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Mechanochemistry refers to unusual chemical reactions induced by mechanical energy at room
temperatures. It has attracted increased attention because of advantages, such as being a solution-free,
energy saving, high-productivity and low-temperature process. However, there is limited understanding of
the mechanochemical process because mechanochemistry is often conducted using closed milling
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DOI: 10.1039/d0cc06581a time and atmosphere. New nanomaterials with doped and functionalized structures can be produced

under controlled conditions, which provide a critical insight for understanding mechanochemistry.
rsc.li/chemcomm A fundamental mechanism investigation using force microscopy is discussed.

1. Introduction

“Institute for Frontier Materials, Deakin University, Waurn Ponds, Vic 3216,
Australia. E-mail: ian.chen@deakin.edu.au

b School of Life and Environmental Science, Deakin University,
Geelong, Victoria 3216, Australia. E-mail: wenrong.yang@deakin.edu.au

Mechanical force is known to cause wear and tear due to
friction, stress and strain on a large scale, and also at the

“ College of Materials Science and Engineering, Institute for Graphene Applied molecular level, where they can cause chemical reactions in the
Technology Innovation, Qingdao University, 308 Ningxia Road, Qingdao 266071, solid-state by shear stress, breaking symmetry that destabilizes
P. R. China bonds and makes them prone to reaction.” In general, chemical

4 School of Materials and Energy, Guangdong University of Technology, reactions take place by energy provi ded through light, heat or
Guangzhou 510006, P. R. China

¢ Research School of Chemistry, The Australian National University, electric pOtentl'al’ and the corres.pondlng fields are ter.med
Canberra, ACT, 2601, Australia as photochemistry, thermochemistry and electrochemistry,
f These authors contribute equally. respectively.” Apart from these, it is also possible to activate

Motilal Mathesh received his PhD
degree  (2016) from Deakin
University (Australia), in the field
of bio-nanotechnology. In 2017,
he joined Prof. Daniela Wilson’s
group at Radboud University (The
Netherlands) and was awarded
the prestigious Marie Curie
Individual fellowship. Recently,

Srikanth Mateti received his PhD
degree in 2018 from Deakin
University, Australia, and his
Master of Technology degree from
Jawaharlal Nehru Technological
University, Hyderabad, India, in
2011. He has been working as a
Research Fellow at the Institute for
Frontier Materials (IFM), Deakin
University, Australia. His research he was awarded the Alfred
interests include the in situ Deakin Postdoctoral Fellowship
p synthesis and controlled doping of < and joined Deakin University
Srikanth Mateti carbon and nitrogen in various Motilal Mathesh (Australia) as a research fellow.
nanomaterials, especially nano- His current research interest
tubes (boron nitride, carbon), nanosheets (graphene, BN, etc.) using focuses on the design and fabrication of 2D nanomotors for
mechanochemistry (high-energy ball milling), as well as in new  biomedical applications.
applications (thermal management, energy storage and catalysis).

1080 | Chem. Commun., 2021, 57, 1080-1092 This journal is © The Royal Society of Chemistry 2021


http://orcid.org/0000-0002-3888-6420
http://orcid.org/0000-0002-8719-3866
http://orcid.org/0000-0002-8727-4316
http://orcid.org/0000-0001-8815-1951
http://orcid.org/0000-0002-7322-2224
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cc06581a&domain=pdf&date_stamp=2021-01-12
http://rsc.li/chemcomm
https://doi.org/10.1039/d0cc06581a
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC057009

Published on 16 December 2020. Downloaded on 5/5/2026 4:02:08 PM.

Feature Article

&

Increased
selectivity ‘

.. @
L 4 \

Scheme 1 Advantages of mechanochemistry over solution-based chemistry.

reactions using mechanical force, and this is known as
“mechanochemistry’”’, which has a long history and represents
mechanically induced chemical reactions.”™ Currently, there
are various solution-based methodologies used for the synthesis
of nanoparticles, such as sol-gel, coprecipitation, microemul-
sion, sonochemical and ultrasonication.® However, all these
methods have their limitations in terms of the need for a solvent,
which may not be permissible for certain synthesis. In this
regard, mechanochemistry is predominantly advantageous for
reactions between solids that are not soluble, for reactions in
which the use of solvents can interfere or for reactions that are
sensitive to the solvent, and for eliminating the need for
hazardous solvents in order to make the reactions safer.”®
Scheme 1 shows the various features of mechanochemistry that
make such reactions far more superior to conventional solution-
based methods. Mechanical actions lead to a reduced particle size,
production of radicals, creation of active sites or the generation of
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Reaction mixture

Fig. 1 Traditional method to carry out a chemical reaction with manual
grinding.

fresh active surfaces, forming new bonds for chemical reactions to
occur.’

Traditionally, mortar and pestle (Fig. 1) are common tools
used for mechanochemistry; however, the end-product is
susceptible to both human and environmental factors depend-
ing on the individual force and conditions prevailing during the
course of action, thereby making the results unreproducible."*""

In order to circumvent this, with the advent of the industrial
revolution, an automated process was introduced called ball
milling/grinding, which consists of a closed vessel with ball
bearings for carrying out the grinding process, which can be
run for longer time periods together with less interference from
the surrounding environment.'” Ball milling instruments can
be broadly classified into shakers'® and planetary mills."* In
shaker mills, the closed vessels are loaded with ball bearings
and shaken at a desired frequency to grind the reagents
together. On the other hand, in planetary mills, the jars spin
at high speeds in a counter direction to the spinning disc
mounted on them. The term planetary is due to the jars
revolving around the mounted spinning wheel as the planets
revolve around the sun. Recently, the twin-screw extrusion tool
was introduced for carrying out mechanochemical reactions
and can be considered as an equivalent of solution-based flow
reactors for solid-state reactions. In this system, the reagents
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are ground with the help of two screws that rotate in opposite
directions while being transported through an extrusion
barrel."® These reactions involve dispersing force and mechanical
activation that occur as a statistically probable process according
to collision theory.'® In addition to the different instruments,
various grinding techniques have been employed, such as liquid-
assisted grinding (LAG),"” vapour-assisted grinding (VAG),"® ion
and liquid-assisted grinding (ILAG)'® and polymer-assisted
grinding (POLAG),*° but these will not be discussed here as they
are out of the scope of this article.

Mechanochemistry has attracted increasing attention recently
because of its application in nanomaterials synthesis.”* Modern
high-energy ball milling can provide sufficient mechanical energy
to break the order of the crystalline structure and produce
nanometre-scaled crystal seeds. The tiny crystal seeds produced
by the mechanical forces can be assembled into large clusters of
atoms, which is an effective means for nanostructures growth.”>
Also, the chemical transformation of existing inorganic nano-
structures from one material into another can be realized by
mechanochemistry at a very low temperature, often at ambient
temperature. During the mechanochemical process, the powder
particles are repeatedly flattened, cold-welded, fractured and
re-welded.”® Fracture and welding are the two basic events, which
produce a permanent exchange of matter between particles and
ensure mixing of the various elements of the ground powders.
Initially, the particles suffer from very strong high-energy impacts
attributed to collisions between the balls themselves and con-
tainer wall. These strong impacts cause a large amount of micro-
structural and structural defects in the milled powder particles.**
The progressive accumulation of defects and the interaction
between them lead to crystallite size refinement as well as an
increase in the lattice strain. On the other hand, chemical
reactions during ball milling occur either gradually or suddenly
by mechanically activated combustion. The kinetics of solid-state
chemical reactions are ordinarily limited by the rate at which the
reactant species can diffuse across the phase boundary, and
through the intervening product layers,” but the kinetics of
mechanochemistry depends on the milling parameters, such as
the ball to powder weight ratio, milling speed, milling time*® and
atmosphere, which together allow the control of the mechano-
chemical processes.

Based on our previous 20 years’ research in mechano-
chemistry, this feature article aims to provide insights regarding
different chemical reactions realized by ball milling under
different controlled conditions. The effects of mechanical forces
on solids both by milling and force microscopy-based mechano-
chemistry are discussed to aid understanding the difference
between thermal and cold mechanical-force-driven reactions.
The first section will showcase milling-induced mechano-
chemistry, and its effects on size and the creation of defect
and vacancy sites. This is followed by a description of some new
chemical reactions achieved by ball milling both in organic
and inorganic chemistry, showing the effect of different
milling parameters, such as the milling modes, milling energy,
milling time and atmosphere. The next section describes various
investigations performed by mechanochemistry using force
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microscopy, leading up to the final section, which provides the
outlook and future perspectives that is desirable to harness the
benefits of mechanochemistry to the full extent.

2. Effects of mechanical force on
solids
2.1 Milling-induced structural changes

Mechanical action can create irreversible effects on solids due
to the strain field produced on them shifting the atoms from
the equilibrium position and in some case causes excitation
of the electron subsystem,”” resulting in a metastable state
followed by relaxation.”® Fig. 2 showcases the various defects
created in hexagonal boron nitride and graphite by the
mechanical action on solids,?® namely defect accumulation,
amorphization and chemical reaction.?® One of the main
factors during milling that imparts such defects is the milling
intensity, and mathematically the momentum transfer from
the milling process to solids can be described as the product of
the impact force and the duration of contact.*® During this
momentum transfer, effects such as wielding, dry friction,
plastic shear and fracture take place that give rise to disloca-
tion, grain boundaries, chemical disorder and point defects.**
We studied the effect of milling conditions on graphite using
Raman spectroscopy. A decrease in the Ip/I ratio was observed
with the increase in the milling time, pointing towards a
gradual disordering, while later on the ratio stabilizes, indicat-
ing either the force provided by ball milling was not sufficient
enough to break the six membered ring or there was a new
equilibrium created between the ordering and disordering
process.*?

2.2 Reduction in crystal size

Mechanochemistry can cause a reduction in the crystalline size
owing to a strong impact force arising from the milling process.
During the milling process, the initial steps are dominated by
breaking the crystals and generally require less energy. For
instance, a mixture of vanadium oxide and molybdenum oxide
(V,05/M003) was ball milled in a planetary mill for 30 to
40 min, resulting in a decrease in the crystalline size of V,05
in the presence of water and the formation of MoV,05 together
with a surface coverage of V,05 on MoO; upon dry treatment,
thus leading to a catalytic behaviour. In both cases, an increase
in activity was observed for oxidation reactions, but the latter
resulted in higher selectivity towards maleic anhydride formation,
a product of the oxidation reaction on n-butane.*®

point defects amorphous regions dislocations grain boundaries
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Fig. 2 Defects created by mechanical action on boron nitride.
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2.3 Defect formation

Defect formation is the second dominating feature after crystal
breaking due to storage of the ball-bearing impact energy as
structural defects.>* Ever since the 1980s, researchers have been
keen on studying the effect of mechanical activation on solids
with an aim to learn if the defects can lead to new functionality
or applications. The vibrational mill can cause strong disorders
with electronic defects giving rise to peculiar properties. In one
such study oxides such as quartz and zinc ferrite were ball
milled to create defects and investigated for the effects on their
chemical reactivity. In the case of quartz, the formation
of defects helped in better absorption of gases, and the number
of molecules adsorbed increased with the increase in
amorphization.*® Similarly, in mechanochemically synthesized
zinc ferrite, its sulfur adsorption capacity was observed to
increase, induced by microstrains on the structure and the
increase in the surface area during high-energy milling.*®

2.4 Oxidation/vacancy creation

Vacancy creation in solids, especially those of oxygen, can help
in realizing potential applications, and such have been
reported occurring by mechanochemistry. For instance, the
oxidation of brown coal was carried out using ball milling
and led to the formation of radicals on the surface of coal. In
the presence of H,0,, the radicals get oxidized by the formation
of phenolic and carboxylic groups, which can act as binding
agents for heavy metals. When oxidized, brown coal was used
as a sorbent for heavy metal ions in a freshwater body, where no
eutrophication was observed, and it further helped phyto-
planktons absorb the pollutants.*® In terms of vacancy creation,
magnesium (Mg) was ball milled with cerium oxide (CeO,) at
120 rpm for 1 h and resulted in improved hydrogen storage.®”
According to the report, ball milling of the above two compo-
nents resulted in a decrease in Mg domains to nanoscale and
also resulted in higher defects at the crystal edges. During
hydrogenation, oxygen vacancies were created on CeO, due to the
transfer of oxygen atoms from CeO, to form MgO during ball
milling and helped increasing the hydrogen storage capacity.’”
Mechanical energy can break the chemical bonds in solid
materials and produce dangling bonds, which are very active
for chemical reactions. In this regard ethanol molecules were
observed to produce hydrogen radicals upon interaction with
active sites generated in fractured quartz particles.*® Recently,
surprising catalysis was observed on boron nitride even though
it is known for its chemical inertness.>® Consequently, BN
nanomaterials with different terminated groups (-OH, -NH,)
were tested. Electronic spin resonance (ESR) was used to
measure the free radicals and amplitude of the ESR signal,
which represents the quantification of radicals in a sample.
Fig. 3b shows that only the BN nanoparticle attached with -OH
gave a weak ESR signal, due to its spherical shape. Also,
2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals were quenched
by BN nanosheets, and the catalytic activity of these free radicals
of BNNSs were analysed by chromogenic reactions of 3,5,3',5'-
tetramethyl benzidine. From UV-Vis spectroscopy (Fig. 3c), it was
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Fig. 3 (a) Radical scavenging method for the detection of boron radicals
on BNNSs and the catalytic activity of BNNSs for the oxidation of TMB
(b) ESR spectra of DPPH by adding different BN nanomaterials. (c and d)
Characterizations of the covalent bonds between DPPH and BNs by UV-vis
absorption. (a—d) Reproduced with permission.> Copyright 2017,
American Chemical Society.
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concluded that boron radicals in BNNSs are active sites for this
catalytic behaviour, as witnessed by the strong absorption peak at
520 nm (DPPH showed a violet colour). After the radicals were
neutralized on the exposed BNNSs, the colour turned into pale
yellow, whereas the absorption peak was shifted for BNQD and
BNNS-OH with DPPH, as shown in Fig. 3. It was found that
unsaturated boron free radicals on the edges and defect sites on
boron nitride nanosheets and nanotubes were key active sites of
catalytic behaviour.*’

Mechanochemistry can be realized using traditional devices,
such as grinders and ball mills. However, new and desired chemical
reactions can only take place under certain conditions in terms
of milling intensity/energy, frequency, duration, atmosphere and
temperature. The effect of these parameters is discussed below.

3. Effect of the milling conditions in
mechanochemistry
3.1 Effect of the milling modes: impact or shearing forces

It is important to highlight that the milling mode, especially
the nature of the milling action, i.e. the presence of either
shear, impact forces or a combination of both, has a significant
effect on the structure of the nanomaterials in terms of the
crystal size and crystallinity and defect level.*" In the case of Sb,
the presence of the sheer force alone did not reduce the size of
the particle in the Sb-graphite composite.*> The structure of the
optimal nanocomposite obtained using the milling mode C was
visualized by TEM (Fig. 4c). Further, elemental mapping
(Fig. 4d) clearly showed that Sb particles with sizes ranging
between 5 and 15 nm was dispersed in the carbon matrix. The
optimal nanocomposites showed a very stable cyclic behaviour
under repeated lithiation and de-lithiation in a lithium-ion
battery negative electrode test (Fig. 4e and f).*> Upon further
studies of the preparation conditions, it was established that
achieving particle size control (between an average size of
~50 nm and ~1 nm in the corresponding nanocomposites)
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Fig. 4 The preparation, characterization and electrochemical properties
of Sb-carbon nanocomposites: (a) schematic illustration of four different
milling modes; (b) XRD patterns of the samples milled under these modes;
(c and d) energy-filtered TEM images of the optimal nanocomposite milled
using mode C (overlay antimony and carbon elemental maps are shown in
(d), where the blue colour represents antimony and the yellow colour
represents carbon); (e and f) capacity, Coulombic efficiency and charge—
discharge profile of the optimal Sb-carbon nanocomposite at a current
rate of 230 mA g~1. Adapted with permission.*?> Copyright 2014, Royal
Society of Chemistry.

was possible by varying the weight ratio of Sb and graphite
between 9:1 and 1:1 limits during ball milling.** The out-
comes of these studies illustrate that the structure of the
nanocomposites prepared by ball milling depends on the ball
milling mode used and the composition of the mixture of the
initial precursors. It is important to control these parameters
appropriately in the process of nanocomposite fabrication.

3.2 Organic synthesis under different conditions

The earliest example of the use of mechanochemistry for
organic synthesis dates back to 1893 for the production of
tetrachloroquinhydrone using a mortar and pestle.** Mechano-
chemistry was reinstated again for organic synthesis after
100 years, and since then, various reactions have been success-
fully performed using mechanochemistry; for instance, it can
assist in the formation of carbon-carbon,*® carbon-heteroatom,*®
metal-ligand coordination bonds,”” and non-covalent inter-
actions, such as hydrogen bonds or n-m arene stacking inter-
actions.*® There are various reviews in the literature showcasing
all the studied mechanochemistry-based reactions to date; but in
here we take only a few examples to show how mechanical force
can induce reactions in organic chemistry.

High-speed ball milling (HSBM) is quite commonly used for
synthesis in organic chemistry.*> Here, high-speed vibrations
can cause amorphization of the reagents®® or help in breaking
the crystal lattice,* which leads to chemical reactions. For
instance, the synthesis of phosphorous ylides has been carried
out by HSBM, which provides the force to break the crystal
lattice of the phosphonium compound to form an amorphous
phosphonium salt that undergoes deprotonation in the
presence of microcrystalline potassium carbonate (K,CO;) in
the solid-state reaction. It was also shown that the one-step
Witting reaction is possible by ball milling triphenylphosphine,
an organic halogenide, and an organic carbonyl compound in
the presence of K,COj; (eqn (1)).>" In the above examples, steel
balls were used for ball milling; however, it is also possible to
use other metal balls as well that can also act as a catalyst
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during solid-state reactions. For example, the Sonogashira
coupling reaction has been carried out with the help of copper
balls instead of steel balls, which not only helped in breaking
the crystal lattice for the reaction to occur but also acted as a
reaction catalyst that increased the product yield and further-
more allowed easy recovery of the catalyst from the system
(eqn (2)).>* Using mechanical force can also lead to crushing of
the catalyst, which gives rise to new active sites that can be
further used as active sites for the catalytic reaction.>® For
instance, calcite mineral when crushed gives rise to highly
activated naked ionic species that are generated in situ and
that can act as a strong base capable of deprotonating the active
methylene compounds, with the consequent formation of a
carbanion stabilized via the coordination with calcium cation,
which combines with a carbonyl compound, eventually leading
to the Knoevenagel product (eqn (3)).>* The same reaction
would not be possible with the use of reagent-grade fine calcite
powders as the catalyst, due to the absence of active sites.

Another characteristic feature that is provided by mechano-
chemistry is bringing molecules into close proximity during
milling, which can also give rise to chemical reactions, thereby
forming new bonds. Kaupp et al. used solvent-free ball milling
conditions to synthesize imines®” and azine (eqn (4))°> bond
based molecules. His group used atomic force microscopy
techniques to study the ball-milled products and showed that
ball milling results in phase rebuilding and phase transforma-
tion upon donating and accepting crystals, such as a hydrazine-
hydroquinone complex and benzaldehydes leading to the
formation of azines.>® Ball milling gives rise to certain special
conditions, such as a combination of heat, pressure, grinding
and stirring, which can help in increasing the product yield,
which may not be feasible in solution-based chemistry. For
example, nitrones are generally synthesized by the condensation
of an aldehyde and hydroxylamines (eqn (5)). Even though good
results have been achieved, they have limitations in terms of the
need to use organic solvents, the long reaction times, use of an
excess of reagents, and the need for tedious chromatographic
purifications.”® These drawbacks could be overcome by the ball
milling process, which could also increase the yield of nitrones
due to some additional benefits, such as electronic effects or
steric constraints on the aldehydes or on the hydroxylamines
becoming negligible due to close proximity of the molecules during
milling (Fig. 5).>°

3.3 Effect of the milling time

3.3.1 High-temperature inorganic chemical reactions
realized during high-energy ball milling at room temperature.
We discovered unusual nitriding reaction sequence during the
ball milling of a-Fe in the presence of ammonia, showcasing an
increase in milling time complimentarily results in an increase
in the nitride phase (eqn (6)).

a-Fe — o/-Fe(N) + y-Fe — y'Fe,N — e-Fe, 3N  (6)

The nitriding reactions realized by room temperature ball
milling go through high-temperature (>590 °C) phase

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Various reactions in organic synthesis: (1) one-pot Witting
reaction,®® (2) Sonogashira reaction,>® (3) Knoevenagal Condensation,>*
(4) azine formation® and (5) nitrone synthesis.>®

transformation in the thermal-equilibrium phase diagram
(Fig. 6a), with distinct similarity to nitrogen ion implantation
into iron as both result in a good mixing of nitrogen into o-Fe,
causing structural rearrangements.’® The reason why high-
temperature reaction sequences can take place at room tem-
perature during ball milling can be explained by the free-energy
changes in the Fe-N system, as shown in Fig. 6b. Ball milling
increases the free-energy level above the reaction barrier, and
so the reactions can occur at room temperature. However, the
reaction end-product is still at a high-energy level of Eg, and
cannot come to the state Ep. because of the low ambient
temperature. Therefore, further milling induces a number of
reactions/

phase transformations, which normally take place at high
temperatures.

3.3.2 Milling-time-dependent reaction sequences. Conven-
tionally, metals exposed to hydrogen gas at certain pressures
and temperatures form metal hydrides. These metal hydrides
have various applications, such as hydrogen storage and

Y
-~
8
38
o

-

free energy increases
during milling

high temperature

Free Energy

Temperature (°C)

Milling Time

Weight percent nitrogen

Fig. 6 Nitriding reaction of ball milling anhydrous Fe. (a) Thermal-
equilibrium phase diagram of the Fe—N system and (b) schematic of the
free-energy changes for ball milled Fe in NHz.%® Reproduced with
permission.>® Copyright 1996, American Institute of Physics.
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purification.”® We produced metal hydrides of titanium
(TiH;,), zirconium (ZrH,es) and magnesium (MgH,) using
mechanochemistry. The metals were ball milled in the presence
of hydrogen gas at room temperature. In a typical experiment,
several grams of Ti powder and 20 steel balls (diameter 12 mm)
were loaded into the jar and filled with hydrogen gas at 240 kPa.
After milling for just 5.5 h, a pressure drop was observed from
240 to —100 kPa (Fig. 7a) indicating, almost all the hydrogen
was absorbed into the metals during milling, with subsequent
characterizations confirming the formation of metal hydride
phases. Hydriding reactions triggered by high-energy impacts
during ball milling have a high reaction rate and so this
reaction requires only a short period of milling time. This
method demonstrates the production of metal hydrides in large
quantities in an economical way.>®

Also, milling-time-dependent nitriding reactions were intro-
duced by milling in an ammonia atmosphere.®® In a study, Ti
was milled in NH;,%* in which the gas pressure first decreased
from 200 kPa to —100 kPa after just 5 h of milling and then it
started to increase during further milling and eventually
reached 300 kPa (higher than the starting pressure, 200 kPa)
after 120 h of milling, as shown in Fig. 7b. The nitrogen content
increased in the metal, whereas the hydrogen content
decreased following (Fig. 7c) the below reaction mechanism.

Stage 1: During the early stage of milling (5 h), NH; was
adsorbed on to the fresh Ti surfaces created by high-energy ball
impacts. Then, the adsorbed NH; dissociated to H and N;j
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Fig. 7 (a) Variations in hydrogen pressure during the ball milling of Ti, Zr
and Mg powders. (b) Variation of pressure with respect to milling time
when Ti was milled in NH3 (c), contents of H and N with respect to the
milling time and (d) pressure changes as a function of the milling time
during the milling of boron powder in ammonia gas. SEM and TEM images
of boron milled for 150 h and an annealed sample (e and f); (a, d—f)
Reproduced with permission®®~®* Copyright 2017, Elsevier. (b and c)
Reproduced with permission.®? Copyright 2016, Springer.
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thereby forming a layer of TiN, which reacted with H to form
TiHl_g.

Ti + NH; — TiH, o + TiN + unreacted Ti + free surface N

Stage 2: With further extension of the ball milling time, the
particle size was further reduced and new surfaces of unreacted
Ti reacted with N to form more stable TiN, releasing H, gas,
which is the reason for the increased pressure after 120 h of
milling.

TiH; ¢ + N — TiN + H,

A similar reaction sequence was also found in Zr during
milling in NH;.** These reaction sequences cannot be realized
in a thermal process at high temperature.

The above reaction sequence was discovered in a slow
milling process conducted using a slow vertical rotating ball
milling with a rotation speed of less than 30 rpm. If a fast and
high-energy-milling device is used, ie. a planetary ball mill
Fritsch P5, the nitriding reaction can be completed in less than
20 h. Li et al. realized the same reaction sequence using a high-
energy dielectric barrier discharge plasma-assisted ball mill,
which combined ball milling and dielectric barrier discharge
plasma.®® Metals (Mg, Ti) were ball milled in ammonia, with
metal hydrides first formed after 6 h of milling and then
transformed into nitrides after 16 h of milling. The different
reaction kinetics are associated with the different milling
intensities.

3.4 Effect of the milling energy

3.4.1 Mechanical activation. Some chemical reactions have
a very high activation energy that cannot be supplied by the usual
ball milling process and hence, those chemical reactions cannot
occur during ball milling. In these cases, ball milling treatment
still stores a huge amount of mechanical energy into the treated
materials in terms of ensuring a large surface area, high density
of defects and intimate mixing between reactants. This substan-
tially reduces the energy barriers, and thus a smaller activation
energy is needed to initiate the reactions in thermal processes.
For example mechanochemistry has been used to produce one-
dimensional boron nitride nanotubes at low temperature.®®
Boron powder was ball milled (for 150 h) in an ammonia
atmosphere followed by annealing in a nitrogen atmosphere,
producing large amounts of boron nitride nanotubes (BNNTSs).
Fig. 7d shows the pressure reduction due to gas adsorption in the
first 40 h of milling. From 40 to 100 h, the decomposition of
ammonia gas takes place due to nitridation reactions between
the boron powder and ammonia gas induced by ball milling,
with the formation of a B(N) precursor. Subsequent annealing at
low temperatures (1000 °C) leads to the formation of BNNTSs
from the B(N) precursor.®® Such extensive milling introduces
nano-sized metal particles (Fe, Cr, Ni) into B particles. These
metal particles also act as a catalyst in the formation of BNNTSs
(Fig. 7e). The metastable disordered B(N, Fe) nanostructure
formed during ball milling and its structural rearrangement
during annealing holds the key to understanding the process.
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Fig. 8 SEM images of milled and annealed SnO; (a) milled sample, (b and c)
nanoribbons, (d) nanodiskettes (e) nanobranches, (f) nanoscrystal. Reproduced
with permission.” Copyright 2017, Elsevier.

In another instance, tin oxide (SnO,) was milled in an argon
atmosphere for 100 h. Various nanostrucures of SnO, from the
milled samples were synthesized by annealing at a low tem-
perature of 1050-1100 °C.®” The milled SnO, had a reduced
particle size with an irregular shape (Fig. 8a). The ball milling
process activated the SnO, surface, which enabled generating a
vapour phase at low temperature, whereas unmilled SnO,
cannot be vapourised. Nanoribbons (Fig. 8b and c), nano-
branches (Fig. 8e), nanodiskettes (Fig. 8d) and nanocrystals
(Fig. 8f) were formed based on the vapour condensation pro-
cess. A similar evaporation behaviour was also observed in
milled ZnO,%® from the evaporation ability generated from the
existence of weakly bonded atoms at the grain boundaries,
defects and strained areas.

3.4.2 Mechanical exfoliation of nanosheets by low-energy
ball milling. Gentle shearing forces created by low-energy ball
milling helped in peeling off bulk layered BN into nanosheets
in the presence of a liquid exfoliating agent (benzyl benzoate).*°
The starting hBN particles had a diameter sized 0.3-1 pm, as
shown in Fig. 9a. The planetary ball mill was loaded with BN
and benzyl benzoate. Fig. 9b shows the exfoliated BN
nanosheets with the thickness of 2.3-3.7 nm with a conversion
yield of 67%. When the high-energy ball milling mode is used,
the in-plane structure of the material can be destroyed. Conse-
quently, low-energy milling modes need to be used for
nanosheet exfoliation. First, control of the ball rolling actions
helped to create a controllable shear force. Second, damage to
the in-plane crystal structure was minimized by using small
steel balls with a light weight. Third, the use of a liquid
exfoliating agent served as a lubricant effect and further
reduced strong impact from the balls and gave a gentle shear
force. The whole cleavage process can be seen in Fig. 9c—f.%°

3.5 Effect of the milling atmosphere

The milling atmosphere also has an effect on the material
structure. Fig. 10a and b show the XRD patterns of layered
graphite and BN milled in different gases. The graphite milled
in NH; and C,H, maintained its original graphitic structure
with reduced diffraction peak intensities, revealing the successful
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Fig. 9 SEM images of starting hBN particles: (a) exfoliated BN nanosheets
(b); SEM images illustrating the exfoliating mechanisms for peeling off and
sliding (c and d), rolling over top and shear force. (e and f) thin sheets
peeling off the top surface of an hBN. (a—f) Reproduced with permission.®®
Copyright 2017, Royal Society of Chemistry.

exfoliation of graphite (Fig. 10c). On the other hand, graphite
milled in N,, Ar and N, + H, underwent severe fracturing and
plastic deformation under the same milling conditions and
became amorphous in structure, as shown in the XRD patterns.
A similar behaviour was observed in BN under similar experi-
mental conditions. A sheet-like morphology was observed from
the samples milled in NH; and C,H,, whereas nanometre-sized
particles were produced from milling in Ar, O, and CH,
(Fig. 10d and f). This behaviour extended to other 2D materials,
such as MoS, and WS,.”° Pressure reduction was observed in NH;
and C,H, due to gas adsorption, whereas no pressure reduction
was noted in other gases (Fig. 10g and h). The adsorbed gas
molecules (NH; and C,H,) protected the nanosheet structure, and
therefore, the layered structure becomes indestructible to high-
energy ball impacts.

Two-dimensional (2D) sheets have also been prepared by
mechanical cleavage. During mechanical cleavage, the pulling
force can easily break the weak van der Waals interaction
between layers and leave the strongly sp> bonded in-plane
structure intact. However, efficient mechanical cleavage while
retaining the in-plane crystal structure can only be achieved
under suitable mechanochemical conditions. There are several
reports on 2D nanomaterials produced by ball milling, where
exfoliating agents and surfactants were used to separate the
individual layers from bulk layered materials.”>”> The main
disadvantage of using extra agents is the introduction of
contaminants, which can affect the properties of the produced
nanomaterials. In addition, removing unreacted agents after the
synthesis process is time-consuming. Wet milling is a promising
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Fig. 10 XRD patterns of graphite (a) and boron nitride (b) milled in
different gases for 20 h; SEM images of materials milled in NHz atmo-
sphere: (c) graphite, (d) BN; milled in argon atmosphere: (e) graphite, (f) BN.
SEM image of MOS, milled in C,H,4 (g) and (h) TEM image of MoS; milled in
NHsz atmosphere. (a—f and h) Reproduced with permission’® Copyright
2016, Springer. (g) Reproduced with permission.”* Copyright 2015, Royal
Society of Chemistry.

method to synthesize large quantities of nanosheets and is a
good candidate to enable functionalization and exfoliation in
one pot. However, sheets with defects and fragmentation are
unavoidable and also, further treatments are required after
milling to remove the exfoliation agents used in the wet ball
milling process.

Lin et al. produced few-layer graphene using different solid
exfoliation agents (BN, WC, ZrO and Fe,0;) with a plasma-
assisted ball mill, and the final graphene layers depended on
the agents.”

The unique behaviour of layered materials during ball
milling in different gases demonstrated not only the indestruc-
tible behaviour of the nanosheets but also showed it was a
promising method to produce nanosheets in a large quantity
and high-quality of graphene, BN, molybdenum disulphide
and tungsten disulphide via a controlled mechanochemical
process.

3.6 Doping and functionalization of nanomaterials

3.6.1 In situ doping. Ball milling in a nitrogen or carbon
atmosphere can be used as an efficient and controllable doping
technique. For example, N-doped WS, nanosheets were pro-
duced by the milling of WS, in NH; as shown by the XRD
patterns and SEM images in Fig. 11a and c. There was a gradual
increment in nitrogen content in the WS, as the milling time
increased (Fig. 11b), whereby 8 at% N was found in the milled
sample after 100 h of milling showcasing a simultaneous in situ
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Fig. 11 Structural changes of WS, during ball milling in NHs. XRD patterns
(a); nitrogen content in the milled samples as a function of milling time
(b), (c) SEM images of the WS, sample milled for 15 h in NHs. (d) SEM
images of the graphite and BN composite nanosheets; Energy-filtered
TEM (e) an elastic TEM image; (f) an energy-filtered image of the same area
with elemental contrast (boron — red, carbon — green); TEM investigation
of the MoS,-G composite nanosheets (20 h) sample: (g) a bright-field TEM
image, (h) HRTEM image of the sample; (i) corresponding SAED pattern.
(a—c) Reproduced with permission.” Copyright 2015, RSC; (d—f) Repro-
duced with permission.”” Copyright 2015, Wiley; (g—i) Reproduced with
permission’® Copyright 2017, Wiley.

exfoliation and doping process by the application of mechanical
force.”"

The doping of nitrogen (N) onto the TiO, surface has also
been carried out for photocatalytic applications under high
visible light.”> The high-energy ball milling of TiO, in the presence
of ammonium carbonate led to N-doping due to the decomposition
of its source hexamethylenetetramine, which gets adsorbed
onto the fresh TiO, surface produced during the ball milling.
Interestingly, it was observed that with an increase in milling time,
the photocatalytic activity was reduced due to an increase in the
defects and due to amorphization of the crystalline phase. Another
notable feature was that the use of zirconia balls for milling
resulted in an increase in mechanical energy imparted to TiO,
when compared to agate balls that have a lower density. Further-
more, with increasing temperature, the highly active anatase was
phase transformed to the less active rutile phase, which also led to
a decreased photocatalytic activity.”> Similarly, zinc oxide (ZnO) was
also N-doped by ball milling ZnO in the presence of urea, resulting
in the intercalation of urea molecules into a crystalline phase
of ZnO and leading to its expansion, exhibiting enhanced anti-
bacterial activity upon photoirradiation with visible light.”

In addition, hybrid nanosheets can be synthesized with the
help of gas exfoliation agent. The ball milling of two powder
mixtures (i.e. graphite and h BN) in ammonia produce hybrid
nanosheets of BN and graphite (Fig. 11d). TEM-EDS analysis
confirmed the uniform distribution of BN and G (Fig. 11e and
f). Another combination of MoS, + graphene hybrid nanosheets
was produced by milling in NH;. The TEM images (Fig. 11g and h)
confirmed the sheet-like structure. The SAED patterns (Fig. 11i)
revealed a random mixing of nanosheets.
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Thus, mechanochemistry has become an attractive method
for producing various nanostructured materials because of its
simplicity, relatively low cost and its applicability to a variety of
materials, with one major advantage being its ease to scale up
to tonnage quantities of nanostructured material for all kinds
of applications.

3.6.2 Functionalization. The ball milling of WS, and MoS,
in NH; and C,H, gases results in an in situ exfoliation from the
bulk material and functionalization of the -CH, and -NH,
groups on the nanosheets, which helps in the preparation of
a stable colloidal dispersion (Fig. 12a and b). Zeta potential
measurements showed that pristine MoS, and WS, dispersions
had values of 0.11 and 0.31 mV, respectively, and settled at the
bottom of the container. Generally, a stable solution requires
a large zeta potential value more than +30 mV or more than
—30 mV. Mechanochemical-functionalization treatment
achieved a remarkable improvement in the zeta potential
values with —34.3 mV for NH-MoS, (9.7 at% of N) and
—34.1 mV for CH-MoS, nanosheets (12.7 at% of C). Similarly,
the values were —34.3 and —37 mV for CH- and NH-
functionalized WS, nanosheets, respectively. A negative
potential arises from the functional groups in nanosheets
and acts as an anionic surfactant, thereby creating electrostatic
repulsion between nanosheets, which in turn helps to stabilize
dispersions in water.”*

Multi-step processes have also been reported. Shao et al
used a ball milling method to functionalize black phosphorus
(BP) with NH groups. Because urea (CO (NH,),) was used as a
source of NH, a subsequent washing step was required to
remove unreacted urea and unexfoliated BP.”° Hydrothermal
treatment was required for the purpose of activation prior to
the ball milling step for the functionalization of MoS,.*°

4. Fundamental investigation using
force microscopy

The fundamental understanding of mechanochemistry is still
limited because of the complicated dynamic milling process.
Single-molecule force spectroscopy (SMFS) has been extensively
used over the past two decades to study the intermolecular and
intramolecular bonding between molecules using mainly
atomic force microscopy (AFM). SMFS has revealed the true
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and fundamental mechanism of cold mechanical-force driven
chemical reactions: breaking bonds and consequent reactions.
In the following section, we focus on those. In 1994, SMSF
studies were carried out on streptavidin-biotin interactions to
observe the molecular level recognition interactions showcas-
ing 3-8 times the difference between specific and non-specific
interactions.®" Later the same year, similar studies were used to
determine the adhesive forces between complementary base
pairs.®” With respect to the chemistry world, one of the earliest
example was the measurement of the rupture force between
Si-C and S-Au bonds that was otherwise not possible,*
followed by a study of polymers to understand the nano-
mechanical properties of single polymers,® and these have
been well discussed in the literature.**"®” SMSF has been used
for studying various chemical and biological phenomena that
are discussed below.

4.1 Bond formation

Craig et al. used AFM to showcase how mechanical activation
can accelerate the nucleophilic substitution of dimethyl sulfoxide
for substituted pyridines at square-planar pincer Pd(u) metal
centres.®® This study supported the notions of the stress-free
dissociation of Pd(u)-pyridine bonds as occurring by bond-
making and breaking components.®® Following this, the regulation
of the chemical reaction by mechanical force was also studied to
understand the effect of force on the kinetics of disulfide bond
reduction at the single bond level, which cannot be realized by
traditional biochemistry.®® It was observed that disulfide bond
reduction could be catalyzed by mechanical force, and the reaction
rate was force-dependent.

4.2 Single-molecule delivery

Apart from studying the chemical bonds, AFM has also been
utilized to deliver single molecules to surfaces that can be
further used for chemical reactions that are very useful for
bottom-up technologies. In one such example, reactive polymer
molecules attached to one end of the AFM tip were transferred
selectively to a modified silicon substrate, where they could be
further modified by chemical reactions (Fig. 13a).”°

4.3 Protein denaturation

Proteins can be denatured easily due to various factors, and
hence it is necessary to study the denaturation process in detail
in order to prevent its occurrence. SMFS offers a platform to
mechanically denature of proteins or to study the effect of
force on the reaction rates. Liang and Fernandez, studied the
cleavage of the S-S bond using many reducing agents and
thioredoxin enzymes. It was observed that the reaction rates
of low nucleophiles with S-S bond increased with the applied
force, whereas the enzymes exhibited both stretching and
resistance favoured reaction rates.”'

4.4 Nanoscale structure design

With many advancements in technology, nanomachines develop-
ment has come to the forefront for the fabrication of devices at the
nanoscale. This involves the modification of the surfaces at the
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Fig. 13 Mechanochemistry using forced microscopy. (a) During the
tip-sample contact, a chemical reaction occurs between the activated
esters of a poly-N-succinimidyl acrylate chain grafted to the tip and the
amino groups of the substrate to form an amide bond, which covalently
links the chain to the substrate. (b) Schematic representation for forming
nanostructures on silicon using mechanochemical oxidation and then
etching using KOH. (a) Reproduced with permission.’® Copyrights 2006,
Nature Publishing Group. (b) Reproduced with permission.®® Copyrights
2014, Hindawi Publishing Cooperation.

nanometre scale, which can be achieved by localized chemical
reactions. Silicon is one of the most abundantly used elements for
electronics due to its semiconductor properties, and hence, they
silicon materials need to be modified at the nanoscale for produ-
cing miniature devices. One possibility is by protuberance for-
mation on a silicon surface, which can be achieved by sliding a
diamond tip on top of the surface, resulting from the concentrated
stress that breaks the local Si-Si bonds. The processed part forms
SiO, and Si(OH), due to the presence of oxygen and water on the
surface. Upon further carrying out etching using KOH, only the
unprocessed part is etched out; thereby resulting in the formation
of structures at the nanometre scale.”® Fig. 13b shows a schematic
representation of the above process.”

4.5 Polypeptide studies

Single-molecule force spectroscopy has also been employed for
the folding and unfolding of polypeptides, which can result in
increased or decreased chemical reaction rates. Li et al. used
AFM to partially unfold a model metalloprotein rubredoxin to
expose its FeS, centre for studying its reactivity in aqueous
solutions. It was demonstrated that exposure of the metal
centres causes a destabilization of the FeS, centre upon
electrophilic protonation and nucleophilic ligand substitution.
This was further corroborated by quantum chemistry simula-
tions showing that partial unfolding facilitated the attack on
the FeS, centre by exogenous ligands in aqueous solutions.”
Similarly, the protein titin constituting titin kinase (TK) that is
present in vertebrate muscle has been studied by AFM for its
strain response behaviour. In the folded state, its catalytic
activity is blocked due to the presence of a helix blocking the
ATP binding site. SMFS was used to selectively remove the helix
barrier by mechanical unfolding, which resulted in a successful
binding of ATP, thus showcasing TK could act as a biological
force sensor.””

From a general viewpoint, by using SMFS, researchers can
well understand the nanomechanical behaviour of chemical
bonds ranging from covalent to non-covalent but still, the
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number of studies is limited. We propose a combination of
theoretical, experimental, simulation and hands-on experience
with mechanical force can help in better understanding and
exercising control over chemical reactions.

5. Outlook on the future progression
of the field

Further research should be directed towards a better under-
standing of mechanochemical reactions at the microscopic or
molecular levels for its practical implementation and progress,
because most of the current highlighted materials lack an
appropriate mechanism to elucidate the mechanochemical
process.

5.1 Controlling the mechanochemical process via crucial
parameters is critical for understanding the ball milling
process

Controlling the parameters in the mechanochemical process
can aid its use and understanding, including the ball to powder
ratio, ball-milling speed and milling time milling atmosphere,
as they influence the mechanical energy intensity, as well as the
energy injection frequency and ambient conditions, which will
create chemical reactions, thereby influencing the final pro-
duct. The milling temperature and atmospheric pressure inside
the milling jar are also critical to the thermodynamic reactions
of the treated materials. Many current milling instruments do
not allow control of these parameters and thus cannot fully
control the milling process and end products. The substantial
modification of milling devices is required to enable an adjust-
ment of the various parameters. In addition, in situ monitoring
of the milling process using various detectors allows the estab-
lishment of the relationship between the milling conditions
and reaction process, providing critical information for under-
standing the mechanism of the mechanochemical processes.
We made possibly the first in situ monitored, and instrumented
milling device in 1993 based on a vibrating-frame grinder from
Fritsch (Fig. 14a).>" The milling temperature, atmosphere and
milling intensity could be changed. The milling impact action
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Fig. 14 (a) Scheme of the modified vibrating-frame milling device.
(b) Typical records of the movement of the ball relative to the vial, as
given by the linear variable differential transformer (LVDT), for vibration
amplitudes of the vial: A = 0.5. 1.0 and 1.5 mm, respectively. Reproduced
with permission®! Copyrights 2020, American Physical Society.
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was monitored directly using a displacement sensor so that the
milling intensity and frequency could be determined, as shown
in Fig. 14b. Using this instrument, it was found that Ni,Zr,
compounds become fully amorphized, providing the specific
milling intensity was greater than the temperature, ie. the
composition-dependent threshold value. Below this threshold,
a two-phase structure (crystalline + amorphous) was stabilized.
Other milling devices need to be instrumented for monitoring
purposes.

The development of new techniques and studying the pro-
duct formation under fully controlled conditions can help in
realizing the desired functionality of nanomaterials. This can
also indeed help in increasing the product yield and extending
the application of mechanochemistry to a wide range of
industries. The temperature of ball mill jars before and after
milling has been measured with IR-thermometers or thermocou-
ples. New designs with more in situ tools, such as a combination of
infrared spectroscopy plus Raman spectroscopy or infrared with X-
ray source, would be highly desirable.

5.2 Theoretical studies

Theoretical research is critical to understand new chemistries
observed over time. Compared to the large number of reported
experimental research studies in mechanochemistry, there is
not much theoretical research reported so far. The relationship
between the important ball milling parameters and reaction
end products has been established through in situ monitoring,
which has provided important data and new opportunities for
theoretical investigation of the mechanochemical processes.
The results can be verified using atomic force microscopy,
which has been demonstrated to be a powerful tool in under-
standing the role of mechanical force in molecular changes.
Theoretical investigation will provide some pointers for the
future direction of mechanochemistry development.

5.3 Green and clean industry process

Mechanochemistry was developed from solid-state chemistry and
only expanded into polymer and organic chemistry recently. It
has been widely used to synthesize various nanomaterials, and
has important industry applications in the preparation of battery
materials. The authors and other teams have demonstrated the
advantages of it not needing the usage of a solution and it being
waste free, but further strong efforts should be made to develop
mechanochemistry into green and clear chemical and synthesis
processes to replace some current polluting and energy intensive
industry processes, which will make a strong contribution to
greater environmental protection.

5.4 Scaling up and commercialization of mechanochemistry

Although the traditional ball milling technique has been used
by many industries, the modern ball milling technique
required for mechanochemistry with controlled energy, atmo-
sphere, temperature and other parameters needs to be scaled
up for large-scale applications. Collaboration with industry
users is needed to develop large-scale techniques using
mechanochemistry that will consume less energy and will be
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more efficient. Issuing grading and standardization for different
materials is also very important for use in real-life applications.
For example, graphene produced from planetary ball mills under
certain conditions with specific size should come under one
category for certifying the quality.
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