, it is difficult to monitor/measure the active particles, such as
ions and free radicals, that are present in it and how they affect the materials properties.
Secondly, the effect of plasma on the formation of any intermediate products during the
course of milling and their effects on mechano-chemical properties of materials is yet to
be studied.
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2.5. Microwave-Assisted Ball Milling

Solid-liquid ball milling is the foundation of microwave-assisted ball milling, which
uses a ball milling machine inside a microwave oven (Figure 3). Due to unique microwave
effects, microwave heating can accelerate chemical reactions, and high-energy ball milling
can successfully stop grain development and purify crystalline particles. The solvent to be
used is deionized water, which reduces the reaction time and avoids the use of a significant
amount of organic solvent and will have the least negative environmental effects. As a
result, it is evident that the adsorbent’s production cost can be reduced.

Without the use of a protective environment, microwave sintering at a milled power
of 600 W was successful in synthesizing a Fe-Al,O3 nanocomposite in 15 min [41]. The
findings demonstrate that during the microwave-assisted ball milling process, the epoxy
ring opens, and epoxy resin molecules were grafted onto the surfaces of nanotitanium
hydride (TiH;) particles, improving the compatibility between the nanoparticles and epoxy
resin [42]. The processing of nano-reinforced aluminum alloy composites involves the
incorporation of nano alumina by the use of milling, followed by heat treatment with
microwave assistance. The addition of nanoalumina to the grain interface increased the
activation energy at the grain interface, causing homogeneous nucleation, which produced
an ultrafine-grained microstructure and significantly improved the mechanical properties of
the fabricated nanocomposites, such as microhardness and strength [43]. The preparation of
vanadium and chromium carbides nanocomposite and their alloys using a novel technique
of in-situ microwave heating. The nanocomposite was employed to prevent grain growth
in cemented tungsten carbides in its as-prepared state. A well-dispersed nanocomposite
with a mean diameter of around 30 nm can be produced at lower temperatures. The
alloys” microstructure and characteristics are significantly impacted by the synthesized
nanocomposite [44].
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Figure 3. Schematic of Microwave-Assisted Ball Milling. “Reprinted /adapted with permission from
Ref. [42]. 1999, Elsevier Publications”. More details on “Copyright and Licensing are available via the
following link: http://Creativecommons.org/license/by/4.0/ (accessed on 29 August 2022).

2.6. Electrical Discharge Milling

Long-term conventional milling in an inert atmosphere typically results in the devel-
opment of porous powder aggregates with small amorphous or irregular particle sizes
making up each particle nanocrystalline component after prolonged grinding. The process
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of agglomeration used was believed to result from repeated deformation, fracture, and
cold welding of elements. During milling, powder particles are repeatedly deformed
and fractured, which starts solid—solid, solid-liquid, and solid—gas processes. Reacting a
material in a gas environment with an electrical discharge is a different material synthesis
and processing method. While milling, the use of low-current, high-voltage electrical
impulses can lead to quicker reactions as well as new synthesis and processing pathways.
Spark/electrical discharge milling, as opposed to traditional milling, was discovered to
cause the formation of amorphous powder with primarily single, sub-micron-sized parti-
cles. The structure of individual particles ranged from re-melted particles to sub-micron
and irregularly shaped particles, based on the vibrational amplitude choice made during
discharge. Large vibrational amplitudes and a broader variety of particles are created with
increasing energy input. These included nano-sized particles formed as fume and collected
during discharge milling under flowing argon. They also contained sub-micron particles,
remelted particles, and welded agglomerates.

Micro-gaps between moving and/or vibrating balls, and between the balls and the
milling chamber wall, happen during the process of milling. These micro-gaps can cause
an arc discharge or a discharge that is primarily of the glow discharge type. It was dis-
covered that spark discharge milling promotes quick fracture, recrystallization, mineral
reduction, and solid—solid reactions, whereas glow discharge milling promotes solid—gas
interactions [45]. The findings demonstrate that this approach greatly improves traditional
milling in terms of surface roughness [46].

2.7. Magnetic Field Induced Ball Milling

Ball milling is a simple and convenient method for the preparation of powders, alloys,
and composite materials. This technique results in products having very fine particle
size and grain size. Anisotropic magnetic particles with nanosized grain structures can
be fabricated by ball-milling under a magnetic field [47]. The structural and magnetic
characterization results of sub-micron sized particles obtained by ball-milling in a magnetic
field environment unveil strong magnetic anisotropy. Sm;Coqy is considered as a building
block for future high performance permanent magnets. Anisotropic Sm;Co17 nano-flakes
with high aspect ratio and a thickness of tens of nanometres were synthesized in the
presence of heptane and oleic acid by magnetic field induced high energy ball milling [48].

The application of a magnetic field on the morphology, structure, and magnetic
properties of ball milled TbFe, alloy was investigated [49]. Researchers found that the rate
of particle size reduction in presence of magnetic field was superior compared to simple
ball milling. Further, the coercivity of field assisted (magnetic) particles are as high as
6500 Oe whereas it is 3850 Oe only in the absence of magnetic field.

Powder based alloys of NdFeB and SmCo are produced in a ball mill kept in a uniform
magnetic field [50]. The duration of milling was 100 h and samplings were performed every
25 h of milling. The particle size of the powder alloy was ~100 nm (after 100 h milling) and
their grain size was <20 nm. The remanence ratio of milled alloy under magnetic field was
higher than those prepared in the absence of magnetic field. Furthermore, it was evident
from XRD peaks that the material prepared by ball milling in presence of magnetic field
had better alignment than those produced by conventional ball milling.

2.8. Ultrasonic Milling

Mechanical alloying by ultrasonic milling benefits the combined advantages of ultra-
sonic, mechanical, and cavitation processes on powder materials that leads to diffusion,
mass-transfer, and solid-phase reactions [51]. In this technique, cavitation process plays
a vital role in grain size of metal powders or alloys. Compared to conventional milling
in planetary ball mills, it is possible to make pseudo alloys from immiscible components,
initiate phase transformations and substitution and interstitial reactions in a much shorter
time by ultrasonic assisted milling. Schematic illustration of a typical ultrasonic ball mill is
shown in Figure 4.
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4 mm

Figure 4. Laboratory Ultrasonic grinding mill for powder processing. (a) Scheme: (1) ultrasonic
generator; (2) vibrator; (3) step like horn; (4) container; (5) metallic balls; (6) gas inlet; (7) thermocouple.
(b) Photo of chamber with transparent walls. “Reprinted /adapted with permission from Ref. [42].
2004, Elsevier Publications”. More details on “Copyright and Licensing are available via the following
link: http://Creativecommons.org/license/by/4.0/ (accessed on 29 August 2022).

A simple, economic, and eco-friendly synthesis of manganese ferrite nanoparticles
(MnFe,O4) with a mean particle size of 20 nm without calcination (low temperature < 100 °C)
by ultrasound wave assisted ball-milling is reported [52]. Iron balls with diameters of
1.0-1.5 mm were used for milling. Ultrasonic ball milling technology was employed for
the synthesis of large, ultra-thin, 2D materials: h-BN, graphene, MoS;, WS;, and BCN. The
sizes ranged from 1 to 20 pm, thickness of ~1-3 nm, and a yield of over 20% [53].

Jiang et al. studied the dispersion capability of nano La;O3 suspensions prepared
by four dispersion methods, namely, ball milling, ultrasonic, ultrasonic followed by ball
milling, and ball milling followed by ultrasonic [54]. The authors declare that the dispersion
capability of nano La,O3 suspensions were superior in the ultrasonic followed by ball
milling method. Through this route, the secondary aggregation of nanoparticles can be
minimized, and the aggregates formed if any can be de-agglomerated. They assessed
the dispersion stability through particle size analysis (DLS), zeta potential, sedimentation
test, and transmission electron microscopy (TEM). Recently, oleic acid modified graphene
was dispersed in oil by ultrasonic assisted ball milling and are thickened by a lubricating
grease [55]. The graphene modified lubricating grease exhibited improved corrosion
resistance and tribological properties. The lubrication mechanism and corrosion resistance
mechanism also discussed.
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Ultrasonic assisted ball milling for Congo red (azo dye) degradation in wastewater is
studied [56]. The researchers used ultrasonic cavitation and mechano chemistry for dye
degradation. The effect of zero valence iron significantly increased the hydroxyl radical
concentration. By reacting with nano iron, the oxidation of hydroxyl radical accelerated
and 99% degradation of dye happened in 2 min. Most of the organic matter was converted
into minerals and removal rate of total carbon (TOC) reached 80% within 10 min.

2.9. Temperature Assisted Ball Milling In-Situ and/or Ex-Situ

Thermal changes in a ball milling process often influence the diffusivity and de-
fect concentration that may directly impact the phase formation and transformation [57].
Higher temperatures, therefore, result in phases with higher atomic mobility in inter-
metallic alloys, whereas, at lower temperatures, the amorphous or nanocrystalline phase
formation are inevitable [58]. Macroscopic temperature developed during ball milling
has been experimentally measured. Davis et al. [59] and McDermott et al. [60] reported
the temperature increase of 40-50 °C in a spex ball mill; however, Kimura et al. [61] and
Cabanas-Moreno et al. [62] measured the temperatures range of 172-215 °C, respectively,
in an attritor ball mill using SiC and diamond sensors. The macroscopic temperature
variations of the ball mill are, in general, low, and sensitive to the ball milling type and
design [63,64]. However, the microscopic temperature of the milled powder is quite high
due to the high energy impact that causes amorphization, local melting and rapid solidifi-
cation [65,66]. These microscopic temperatures have been indirectly inferred via modeling
mechanism studies, as well as physicochemical characteristics, such as microhardness,
crystallite sizes, structural, and microstructural information of the milled ingredients. The
mechanical properties of bulk and nanocrystalline copper alloys by ball milling under room
temperature and at lower temperature (cryomilling) have been demonstrated by Bahman-
pour et al. [67]. According to this study, about 200 MPa decrease in microhardness was
found when the sample Cu-10 wt.% Zn alloy is treated and switched from cryo-temperature
to room temperature (Figure 5a), and this observation is correlated with the increase in the
crystallite size as shown in Figure 5b. Thus, it is clear that the temperature increase causes
higher mobility of deformation that has already been created by the cryomilling.

A very recent study of pre-treatment of the cellulose with liquid nitrogen assisted ball
milling, thus enhancing conversion of cellulose structure into chemicals and fuels, namely,
glucose and formic acid [67]. The effectiveness in hydrolysis reaction of cellulose into
glucose and formic acid in two separate experiments demonstrated that the crystallinity
and the molecular weight of the cellulose could be reduced with ease using liquid nitrogen
temperature assisted ball milling compared to simple ball milling itself [68]. In another
study, the nitridation of Fe powder was examined by three different temperatures, liquid
nitrogen temperature, room temperature, and at 200 °C using two different gaseous at-
mospheres, namely, nitrogen and ammonia [68]. Based on the above experiment, it was
concluded that the optimal iron nitride formation when Fe powder was subjected under the
ammonia gas ambient and with treatment at room temperature and below (liquid nitrogen).
Having seen the advantage of liquid nitrogen temperature assisted ball milling, a novel
study using ultra cryo-milling method was devised by mechanically milled the poorly
water-soluble drug with dry-ice beads in liquid nitrogen environment in ball mill showed
improvement in the solubility with less contamination effects [69]. On the hydrogen stor-
age to form a binary/ternary metal hydride (MgH,/MgyFeHg), a cryo-ball milling was
demonstrated with higher hydrogen absorption kinetics due to efficient interface-controlled
growth processes [70].
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Figure 5. (a) Microhardness vs. milling time and (b) crystallite size vs. milling time for Cu-10 wt.%
Zn alloy cryomilled for 4 h at 77 K followed by 6 h room temperature milling. “Reprinted/adapted
with permission from Ref. [67]. 2011, Springer Nature Publications”. More details on “Copyright
and Licensing are available via the following link: http://Creativecommons.org/license /by /4.0/
(accessed on 29 August 2022).

3. Factors Affecting the Properties of Mechanically Alloyed Nanocomposites

The milling time, rotation speed, milling energy, ball size, and reinforcing material
content affect the homogeneity, microstructural, and other properties of mechanically
alloyed nanocomposites [71,72].

3.1. Milling Time

Time duration of milling is a vital parameter in the ball milling process in the phase
formation, microstructural distribution, and homogenous distribution of components or
ingredients. It also influences the physicochemical-mechanical properties of the composites.
The size of the nanomaterial (reinforcing material) reduces with an increase in milling time.
The morphological and particle size transformation of nanocomposite material as a function
of time of milling is depicted in Table 1. Plastic deformation occurred for Mgy(SiC with
a prolonged grinding process, resulting in crystalline defects and dislocation defects [73].
The average size of the crystallites for the Mg material decreased and the powder became
finer and equiaxed with the increased milling time. Furthermore, no phase change occurred
during milling [71].
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Table 1. Morphological and particle size dependence of composite as a function of time duration

of milling.
Material Time Particle Size Morphology
0 45.56 (+9.20) um Spherical
1h 42.18 (£8.78) um Flattened
MgaSiC [71,73] 5h 36.81 (£8.51) um Flattened
10h 39.98 (£9.15) um agglomerated and laminar
15h 21.93 (£6.18) um Laminar
20h 13.84 (£5.3) um equiaxed and regular
90 min 4 layers Platelet
Graphene [74] 95 min 2 layers Platelet
100 min 1 layer (monolayer) Particulate

With the progression of milling time, graphene transforms from platelet to particulate
shape. The reinforced material becomes protected since the particle is embedded on the
interface of the matrix and, hence, there is no further deformation introduced onto the
nanomaterial. However, this significantly aided the uniform distribution of nanomate-
rials in the matrix phase. As the milling time increases, there is an enhancement in the
mechanical strength and flexural strength. With shorter milling time, there is a chance of
agglomeration as the time increases the chance of agglomeration weakens, and, therefore,
improved mechanical property could be observed [74].

Studies suggested that the magnetic properties also increase with the progression of
milling time. As shown in Figure 6, Co/Al,O3 nanocomposite initially showed feeble ferro-
magnetism, while after increasing the milling time to 12 h, it revealed a strong saturation
magnetization of 118 emu/g [75].
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Figure 6. Magnetic hysteresis loop of Co/Al,O3 nanocomposite after milling time (0 h (50), 1 h (S1),
2h (52), 6 h (S6), and 12 h (512)) [75]. (RightsLink Printable License obtained to use this Figure from
Elsevier Publications, Ceramics International).

3.2. Milling Speed Cum Energy

Milling speed significantly influences the particle size and grain boundary size. With
the increase in milling speed, there was a consequent reduction in the size of the parti-
cles [76]. It was found that CNT nanoparticles share a feeble interfacial bonding with the
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Cu surface at a low rotation speed [77]. The crystalline size of the particles reduced subse-
quently with the increase in milling speed (Figure 7). The surface defects and roughness
were minimal at low milling speed, while high milling speed attributed to higher strain
hardening and thermal softening [78].

Relatively, high milling energy is required for well distribution and dispersion of
nanofiller into the matrix. The high energy milling attributes to reduced crystalline
size in dry milling, while wet milling does not show much effect due to the presence
of a solvent [79].
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Figure 7. The effect milling speed on crystal size [80] (Permission obtained to use the figure from
UTM eJournal Editorial Team via email).

3.3. Ball Size

The size of the balls used for milling have a greater impact on the crystal size, yield of
production, and energy consumption. The efficiency of the milling increases with smaller
diameter balls (sized 10 mm or lesser) (Figure 8); the ball to grinding media contact points
increases, leading to a higher number of collisions and exerts a higher shearing force.
This increases with an increase in time [81]. In contrast to this, when the size increases,
the weight of the ball also increases, which infuses greater kinetic energy. The kinetic
energy has a direct impact on the ball size. As the size of the balls increases, the amount
of free space also increases exponentially; this could be resolved with a mixed ball size
combination [82].
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Figure 8. Effect of size of the balls on particle diameters as a function of milling time [82]. (RightsLink
Printable License obtained to use this Figure from Springer Nature Publications, Transactions of the
Indian Institute of Metals).
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3.4. Concentration of Nanomaterials

The higher concentration of reinforcing material leads to higher deformation and
micro hardening of the matrix phase. This accelerates the fracturing and welding processes
and promotes the process of milling to be completed in a briefer duration since the grain
growth of metal is inhibited by the nanoparticles [3]. If the content exceeds a certain
amount, that will introduce failure into the composite system [83]. The microhardness
of Fe-MWCNT increases up to 2 wt.% of MWCNT, beyond which there was a decline in
the hardness. The conductivity of the composite increases to 3 wt.% and then decreases.
These effects are due to the agglomeration that causes enlargement of MWCNT, which
induces a longer pathway for the electrons to pass through, entraps the micropores, and
also lowers the aspect ratio of MWCNT causing reduced bonding between the metal host
and the MWCNT [13].

3.5. Ball to Powder Ratio

The ball-to-powder ratio is an important and fundamental parameter of milling opera-
tions. However, other factors cannot be neglected in the high energy ball milling processes
of materials. P. Kuziora et al. checked the effect of constant ball-to-powder (BPR) on a few
powder samples of MgH, for hydrogen desorption properties [84]. The authors depicted
interesting results for the specific parameters that the same BPR does not create the similar
microstructure on the contrary filling of vial is the most affected factor for change in various
physical properties. Z.M. Wu et al. applied BPR model for the refinement of microstructure
of Tungsten [85]. In this work, researchers fabricated samples by changing ball-to-powder
ratio and compared those by means of various structural tools. The interesting part of the
research is that the ball-to-powder ratio of 15:1 impacted more on particle size than lower
BPR. Hence, more BPR reduces the particle size up to nano regime.

3.6. Energy Dose

Energy Dose is a vital parameter that is expressed as an energy transfer per mass unit
of milled constituent powder [86]. All of the above-mentioned factors in Sections 2.1-2.5
that are actually correlated to the energy dose based on the milling devices. For example,
in terms of ball-to-powder ratio, that may alter the energy intensity because the intensity
of milling is directly proportional to the kinetic energy (Ey), number of balls (N), and the
impact or hits per unit time (F). Similarly, the energy dose is the product of energy intensity
with the time of milling to an amount of material powder (P). Overall, the energy dose
is quantified by understanding the various milling parameters, such as impact velocity,
impact frequency of the balls, charge ratio, and the vial filling ratio [86]. It has been very
recently reported that the kinetic energy dose can be used as a unified metric for comparing
ball mills in the case of mechanocatalytic depolymerization of lignocellulose [87].

4. Synthesis and Characterizations of Ball Milled Variants
4.1. Synthesis of Metallic Nanocomposites

The ball-powder—ball collision is an un-denying factor that governs the mechanochem-
ical alloying process. Initially, the chemical ingredients are smashed between the balls
during continuous collision. Secondly, the sequence of materials’ deformation and/or
fractures occur that decides the structure of the final product. It is noteworthy to mention
that the overall mechanochemical processes rely heavily on the physicochemical character-
istics of the constituent chemical ingredients, their phase and/or interface equilibria, and
stress—strain properties in the prolonged milling process. Therefore, the final product from
the ball milling procedure depends on the permutation and combinations of the different
properties such as ductile-ductile, ductile-brittle, and brittle-brittle. As mentioned above,
the sequential or parallel processes that involve for the mechanochemical milling are: (i) the
local temperature rise induced coalescence and/or fragmentation effects, (ii) deformation
at the microscale that causes defects and dislocations in free volumes, (iii) deformation at
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the surface due to catalytic effects, and (iv) stress increase on the powders while milling
due to hydrostatic variations.

4.2. Synthesis of Non-Magnetic Metallic Nanocomposites

Jargalsaikhan et al. [88] fabricated Al/CNT nanocomposite using a planetary ball
milling followed by sintering. The dispersion of CNT in Al and the mechanical behavior
and hardness of the composite nanostructures were evaluated. Milling was carried out at
100 and 150 rpm rotating speed for 5 and 15 min with a 10:1 ball to powder ratio using
zirconia balls. The milled composite was then subjected to calcination at 500 °C for 5 h
and was cooled at room temperature. CNT was well-dispersed homogenously into the
Al surface and resulted in enhanced mechanical strength and hardness. As inevitably
demonstrated in Figure 9, the mechanical hardness increased at least 40-60 HV values for
the Al/CNT nanocomposite ball milled when compared to un-milled or milled Al samples.
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Figure 9. Hardness of Al/CNT nanocomposite [88]. (Permissions to use this Figure is granted
since the source article is an open access distributed under the terms and conditions of the Creative
Commons Attribution (CC By) license (http://Creativecommons.org/license/by/4.0/ (accessed on
26 July 2022)).

Fathy and co-workers [89,90] aimed to investigate the effect on the properties of ball
milling ZrO, nanomaterial in the Cu matrix. Cu and ZrO, powders were ball milled at
a rotating speed of 250 rpm and were cold-welded and calcined at 950 °C for 2 h. The
microhardness increased up to 288%, the compressive strength increased with the decrease
in crystalline size, and the electrical conductivity decreased with higher ZrO, contents.

Zawrah et al. [91] embedded Cu particles onto Al;O3 nanocomposite using a planetary
ball mill. Process controlling agent was added to avoid agglomeration during the milling
process. Uniform dispersion of Cu over AlO3 was obtained with higher fracture strength.
These studies show that the nanocomposites between materials that have very different
chemical and physical identity can be successfully synthesized using ball milling technique.

4.3. Synthesis of Magnetic Nanocomposites

High energy ball milling not enhances the surface properties like active surface area,
pore size, pore volume, and bulk density, as well as the magnetic properties of nanocompos-
ites. The magnetic property of nanocomposite depends upon the coupling of the soft and
hard phases of the material. It not only depends upon these intrinsic properties, but also on
the microstructure and grain size. This helps in achieving high remanence and coercivity.
Multiferroic systems can also be obtained by mechanochemical milling [92]. High energy
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ball milling and spark plasma sintering methods were utilized by Zhuge et al. [93] to pre-
pare SmCoy/ x-Fe magnetic nanocomposite. x-Fe nanoflakes were mixed with Sm;Coy
ribbons and were subjected to high energy milling, and then hot-pressed using spark
plasma sintering. To investigate the effect of inter-granular exchange in magnetic proper-
ties, the hard (SmCoy) and soft phases (SmCos) were compared and found that the hard
phase showed a better exchange coupling effect as it increases the exchange length. It was
found that magnetic field heating after high energy balling, improves the remanence and
coercivity of SmCo/ «-Fe nanocomposite magnets. The remanence and coercivity were
improved by 17% and 23%, respectively [94]. SiO,, Fe;O3, NiO, and ZnO have been milled
together to synthesize NiZn ferrite/SiO, nanocomposites at 10:1 ball to powder ratio and
at a speed of 200 rpm for 1 to 250 h, and heat treatments have been performed to obtain
nanocomposites having highest saturation magnetization and coercivity [95]. The NiZn
Ferrite/SiO; are at least two orders of magnitudes superior to their pristine counterparts.
Chen et al. [96] reported the preparation of SmCos/ x-Fe magnetic nanocomposite
with different La/Ce substitution concentration by high energy ball milling followed by
calcining at 450 °C to 650 °C for 30 min. The powder to ball weight ratio was 1:25. The
X-ray diffraction (XRD) pattern was used to estimate the phase structure of La and Ce
doped nanocomposite magnet at different dopant content and annealing temperatures
(Figure 10). There was no change in the hard phase with the increased Ce content and
elevated temperature in the magnetic nanocomposites, while a transition change was ob-
served with the higher La content and annealing temperature. The magnetic property was
studied using a vibrating sample magnetometer. In fact, the increase in La or Ce dopants
decrease the magnetization performances of the host material, SmCos/ «-Fe. The hysteresis
loop (Figure 11) exhibited strong ferromagnetism for both Ce and La-doped nanocom-
posite. Additionally, the magnetic performance was found to be higher for the La-doped,
SmCos/ x-Fe nanocomposite compared to that of the Ce-doped magnetic nanocomposite.
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Figure 10. XRD patterns of (a) La-doped SmCos/«-Fe (b) Ce-doped SmCos/ x-Fe at different anneal-
ing temperatures [96]. (License obtained to use this Figure from Elsevier Publications, Journal of

Magnetism and Magnetic Materials).
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Figure 11. Hysteresis loop of SmCos/ x-Fe magnetic nanocomposites [96]. (License obtained to use

this Figure from Elsevier Publications, Journal of Magnetism and Magnetic Materials).

4.4. Synthesis of Polymer Nanocomposites

Ball milling in polymers helps in the chemical transformation of many block polymers
under mechanical agitation even without the presence of solvents. The most common
method of mechanical alloying is via the wet milling process, where the polymer is dis-
persed/dissolved in the solvent [97]. Gonzalez-Benito et al. [98] reported the production of
nanocomposites using poly(vinylidene fluoride) (PVDF) by high energy ball milling and
subsequent hot pressing. The pulverization was carried out under cryogenic conditions for
an hour with intermittent breaks. This allowed homogenous dispersion of barium titanate
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and MWCNTs into the polymer matrix, which enhanced the permittivity and decreased the
dielectric loss of PVDF without compromising the piezoelectric characteristics. Tanna et al.
synthesized Ca?*-Zr** doped BaTiO3 and checked the effects of high energy mechanical
milling on the hysteresis and dielectric behavior of these ferroelectric materials [99]. The
authors observed interesting results on PE hysteresis loops and dielectric parameters via
high energy mechanical milling for various duration with respect to particle sizes of the
treated specimens.

Wau et al. [100] developed a one-pot in situ method for the synthesis of polymer/graphene
composite with the support of wet ball milling and hot pressing. The solution of ultra-
sonicated maleic anhydride grafted poly (ethylene-co-vinyl acetate) and graphene was
subjected to ball milling for 30 h at a speed of 300 rpm. The decomposition temperature of
the polymer nanocomposite was found to be much higher.

Physical and chemical modifications enhance the physicochemical properties of starch
by controlling its microstructure [101]. Dai et al. [102] developed starch nanocrystal by
mechanical alloying pretreatment to prevent it from damage during the hydrolysis process.
The pre-treated starch nanocrystal was then hydrolyzed using sulfuric acid. The hydrolysis
took less time and produced a higher yield as a function of time duration of milling, as
shown in Figure 12.
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Figure 12. The yield % of hydrolyzed starches as a function of ball milling times (0, 30 and 45 min)
during the 1-5 days of hydrolysis’s period [102]. (RightsLink License obtained to use this Figure from
CCC, Copyright Clearance Center, Carbohydrate Polymers).

In a work by Yu et al. [103], the hexagonal boron nitride and the polydopamine solu-
tion were mixed ball milled at 400 rpm for 24 h; further cellulose nanocrystal was added
obtaining higher thermal conductivity as shown in Figure 13. Yang et al. [104] exam-
ined the interfacial interaction and mechanical properties of PBT /nano-Sb,O3 composites.
Poly(butylene terephthalate) (PBT) and the additives were first dispersed by a high-speed
rotating (HSR) mixer before being introduced into the planetary ball mill and milled at
300 rpm for 6 h. Homogenous dispersion of nanofiller in the polymer was obtained by
high energy ball milling (HEBM) as compared to the high-speed rotating mixer as evident
from Figure 14. Moreover, it exhibits good interfacial interactions which improved the
mechanical strength of the nanocomposite. In the successive studies by Lie et al. [105],
preparation of PBT /nano-Sb,O3; composites by high-energy ball milling (at 400 rpm for 6 h)
and subsequent melt blending process could observe an improvement in the flammability
and mechanical properties.
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Figure 13. Thermal conductivity of exfoliated h-BN@PDA /CNC composite and h-BN/CNC compos-
ites [103]. (RightsLink License obtained to use this Figure from CCC, Copyright Clearance Center,
ACS Publishers, ACS Applied Nanomaterials).

Figure 14. SEM images (a) HSR and (b) HEBM.

4.5. Ceramic Nanocomposites

Hannora and Ataya [22] prepared hydroxyapatite/titania nanocomposites by high
energy ball milling using hardened steel balls for 1 h. The sample was then cold-pressed
and consolidated at different sintering temperatures and analyzed the decomposition and
phase changes. The resultant specimen showed deformities with higher compression stress.

Sharma and Dalvi [106] proposed a novel method to prepare LiTiy(PO4)3-glass-ceramic
nanocomposites utilizing the mechanical alloying technique. At first, the powder mix was
ball milled for 6-18 h in acetone medium at 400 rpm and alloyed for 1 h at 100 rpm before
being hydraulically pressed. To acquire a higher melting point, it was again heated and
quenched. Thus, prepared composite exhibited high electronic transport property.”

5. Applications
Energy Storage

The conventional energy sources are depleting rapidly and alongside creating several
environmental issues such as global warming, air pollution, rising sea levels, thinning of
ozone layer, etc., renewable energy sources, such as solar energy, hydropower, geothermal
energy, ocean energy, etc., can help in meeting the energy demands of human society.
However, high volatility, irregularity, security, and storage issues make it difficult for their
global commercialization. To resolve these issues, researchers propose novel functional
materials for efficient energy storage, which is reliable, cost effective, environmentally
friendly, and is available easily and for long-term use. Until now, many materials and
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compositions, such as nanocomposites, ceramics, and carbon-based composites, have been
tested in this regard. Lithium-ion batteries and supercapacitors have shown promise in
energy storage devices in modern technologies due to their higher energy density, faster
charging, and lower discharging rate, longer cycle life, and wide operating temperature
ranges. In these energy storage devices, the active electrode materials play a crucial role as
they directly participate in the electrochemical charging—discharging reactions.

There are numerous synthesis techniques, such as hydrothermal route [107,108], mi-
crowave synthesis method [109,110], chemical vapor deposition technique [111,112], etc.,
that have been used for synthesizing materials which have demonstrated enhanced energy
storage capacity. Ball milling is one of the synthesis techniques that belongs to the class of
mechanochemical processes for synthesizing micro and nano structured materials. Large
scale production is one of the major advantages of this technique. Ball milled materials
that include metal nanocomposites, ceramic composites, carbon-based materials, etc., are
reviewed that have demonstrated satisfactory performance in energy storage mainly as
metal-ion batteries like Li, Na, K, and supercapacitors and partly as hydrogen storage,
thermal power storage materials, etc.

Fuel cells as energy conversion devices and batteries or supercapacitors as energy
storage devices are currently the thrust areas in the domain of energy research. The options
of hydrogen production and hydrogen storage areas are also emerging as allied fields. Fuel
cells and batteries have certain challenges in terms of reaction kinetics or energy and power
density targets to be met, while in hydrogen storage, the uptake capacity as well as rate
of adsorption/desorption matters. In case of the proton exchange membrane (PEM) fuel
cells, the oxygen evolution and oxygen reduction reaction (ORR) should be effective reac-
tions for a competitive cell performance. These are governed by the interactions between
the nanomaterials of the electrodes and electrolytes (or gases) and, thus, the interfacial
interactions become very important. In view of this, energy conversion and energy storage
processes heavily depend upon the type of material, size of material, its phase, interconnec-
tions, conduction channels, bonding strengths, bonding environment, etc., as they either
promote or disrupt the flow of charges in one way or the other. The techniques employed
for synthesis of nanomaterials thus influence the performance of the device considerably.
One of the distinctive properties of a ball-milling technique is the slow transformation
of starting material into the final nanomaterial following a top-down approach. In this
method, the phase changes occur gradually and at different physical sites of the sample.
This inherently creates a host of defect sites in the nanomaterials. Defect sites can act as
sites with increased electron charge density or lower charge density and in the process
influence the charge transfer process. Some reports where ball milling has been employed
for energy storage/conversion are now discussed briefly. A significant increase in the
catalytic activity towards oxygen reduction has been observed in the mechanical alloyed
GO/ a-MnO, nanocomposites due to the chemically stable and mechanically flexible nature
of GO nanosheet and porous morphology of x-MnO; nanowire [113]. A cathodic catalyst
has significant influence on the power density, cyclic ability, and energy efficiency of batter-
ies. An air breathable composite of nanosheet as matrix and nanowire as transport structure
is seen as a promising material for ultrafast Li* and electronic charge transportation. The
morphology of the cathodic catalyst plays a major role in the enhancement of capacity and
reversibility of the Li-O, battery. An excellent electrochemical performance was observed
in anodic ball milled SnSe/carbon nanocomposite in sodium-ion and lithium-ion batter-
ies [114]. SnSy—carbon nanocomposite anode material facilitating a large number of Li*
ion storage sites, high current density, and faster ion diffusion capability was developed
by the facial ball milling process [115]. Table 2 summarizes some recent studies that have
employed ball milling technique for processing materials and their subsequent application
in the area of energy storage.
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Table 2. Materials that were processed via ball milling demonstrated better performance as energy storage materials.
Type of Ball Milling Specification Battery/Supercapacitor Highlights Ref.
Nano sized Mg/nanostructured MgH, >  MgH), and benzene ball milled together increases the capacity of hydrogen
. was obtained by 0-3 h of ball milling storage and reversibility
Planetary ball mill the magnesium and benzene in zirconia Hydrogen storage > Al doped (at 1%) or Ni doped (at 2.9%) with MgH, sample exhibits ~60% of [116]
coated mill pot hydrogen storage capacity
By taking nano sized Si powder and
graphite in mass ratio of 30:70 and ball > The composite of nano Si and graphene nanosheets by P-milling with 20 h of
Discharge-plasma to powder ratio of 50:1 in P-milling for a duration exhibits 976 mA h/g at 50 mA /g of stable reversible capacity
assisted milling time duration of 5,10 and 20 h in Lithium-ion battery > Anode conductivity performance and stability of lithium-ion batteries are [38]
(Vibration type ball mill) ~ presence of pure argon atmosphere to improved by nanosheets of graphene with available nanoscale free vacancies
made composite of nano Si on which Si nano particles are homogeneously embedded.
and graphene
180 balls of same size and same > Approximately 0.7 mS/cm of change in DC conductivity shown by ternary
materials used in milling of binary Electrochemical fluoride (BaSnF,) layered structure at ambient temp.
Planetary ball mill fluoride (BaF, and SnF;). 17:1 ratio of storage > Density of mobile charge carriers is a function of temperature shown by [9]
ball: powder taken with 10 h of & different values of low activation energies (~0.27 eV above the room
milling time temperature (RT) and ~0.34 eV below RT)
The electrode made by NiO/RGO nanocomposites showed
Graphite powder and nickel powder > 590 F/g of prominent specific capacitance measured at 1 A g~!
Ball milling were milled using Zirconia balls for 1h  Supercapacitor > Rate of higher capability (88% high retention rate of 15 A g~ 1) [117]
with 1200 rpm. > Outstanding cycling stability (the retention rate is 100% after 1000 number
of charge/discharge cycles)
Si powder of micro sized dimensions
and stainless-steel balls are used in the > Porous nature of Si electrode with ~20 nm pore size coated with uniform
Hioh ball milli ball milling with ball: powder ratio of Lithiumeion batteri layer of carbon (approx. 4.5 nm) reveals (8]
1gh energy ball miting HHhium-on batleries - Higher reversibility of 1016.1 at 1000 mA h g~! and 8341 mA h g~ at

20:1 at room temperature with different
time durations having 1200 rpm
rotation speed

2000 mA h g~ ! (High cycling stability, >99.5% for 200 cycles)
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Table 2. Cont.

Type of Ball Milling Specification Battery/Supercapacitor Highlights Ref.
>  The outstanding cycling performance (1000 mA h g~! after 1000 cycles) was
. . . shown by particles prepared by different Si sources
Si, polycrystalline particles, and waste . P . . ” -
. . s . > The energy density of “lightweight and free-standing electrodes” comprising
- Si wafers were used in ball milling with L . . s - 11 .
Ball milling . Lithium-ion batteries with Si and carbon nanofibers coated with hierarchical carbon was enhanced  [118]
5 h of duration and 1200 rpm speed for by 745 . . ith ionall del d
indine the materials y 745 percentages in comparison with conventionally used electrodes
grnding > The pairing of cathode materials like LiCoO; and LiNiy 5Mn; 504 with the Si
based anode exhibits energy density around 547 W h kg~!
The organized assembly of MoS; /rGO composite electrode exhibits
> 306 Fg~! of higher specific capacitance measured at 0.5 A g~ ! of
Ball millin The bulk material of MoS, and GO Lithium-ion battery current density [119]
& were milled for 5 h in 1:1 ratio and supercapacitor > Approximately no decay in discharge capacity exhibits for lithium-ion
batteries after 100 cycles with 0.2 A g~! and for supercapacitor after
5000 cycles with 4 A g~!
The calcium carbide, pyrazine, ethanol,
and balls of stainless steel are taken in The rapid electron mobility, electrochemically active larger surface area and defects
Planetary ball mill 1:1:1:1 quantity ratio. Ball milling was Supercapacitor of nitrogen heteroatomic exhibits higher electrochemical performance with [7]
performed with 600 rpm for 24 h in 235Fg ! at 1 A g~! of capacitance and retention rate of 87% after 3000 cycles
argon atmosphere.
1h (.)f short time ba}l—mllhpg was > Na3zV;,(POy),F3 coated Ketjenblack showed 138 mA h gfl of specific capacity
Solvothermal- carried out by coating Ketjenblack Alkaline-ion b . . . . 1 . 120
ball-milling material on the surface of aline-ion batteries Zé (a:t chargn;g/ 1chschargmg rates of 1/2 Cand 122 mA h g™ of capability at [120]
, respectively.
NazV;(POy4);F3 P ¥
Specific compositions of Na,COs3,
Klzlfeoil)v]iggzlvzzgils ezgzra;iyl::gg’ Dielectric ceramic >  The KNN-BZTN ceramic with ~250 nm of average grain size and large number
Planetary ball mill purep Y of amorphous grain boundaries exhibits recoverable high energy density of [121]

of KNN-BZTN in stoichiometric
proportion of 0.925(Kq5Nag 5)
NbO3_0.075Bi(Zl’12/3(TaO.SNb0.5)1/3)O3)

capacitors

4.05] cm 3 with 87.4% of energy efficiency.
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Table 2. Cont.
Type of Ball Milling Specification Battery/Supercapacitor Highlights Ref.
HEBM (with 15 Hz frequency 30 min of > Three different composites were made for measurement of capacitance
milling time) executed to make of electrodes
Hieh Enerev Ball Millin composite of Fe;O3, MWCNT and PVB >  Composite electrodes were tested for electrochemical performance in 0.5 M of
(H%BM) (1\%[}’ ill) & in the mass ratios of 80,20 and 3 Supercapacitor sodium sulfate electrolyte [122]
ermi respectively. (MWCNT-Multiwalled >  Composite containing HEBM y-Fe;O3, MWCNT and co-dispersed
carbon nanotubes and PVB-poly vinyl gallocyanine exhibited 1.53 F cm 2 maximal capacitance compared to other
butyral) along with the gallocyanin composites (0.59 F cm~2 and 0.88 F cm™2) for 2 mV S~! of scan rate
Powder samples of few layered > The wet ball milling method was used to prepare the composite of wet ball
grapher}e (FI;G)’ NbSe, (iLN)’ milled few layered 2D NbSe2 heterostructures with graphene (WBMNG)
Planetary ball milling ;i?i?;;? OO f{“g)?@griz Eﬁi SEEEG) Lithium-ion and Fuel > Particles of layered NbSe2 are inserted on the few layered graphene matrix [123]
(Wet Ball Milling) AN grapn cell batteries >  The WBMNG composite exhibited nearly 1142 and 1000 mA h g~! of initial
prepared with different ratios of 1 . el 1o v af
powders and different and rever51ble capacity res.pectlve yat0.1 A g~ of current density after
milling conditions. 200 cycles with stable cyclic performance.
>  Hybrid material from molybdenum sulfide (MoS2) and graphene nanosheets
Ball milling was carried out with was prepared by ball milling and exfoliation method using commercial MoS2
stainless steel balls of 5 mm in diameter and graphite precursors
Planetary ball milling with speed of 500 rpm for 360 minutes’  Sodium-ion batteries >  The prepared hybrid exhibited higher rate capability of 75 C at 50 A g ! [124]
duration. Water used as medium for current density with 201 mA h g~! of reversible stable capacity
preparing the MoS2 and graphene. > After 250 cycles, material showed the 95% retention capacity at current

density of 0.3 A g 1.
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Table 2. Cont.

Type of Ball Milling Specification Battery/Supercapacitor Highlights Ref.
Lag ¢Srg4Co03.5 (LSC) perovskite The effect of different milling time on structural and electrochemical properties
material was ball milled at different of LSC perovskite synthesized at 1000 °C was studied
time interval after synthesis it by As the milling time increases the particle size decreases with increasing the

Planetary ball milling Pechini methpd ar.ld 1000 °C calcination Lithium air battery surface area, after cgrtam time interval it reverses (particle size increase due to [125]
treatment. Zirconia balls were used to aggregation of particles)
perform ball milling with milling speed The ball milled perovskite showed better electro catalytic activity than the
of 400 rpm for time duration of 12, 24, non-ball milled perovskite in terms of oxygen reduction and
36 and 48 h in presence of ethanol evolution reactions.
. ) ) The cathode material for the electrochemical application is prepared by ball
2 h of ball milling with stainless steel milled layered Li; gpNip 4Cop2Mng 4O material with carbon
be.ﬂls was performed on ] The electrochemical performance of ball milled sample and manually ground
Ball Milling Lij 02Nig 4Cog2Mng 4O, material ’ Rechargeable ' sample are analyzed [126]
p.reparefi by the sol-gel method using lithium batteries First cycle discharge capacity for ball milled (BM) and manually ground (MG)
(ciltnc acid .fc?llowej b_y the. sample was measured as 167 and 156 mA h g~! resp. Retention capacity of 87
ecomposition and sintering process. and 75% was measured for BM and MG sample at 8C after 50 number of cycles.
Different ites of selenium, red phosphate, and carb P ith
50:1 ratio of ball (stainless steel) to L eTent composites of selenuum, red phosphate, and carbon (Se/P/C) wi
. different molar ratios and milling time was prepared
powder ratio in argon atmosphere used . . ;
. C : ) L Se-P composite with carbon coating shown better performance as anode
Plasma assisted ball in milling. The cylinder of ball milled Potassium-ion material in PIBs [127]
milling (P-milling) V{brated withl6 Hz frequency. 60 kHz batteries (PIBs) Molar ratio of 1:2 for Se: P (C-coating) with P-ball milling for 30 h exhibits
discharge frequency with 1.5 A current 1 . . 1 .
is applied during milling process 634 mA h g=" of reversible capacity at 0.05 A g~ current density also showed
PP 8 &P ' 248.6 mA h g~ ! of rate capability at 1 A g~! of current density.
Lithium sulfate (LS)-Sodium sulfate (NS) composite used for thermal energy
Lithium sulfate (Li;SO,4) and Sodium storage (TES) application at 450-550 °C temperature.
sulfate (Nay;SQy) salts were ball milled Th 1 The theoretical performance of TES was determined by the analysis of
Ball Milling using stainless steel balls. 1:6 ball to ermat energy theoretical parameters [128]

powder ratio with different milling time
(2,4, 8 h) was used.

storage

LS/NS composite with 79:21 and 50:50 stoichiometric ratio exhibited 270 ] g !
and 318] g_1 of theoretical enthalpy transformation value resp. and enthalpy
value of 185] g1 and 160 ] g~ ! respectively.
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Type of Ball Milling Specification Battery/Supercapacitor Highlights Ref.
Dielectric barrier Commercial germanium (Ge) and > The nanocomposite prepared by Ge NPs (150 nm) wrapped with few-layer

. . o . graphene sheets (10 layers) (Ge@FLG)
dls?}}[afige Pllle}sma f::e}i}l;l:lel (CLSV%VZfS;:i:)nolfé ()niaiif Tatlo, | ithium-ion batteries >  Ge@FLG composite anode showed nearly 90 Q) of charge transfer resistance [40]

i millin : :
?li_snsﬁ'fhn ) & T >  Ge@FLG composite exhibited 846.3 mA h g1 of capacity with
& 8 p 86% of retention.

Dielectric barrier Sn powder and eraphite in 1:1 ratio, ball > Electrochemical performance of plasma assisted Sn-C composite (anode
discharge plasma ¢ P deri 5051 P ht t useci in  Lithium-ion batteries material) milled for 10 h showed 61.8% of initial coulombic efficiency and [129]
assisted milling O pow ter mn h - wetght ratio 818.7 mA h g~ ! of initial capacity
(P-milling) argon atmosphere >  The retention capacity with 385 mA h g~! supported up to 40 cycles
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Thus, ball milling is a versatile technique that can handle various elements, gives an
easy approach to tailor the composition of nanocomposites, and produces defect-generated
nanomaterials that aid in boosting the performance of devices as tabulated in Table 2.

Hydrogen is a clean fuel. The present hydrogen economy has targeted hydrogen
production and storage as key challenges. If hydrogen can be successfully stored within
materials, then hydrogen on release can function as a clean fuel. In 2005, Imamura et al. [116]
reported the hydrogen storage ability of the nano sized magnesium crystallites and MgH,
(as received) ball milled with and without benzene (organic additives). The H, stor-
age ability was tested by doping aluminum and nickel in MgH, sample. The hydrogen
storage capacity of ball milled samples showed that the as-received MgH, milled with
benzene > milled MgH, > Mg milled with benzene > milled Mg. Ball milled MgH, sample
further doped with 1 at.%, and 2.9 at.% Al and Ni, respectively, in benzene showed the
satisfactory hydrogen storage and hydriding/dehydriding performance. The maximum
reversible hydrogen absorption capacity of 7.3 wt.% was achieved by 1 at.% Al-doped
sample than Ni doped sample in Hy atmosphere at 0.1 MPa pressure. A composite of
nano silicon and graphene nanosheets (Nano-Si/GNs) prepared by discharged plasma
assisted milling was employed as anode of lithium-ion batteries. The synergistic effect by
fast heating discharge plasma and impact of milling led to the formation of nanostructure
composite. In this composite, nano size silicon particles were homogeneously embedded in
graphene nanosheets resulting in the formation of plenty of nanosized free spaces. This
porosity demonstrated improvement in the electronic conductivity, capability, and cycling
stability with 976 mA h g~ ! at current density of 50 mA g~! by 20 h P-milled composite. In
another study, nickel oxide and reduced graphene oxide (NiO/rGO) nanocomposite was
produced by one step ball milling method. The redox reaction between graphene oxide
and nickel led to strong bond formation between them. The nanocomposite exhibited the
electrochemical performance with 590 F/g of specific capacitance at 1 A g~! of current
density and 88% of retention capability at 15 A g~! rate. It also exhibited 100% retention
after 1000 cycles of charge and discharge. Graphene oxide has been used in few other
studies too. Composites of MoS, /rGO were used for electrochemical measurements in
lithium-ion batteries and supercapacitors by Ji et al. [119]. The interlayers formation of 2D
material, enormous active reactive sites, dispersion of MoS, nanosheets in to rGO surface
and synergistic effect between MoS; and rGO in the composite showed negligible discharge
capacity decay of 0.2 A g~ after 100 cycles and 4 A g~! after 5000 cycles for lithium-ion
batteries and supercapacitors, respectively. In another study, anode material prepared by
the composite of MoS, /graphene by Sun et al. showed 95% of retention capacity with a
better cycling stability after 250 cycles at current density of 0.3 A g~! for the sodium-ion
batteries. The density functional theory (DFT) calculation revealed the possibility of activa-
tion of functional groups in the MoS, /graphene composite. The heterostructures with low
degree defects and oxygen residual in graphene improves the conductivity of electrons in
composite material and depletion of Na* diffusion barrier. The performance of the com-
posite material with few-layered niobium diselenide (NbSe;) and graphene synthesized
via wet ball milling method (WBMNG) reported by the Nguyen et al. [123]. The anode
material by composite showed 1142 mA h g~! of initial capacity and 1000 mA h g~! of
reversible capacity at 0.1 A g~ ! of current density after 200 cycles in lithium-ion battery. The
thin layered graphene with smaller NbSe; particles dispersed over it showed an increase
in the surface area of the composite material. It also provided an effective electron/ion
transport pathway to increase the rate of current in anode material. The layered structure
may be responsible for excessive storage capacity. All these properties result in satisfactory
electrochemical performance of the WBMNG anode material.

The novel structure of N-graphene by performing one step ball milling method by us-
ing (calcium carbide) CaC, and pyrazine with absolute ethanol reported by Ding et al. [123]
showed maximum capacitance of 235 F g1 of at 1 A g~! of current density and 87% of
retention capacitance after 3000 cycles of charge and discharge cycles at 6 A g~! current den-
sity. In this work, Pyrazine was used as nitrogen precursor. Nitrogen heteroatomic defects
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and large surface area fast electron transportation improved electrochemical performance
of N-graphene.

The properties of layered structured materials with ion conduction studied by the
Pfliigl et al. [9] showed an improved ionic conductivity of the electrode material up to
7 x 10~* Sem ™! by layered-structured materials prepared by the high energy ball milling
technique. The effect of annealing the precursor at low temperature led to phase tran-
sition of material with increased defects and disorders resulting in good energy storage
capabilities. In another work electrochemical performance of the ball milled (BM) and
manually ground (MG) layered Li; ¢2Nip4Cog2Mng 4O, material with carbon powder was
investigated by Santhanam et al. They reported that the BM sample exhibited better elec-
trochemical performance than the MG sample. The retention capacity was calculated to
be 87 and 75% for BM and MG sample respectively at 8C. The conductivity of the layered
oxide material was enhanced by adding the carbon powder. The ball milling method leads
to a reduction in the contact resistance between layered oxide material and carbon results
in increased conductivity of lithium ions and improves the performance of battery.

Anode material prepared by Si powder and carbon coating reported by Nzabah-
imana et al. [8] was used in lithium-ion batteries. The uniform layer (4.5 nm) of car-
bon coated on porous silicon prepared by milling process of 2 h showed 1016.1 and
834.1mA h g’l of reversible capacities at 1000 and 2000 mA g’l of current densities, re-
spectively, over 200 cycles. It showed 99.5% of coulombic efficiency with stable cycling
performance. Theoretically, Si has the highest capacity compared to the graphite-based
electrodes, but structural degradation and decaying the electrode capacity with cycling
performances limit its uses in practical applications. High energy ball milling with etching
process improves the structural and morphological properties of precursor with reducing
the particle size and increasing the surface area. The milling time has a powerful impact on
crystallinity, morphology, and electrochemical performance of anode materials. Electrode
material prepared by Si particles coated with hierarchical carbon and carbon nanofibers
investigated by Shen et al. [118]. Particles prepared by different Si sources showed cycling
performance up to 1000 mA h g=! at 2 A g~! of current density after 1000 cycles. After
the cycling performances, Si was well bound with the carbon shell. The energy density
of the fuel cell was enhanced by the pairing of a light weighted, free-standing electrode
prepared by hierarchical carbon coated Si with LiNipsMn; 504 up to 547 W h Kg’1 over
100 cycles. The fuel cell exhibited 46% of energy density with LiNip5Mn; 504 cathode than
LiCoO; cathode. Solvothermal ball milling technique used by Yi et al. [120] to synthesize
the NazV,(POy),F3 cathode material. The effect of change in pH concentration resulted in
a change in morphological structures from 0-D particle to 3-D cube in acidic environment.
The short time ball milling was performed to obtain nanosized Na3V,(POy),F3 coated
with Ketjenblack (KB) (conductive carbon). The Na3V,(PO4),F3 and KB composite with
pH value of 3 exhibited 138 mA h g~! and 122 mA h g~! of discharge specific capac-
ity at 0.5C and 40C, respectively. Electrochemical performance of composite materials
(Fe;O3, MWCNT and PVB) on Ni foam as current collector was reported by Zhang and
Zhitomirsky [122]. In this work, the authors prepared three different composites by us-
ing maghemite (y-Fe,O3), multi-walled carbon nanotubes (MWCNT), polyvinyl butyral
(PVB), and gallocyanine. In composite-1, non-ball milled Fe,O3 powder was used, while in
composite-2, ball milled Fe,O3 powder was used without the gallocyanine. In composite-3,
ball milled Fe;O3; powder was used with the gallocyanine. Among the other two compos-
ites, composite-3 showed capacitance up to 1.53 F cm 2 in 0.5 M sodium sulfate electrolyte.
Gallocyanine provided effective co-dispersion for the Fe,O3 powder and MWCNT. The
adequate capacitance led to effective charging and discharging phenomenon favorable for
enhancing the capacitive properties in the energy storage devices. The obtained compos-
ite material showed mutual interaction between ferromagnetic and capacitive properties,
which could be useful in the fabrication of multifunctional devices. The composite of
Selenium: Phosphorous: Carbon (Se:P:C) synthesized by a Plasma assisted ball milling
(P-milling) method by varying the molar ratios of raw materials and milling time was



Appl. Sci. 2022, 12,9312

27 of 34

reported by Lin et al. [127]. The authors prepared several composites of Se:P:C by P-milling
carried out in presence of the 7 mm amplitude and 16 Hz frequency of milling cylinder
vibrations. A discharge frequency of 60 kHz with 15 kV voltage and 1.5 A of current
was applied. Among the other composites, anode material prepared by the amorphous
Se:2P /C@30h composite exhibited better electrochemical performance for Potassium-ion
batteries (PIBs) with 634 mA h g~ ! of reversible capacity at 0.05 A g~! current density and
248.6 mA h g~! of rate capability at 1 A g~! of current density. The resultant composite
material has lower particle size and reduced the diffusion distance of potassium ion. It also
enhanced the conductivity of the active material by preventing the formation of polyse-
lenide in the charging and discharging process. The practical performance of the electrode
was lower than the theoretical one due to the new incomplete phases due to potassiation.
Fabrication of 0.925(Kg 5Nag 5)NbO3_0.075Bi(Zny /3(Tag 5Nbg 5)1 /3)O03) (KNN-BZTN) relaxor
ferroelectric ceramic material by Wang et al. [125] via high energy ball milling route showed
different morphologies. The effect of high sintering temperature and short relaxation time
operated on material in two steps resulted a reduction in the grain size and large number
of grain boundaries, effectively enhancing the energy storage performance. The electric
breakdown effect was increased from 222 to 317 kV cm~! due to large band gap and lower
charge carrier concentration properties. The resulting material showed improved energy
storage characteristics such as 4.02 J.cm? of energy density and 87.4% of energy efficiency.

Besides the electrochemical storage, materials have also been employed for energy
storage by other means. The thermal energy storage (TES) capacity of the solid-state
Lithium sulfate (LS)-Sodium sulfate (NS) composite, LS/NS composite material synthesized
by the ball milled method was investigated by Doppiu et al. [128] composite material was
used for TES storage at 450-550 °C temperature. The authors used the Calphad method
to study the performance of the TES by analyzing the various theoretical parameters such
as heat capacity, free energy, volume expansion, transition temperature, and enthalpies
of reactions. The LS/NS composite with 79:21 and 50:50 stoichiometric ratio exhibited
270] g~ ! and 318 ] g~! of theoretical enthalpy transformation values respectively and
enthalpy value of 185 ] g~! and 160 J g~! respectively. This material could be useful in
latent heat storage applications to store heat without loss of temperature. Further, the
perovskite material Lag ¢Srg 4CoO3_s (LSC) synthesized by the Pechini method and further
calcined at 1000 °C and ball milled at different milling time was studied for the structural
and electrochemical performances by Lee et al. [125]. The result showed that as the milling
time increased (up to 36 h), the particle size was reduced with increasing the surface area;
after a certain milling time (48 h), particles started to aggregate and resulting in increased
the particle size. The authors also concluded that the performance of ball milled LSC
exhibited superior electrocatalytic activity for oxygen reduction and oxygen evolution
reaction (ORR and OER) than the non- ball milled LSC sample. The resulting ball milled
sample also showed satisfactory performance for lithium air battery for ORR and OER with
high rate of capacity and reversibility.

Plasma milling or P-milling is yet another technique that provides opportunities to
synthesize materials with better physical and/or chemical properties. During the P-milling
process, electrons and ions of the plasma collide with the reactive precursors with very
high speed and transfer their energy to the latter resulting in an increase in the material
temperature. If these temperatures are sufficiently high, there is a possibility of material
evaporation. The temperature rise may also result in release of thermal stress of the material
that, in turn, results in different microstructures of the synthesized material. Lin et al. [130]
reported the P-milling method to prepare few layers graphene using different milling media
such as germanium oxide, iron oxide, zinc oxide, boron nitride, and tungsten carbide. The
relation between number of layers formed and inductive capacity of milling media were
investigated. The nanocomposite of germanium (Ge) nanoparticles wrapped with few
layered graphene (Ge@FLG) via dielectric barrier discharge plasma (DBDP) assisted method
was demonstrated by Ouyang et al. [40]. In this study, nanocomposites with preprocessed
(P-milled Ge powder for 5 h and expandable graphite heated at 1000 °C) and DBDP for
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10 h in the presence of argon atmosphere exhibited superior anode performance for lithium-
ion battery compared to nanocomposites prepared by the same precursors, but without
the DBDP and conventional ball milling route. The aggregation of particles started after
exceeding the milling time more than 10 h resulted in a decrease in the electrochemical
performance. The Ge@FLG nanocomposite showed nearly 90 Q) lower resistance for
charge transportation and capacity of 846.3 mA h g~! with 86% of retention rate. In the
study by Liu et al. [129], a comparative electrochemical performance of anode material
prepared by Sn-C nanocomposite via dielectric barrier discharge plasma assisted milling
(DBDP) (PM) and conventional milling (CM) method was reported. A Sn—C composite
prepared by PM and CM with 10 h of milling (PM-10 h and CM-10 h, respectively, showed
different microstructural composition. While a non-homogenous dispersion of Sn particles
in graphite matrix was observed in CM-10 h, the Sn—C composite showed homogenous
dispersion of multi-scale Sn particles in graphite matrix via PM-10 Sn—C composite. In
plasma state, the charged particles impacted the Sn powder surface with high speed and
high energy, resulting in local temperature rise followed by release of the thermal stress.
The expansion resulting from the release of thermal stress was uniformly distributed and
observed to be homogeneously embedded in graphite matrix. This technique showed
that the graphite layers were not damaged as in the case of CM. Coulombic efficiency and
capacity at initial stage was observed to be 61.8% and 818.7 mA h g~! in PM-10 h composite
while 47.9% and 727.4 mA h g~! observed in CM-10 h composite. Thus, the PM-10 h
composite exhibited superior electrochemical performance than the CM-10 h composite.
The required milling time is much shorter in the P-milling process than other milling
techniques. Therefore, the P-milling route has significant advantages in synthesizing the
material with nano scale and, particularly, resulting in different microstructures due to
high chemical reactivity, large surface area, and low temperature operation. The Mg-based
hydrogen (H;) storage materials and group IV-A elements synthesized by the P-milling
method were reported to exhibit remarkable performance as energy storage materials [131].

In another study, a nanocomposite of carbon quantum dots and cobalt sulfide
(CQDs/Co0S;y) prepared by the ball milling assisted hydrothermal route reported by Ar-
salani et al. [132]. In this study, CQDs were prepared by the microwave radiation assisted
method. The nanocomposite with highly porous morphology with surface attached CQDs
provides a large surface area, extra ion storage spaces, and fast ion transportation pathways
may promote to enhance the supercapacitor performance. The electrochemical character-
istics of CQDs/CoS; nanocomposite and pure CoS, (without decoration of CQDs) were
tested by the cyclic voltammetry (CV), galvanostatic charge—discharge (GCD), and elec-
trochemical impedance spectroscopy (EIS) studies. CQDs/CoS, nanocomposite exhibited
superior electrochemical performance than the pure CoS; material. The nanocomposite
showed a specific capacity of 808 F g~! at 1 A g~ ! current density.

6. Conclusions

Though there are very recent publications on the reviews of mechanical alloying,
basic principles to its applications [133-135], this current review is focused towards de-
ploying ball milled materials and nanocomposite systems for energy storage applications,
especially electrochemical and hydrogen storage. This review is also aimed on the recent
developments on the synthesis of nanocomposites using the simplest top-down approach,
mechanochemical milling, and the related aspects of the interfacial interactions. Milling
constraints include time duration of milling, ball size, the ball to sample content proportion,
rotation speed, and energy that took part in a vital part of the structure-property rela-
tionships and composite interactions. Milled nanocomposites are being used in different
structural applications for their higher performance rate and throughput. The synthesis
of different nanocomposites (magnetic and non-magnetic metallic systems, polymeric
systems, and ceramic systems) and the effect of various parameters on the mill-ability of
nanocomposites are discussed. A detailed review of these ball milled materials and their
usage in energy storage applications are detailed at the very end of the review.
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There is an increasing interest among the materials research community in nanocom-
posite synthesis via the ball milling method. Simple, cost-effectiveness, and scalability make
this top-down route very attractive. If the optimization parameters are properly controlled,
it is possible to synthesize a wide variety of nanocomposite materials (polymeric, ceramic,
metallic, etc.) with desired size and shape. Researchers integrated their investigations on
the impact of different milling factors especially the energy dose and energy intensity on the
morphological, physico-chemical, and mechanical properties. The nanocomposite exhibits
good dispersion of nanofillers with good interfacial adhesion and also could absorb the
load stress, which improves the overall mechanical properties. The ultra-high thermal con-
ductivity should be investigated in the future for ball milled nanocomposite as it is crucial
for thermal management. Dry milling at medium energy and wet milling at high energy
attributes to an effective method for embedding the nanofiller into the matrix. According
to the applications, the right compositions of nanofiller and the matrix should be chosen.
The ball milled anode and cathode materials are applicable for large-scale production with
better performance. These kinds of metal hydride nanocomposite could be utilized as a hy-
drogen storage material, as they possess superior hydrogen ions that could be transferred
easily through the proton exchange membranes (PEM) in fuel cells. The technological
challenges associated with the innovative utilization of milled nanocomposites in advanced
applications still to be resolved.

7. Future Scope and Outlook

The advances and modifications in the ball milling method attract researchers to
synthesize novel functional materials and composites with wide range of possibilities
by merely changing the milling parameters and obtaining different morphologies in the
materials. The ball milled materials show satisfactory performances in the electrochemical
studies and energy storage devices due to smaller particle size, large surface area, huge
number of active sites and defects that result in enhancing the surface properties of the
materials such as reactivity, functionalization possibility with foreign atoms, etc. The
defected and fractured material that results after milling is indeed a collection of a host of
sites that can favor functionalization by catalytic species. Thus, energy storage will be more
efficient for a given amount of active electrode material.

Theoretical investigations about reaction processes and optimization of experimental
results need to be explored more for better functionalization and structural studies. Pan
milling, plasma assisted milling techniques should be explored to achieve the materials
with novel properties.

Mechanical milling has the potential to expand the market for high-quality, high-
throughput nanocomposites. To increase the viability and reproducibility of mechanically
alloyed nanocomposites, additional research on condition optimization would be quite
interesting. Increases in feedstock temperature, particularly when utilizing high-energy
ball mills, must be taken into consideration because they have an impact on the reactiv-
ity of materials that are sensitive to temperature (plastics and nanocrystalline powders).
Research should also be performed to investigate whether mills can be used to process
chemically altered nanoparticles. To optimize interactions and achieve uniform dispersion,
it is required to study strategies to better incorporate nanofillers into the primary matrix of
the composite, which, in turn, necessitates optimization at many levels in order to achieve
the desired properties. To explain the prospective uses of ball milled nanocomposites,
extensive research insights might be obtained.
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