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Various solvent-based approaches have been already used to synthesize porous materials. Mechanochemical
synthesis is one of the effective eco-friendly alternatives to the conventional synthesis. It adopts the efficient mixing
of reactants using ball milling without or with a very small volume of solvents, gives smaller size nanoparticles
(NPs) and larger surface area, and facilitates their functionalization, which is highly beneficial for antimicrobial

applications.

porous materials mechanochemical synthesis nanoparticles

| 1. Mechanochemistry: History and Advantages

The history of mechanochemistry is very long. The first use of the mortar and pestle as a grinding tool can be
traced to the stone age. Later, these simple tools were replaced by more sophisticated devices that can be used for
the preparation of materials for research and different practical applications. The mechanochemical process
involves the chemical transformation of the reactant species by means of various forms of mechanical forces such
as compression, shear strain, friction, etc. This process was found to be scripted from 315 BC by Theophrastus in
his book, “On Stones” [, The working principles of mechanochemistry are still not fully explained, but systematic
study was started around the middle of the 19th century and was significantly advanced after the 1960s. The
important industrial applications of mechanochemistry include the processing of cement clinker, ores, and powder
metallurgy, which adopt fine grinding as a mechanochemical tool and have been used since the 19th century until
now [&. Although the principles and methodologies of mechanochemistry are still being explored, the initial slow
progress in this field was accelerated when mechanical alloying emerged. Nowadays, the popularity of
mechanochemical synthesis is increasing in various fields, including organic, inorganic, and materials chemistry.
Because of the growing popularity of mechanochemistry, IUPAC in 2003 defined mechanochemical reaction as “a

chemical reaction that is induced by the direct absorption of mechanical energy” 2!,

Mechanochemical synthesis is one of the safest ways to prepare nanomaterials. This synthesis is safer than wet
chemical processing. The major advantages of this synthesis are:

(i) Reduction of particle size: ball milling is a physical method that affords the synthesis of particles with reduced

sizes down to tens of nanometers.

(i) Nanostructuring and activation of materials: mechanical grinding can be used for the synthesis of mesoporous

materials via template-assisted methods. In addition, mechanochemistry can be applied for the nano-casting
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synthesis of nanoporous materials 4,

(i) Doping of nanoparticles: the activity of nanomaterials mainly depends on their surface-to-volume ratio, size, and
surface functionality, as well as the active sites present on the surface. The surface properties of NPs can be
modified by doping, which is commonly used to enhance their catalytic activity, antimicrobial properties, etc.
Moreover, doping permits the realization of desired properties for specific applications such as wastewater

treatment, nuclear waste management, and adsorption-based removal of harmful dyes BIEI7,

(iv)Reduction of reaction time: mechanochemical processing is quicker than conventional synthesis. The reduction
of tungsten carbide particles from 2—3 mm sizes to 3 um takes 70 h in conventional synthesis, whereas the

same can be achieved in 3 min in a planetary ball mill &,

(v) Large-scale production: this method helps to produce high-purity NPs on a large scale 2. For instance, about 10

g of ternary lanthanum nanoscale coordination polymer was obtained by this solvent-free method 29,
(vi)Low agglomeration: this approach helps to produce the NPs with narrow particle size distribution 111,

(vi)Medicinal value: the use of modern mechanochemistry in the medicinal field as medicinal mechanochemistry

expands the scope of this approach [22],

Along with these advantages, some disadvantages of this process are known too. Namely, this method requires
high-energy mechanochemical equipment, is prone to particle contamination originating from the container and
grinding balls, and it is often difficult to achieve ordered porosity, precise shape, and size due to high energy milling
[13][14]

| 2. Mechanochemical Synthesis of Nanoparticles

The basic principle of mechanical synthesis is the grinding of solid materials, which involves the reduction of
particle sizes. The essence of mechanochemical processing involves the induction of chemical reactions between
raw materials by the input of mechanical energy. This is the most important difference between grinding (top-down
approach) and mechanochemical processing 1518 The close contact between the milled particles highly
enhances the diffusion and chemical reactivity of the reactants . During the ball milling process the plastic
deformation, shear stress or shock impact, fracture, and friction due to the collisions induce structural defects and

can break chemical bonds. After multiple processes, a hew and active state of the material is produced L7,

Mechanochemistry can be used to facilitate reactions at different interfacial systems such as solid-solid, solid-gas,
and solid-liquid systems. Specifically, mechanochemical ball milling is extensively used for the synthesis of different
types of metallic NPs, metal oxide nanocomposites, and different types of doping processes. There are various

types of mills in use for synthesis. Some of them are L7:

o SPEX shaker mills
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» Planetary ball mills
 Attritor mills

e Modern mills (rod mills, vibrating frame mills)

2.1. Synthesis of Metal Nanoparticles

AgNPs were successfully synthesized via mechanochemistry (ball milling) by using lignin as a biodegradable
reducing agent without solvents. The synthesized AgNPs showed a very efficient antimicrobial property for both
gram-positive and gram-negative bacteria 8. Some of the studies showed that mechanochemistry can be
successfully used for the synthesis of ultrafine Fe, Co, Ni, and Cu NPs 2. The mechanochemical reduction of
binary sulfides of copper, chalcocite (Cu,S), and covellite (CuS) by elemental iron resulted in the formation of
copper nanoparticles 2%, This semi-industrial approach can also be used in laboratories as well as large-scale
production [22d. Mechanochemistry helps solve the problems associated with coalescence and oxidation of
metallic particles and facilitates particle size reduction by extending the milling time. It also helps to generate the
products within a short time, even within a few seconds [2l. The synthesis of AgNPs in the presence of graphite as
a reducing agent is the next successful example of ball milling [22. The latest emerging area of mechanochemistry
for the synthesis of nanomaterials is the use of green-type precursors. In this case, mechanochemical processing
can be considered bio-mechanochemical synthesis. An example of such processing is the synthesis of AgNPs in

the presence of natural products as reducing agents, i.e., Origanum vulgare leaf extract 18],

2.2. Synthesis of Metal Oxide Nanoparticles

Synthesis of ZnO NPs in an eco-friendly mechanochemical way is based on chemical Reactions (1) and (2). During
this process, Zn (OH), formed after milling and subsequent heat treatment, gives the ZnO NPs [23],
Zn (CH3;COO0), + NaOH - 2CH3;COONa + Zn(OH), (1)

Zn (OH), - ZnO +H,0 (2)

There are various routes for the synthesis of metal oxide NPs such as hydrothermal synthesis, chemical bath
deposition (CBD), sol-gel method, etc. Most of these syntheses are carried out in the liquid phase and require a
large volume of solvents. In contrast, high-energy ball milling converts the bulk materials into fine powder without
solvents or with an extremely small volume of solvents. The mechanical energy activates the chemical reagents,
which results in producing nanoparticles as the final products 2. An easy, fast, and green synthetic route for the
preparation of different metal oxide NPs makes the mechanochemical process very useful. For instance, the
synthesis of Gd,03 by mechanochemical processing and subsequent heat treatment was reported 241, Similarly,
other metal oxide nanoparticles including Cr,03 281, zno 281271 7rO, [28] CeO, 22, SnO, B9, cdO B, coO B2,

and TiO, 23 were effectively synthesized by this method.

The biochar (carbonaceous and porous material) exhibits limited adsorption ability to anionic species. For instance,
modification of biochar with metal oxide species to form nanocomposites significantly enhances its adsorption

capacity. The formation of these nanocomposites by different processes may discharge some contaminants either
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as a byproduct, or impose contamination risk on the final product. High-energy ball milling can greatly reduce the
contamination risk of the final product. It also decreases the particle size and increases the specific surface area
and thus introduces plenty of active sites for adsorption. Specifically, combining CuO with biochar can increase the
porosity of the resulting composite, enlarge specific surface area, and introduce hydrophilicity, which greatly
enhances the adsorption capacity of the composite 4. The comparison study for the synthesis of some metal and
metal oxide NPs through mechanochemical and solvent-based methods is shown in Table 1. It includes the

chemicals used, and particle size.

Table 1. Comparative study of solvent-based synthesis and mechanochemical synthesis of various NPs.

Solvent-Based Synthesis e

Synthesis
Samples Size - Size
(NPs) (nm) Hazardous Chemicals Used Refs. (nm) Ref.
Hydrazine hydrate, Sodium [35] 37]
Ag 8-50 hypophosphite [26] 39-100
Au 22+4.6 NaBH, [38] 14.8+6.8 [23]
+
Cu,0 7i58_ NaBH,, NaOH [29] 11 [49]
Fe,0s3 50 H,0,, NoH, [41] 4.21 [42]
Zno 45-76 Ammonia [43] <20+5 [44]

2.3. Synthesis of Nanoalloys and Nanocomposites

Mechanical alloying is the next advantageous strategy to synthesize mixed metal nanoparticles (alloy
nanoparticles). These types of nanoparticles are widely used in catalytic applications as they show some
synergetic effects. There are various methods for the preparation of bi- or multi-metallic nanoalloys. Many of the
synthetic procedures are analogous to those used for the formation of monometallic NPs. Due to the various
technical difficulties and laborious conventional synthetic procedures, mechanochemistry is one of the alternative
and easy ways to prepare the metal oxide nanocomposites, supported metal nanoparticles, mesoporous materials,
and different coordination polymers because of its simplicity and low cost 42l For instance, Fe/CaO and Co/CaO
nanocomposites were synthesized by inexpensive mechanochemical processing using non-toxic metal oxide
precursors 48, Mechanochemical synthesis can also be used for the synthesis of mixed metal oxide NPs such as

ceria-zirconia 4.
2.4. Use of Mechanochemistry for Doping and Incorporating Various Species

TiO2 has been extensively studied as a photocatalyst and it can be synthesized by different approaches such as

sol-gel, hydrothermal, and mechanochemical (ball milling) methods. Doping and co-doping with suitable metallic or
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nonmetallic elements or coupling with another semiconductor have been used to enhance its properties. Silver-
doped TiO, has Schottky defects and behaves as an electron trap. Various methods have already been proposed
to dope Ag on the titania surface. However, ball milling is cost-effective, less time-consuming, and an eco-friendly
approach. Doped titania nanoparticles are photo-catalytically and biologically active [2&. Another example is a
conventional synthesis of porous carbon, which involves a multi-step and expensive process, and produces many
wastes as a byproduct. Mechanochemical synthesis of carbons eliminates these shortcomings. Thus, a
mechanically-induced self-sustaining reaction can be performed at room temperature to get the N-doped porous
carbon or nitrogen-rich carbon materials — specifically, one-pot mechanochemical process involving calcium
carbide and cyanuric chloride 42, Reaction (3) was used to obtain nitrogen-rich carbon material, i.e., C¢N3 carbon
nitride:

3CaC, + 2C3ClI3N3 — 3CaCl, + 2CgN3  (3)

Similarly, an easy, efficient, and safe method of doping of Mg on hydroxyapatite was achieved by the dry
mechanochemical method Y. Additionally, the mechanochemical synthesis of transition metal doped ZnO for
photocatalytic applications was performed. Co-doping of ZnO highly reduced its photocatalytic activity as the Co
ions substituted the Zn ions in the ZnO wurtzite phase. On the other hand, the Mn dopant showed an increased

photocatalytic activity at low levels of doping, which was reversed at a higher level of doping 211,

2.5. Mechanochemical Synthesis of Highly Porous Nanoparticles

Adsorption is an important physical phenomenon that results in attracting atoms or molecules of gas, liquid, or solid
phase on the surface. The porosity of material means the presence of various interconnected voids and/or
channels in its matrix. IUPAC defines porosity in terms of the size (diameter) of pores and distinguishes three
classes of materials: (i) microporous, having pore sizes below 2 nm; (ii) mesoporous, having pores in the range of
2-50 nm; and (i) macroporous, possessing pores with sizes larger than 50 nm 2. Microporous materials are
further sub-classified as ultra-microporous materials having pore sizes of 0.7 nm or smaller B2, Mechanochemical
synthesis is an emerging method for the preparation of various porous materials L. This method overshadows the
phenol-formaldehyde polycondensation approach for the formation of porous carbon. The uniform and scalable
ordered mesoporous carbons (OMCs) were synthesized using bio polyphenols (tannin), and block-copolymer. This
method was modified to incorporate Ni and Zn species into carbons 24, Similarly, mesoporous crystalline y-
alumina and modified alumina with a high specific surface area and pore volume were synthesized from boehmite

as an alumina precursor via high-energy mechanochemical ball milling 551581,

Additionally, ball milling was used to synthesize FeO(OH) nanoflake/graphene and nano FezO4/graphene
composites from commercially-available graphite oxide and iron powders [BZ. Mechanochemical approach
facilitates the synthesis of two- and three-dimensional metal-organic compounds. Figure 1 represents the chemical
reaction for the formation of Cus(BTC), and Cu3(BTB), (8. A comparison of the mechanochemical activation of
metal-organic framework (MOF) (HKUST-1) (Sget = 1713 m?/g) with the sample without activation (Sger = 758

m2/g), and commercial sample (Sger = 1836 m?/g) has been reported elsewhere 8],
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ForR=R;
R — Cu3(BTC),
- 6 CH;COOH
Ball milling
5 + 3 Cu(CH;COO),.H,0 —
- 3H,0
For R=R,
R R ———  Cw(BTB),
- 6 CH;COOH

R; =-COOH (H3BTC)
R, = -Ph-COOH(H,BTB)

Figure 1. Mechanochemical synthesis of HKUST-1 (copper benzene-1,3,5-tricarboxylate) and MOF-14
{[Cuz(BTB)2(H20)3] (DMF)g(H20),}.
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