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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.
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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

I f" » . 4 ® ° 4 y s e
‘ X WA A Tal I
{ \' ° - ° ,. . [\\. g ". >7'.

kS
Boron e Nitrogen e Carbon — —

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)

Chem. Commun., 2021, 57,1080-1092 | 1083


https://doi.org/10.1039/d0cc06581a

Published on 16 December 2020. Downloaded on 8/19/2025 2:32:04 AM.

ChemComm

3
3

§ 8 8

]
3 5 & % 3

Capacity (mAh )
Coulombic Effciency (%)

g

@® Sainlesssteelballs  +  Antimony LI R
o Copaciy (mARG')

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