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Mechanochemical synthesis of nanoparticles
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The results of recent investigation of the mechanochemical synthesis of inorganic
nanoparticles are reviewed. It was demonstrated that, by selecting suitable chemical
reaction paths, stoichiometry of starting materials and milling conditions,
mechanochemical processing can be used to synthesise a wide range of nanocrystalline
particles dispersed within a soluble salt matrix. Selective removal of the matrix phase by
washing the resulting powder with appropriate solvents can yield nanoparticles of the
desired phase. This technique has been shown to have advantages over other methods of
producing nanoparticles in terms of low cost, small particle sizes, low agglomeration,
narrow size distributions and uniformity of crystal structure and morphology.
C© 2004 Kluwer Academic Publishers

1. Introduction
Nano-size particles of less than 100 nm in diameter are
currently attracting increasing attention for the wide
range of new applications in various fields of indus-
try [1]. Such powders can exhibit properties that differ
substantially from those of bulk materials, as a result
of small particle dimension, high surface area, quan-
tum confinement, and other effects. Most of the unique
properties of nanoparticles require not only the particles
to be of nano-sized, but also the particles be dispersed
without agglomeration.

Many methods have been developed for the synthe-
sis of nanoparticles, including vapour phase conden-
sation, sputtering, wet chemical precipitation, sol-gel
techniques and hydrothermal synthesis. Since many
existing methods involve the nucleation of nanoparti-
cles in either vacuum, gas or liquid, the separation of
nanoparticles during synthesis is not guaranteed: Parti-
cles encounter one after another in the growth stage, re-
sulting in the formation of agglomeration and relatively
poor control of the overall particle size distribution.

The synthesis of nanocrystalline materials by
mechanical milling, mechanical alloying [2] and
mechanochemical processing [3] has been widely stud-
ied. Those milling techniques enable synthesis of
nanocrystalline structures in the as-milled powder, due
to the process of particle deformation and fracture that
accompanies repeated ball-powder collision events. Re-
cently, it has been demonstrated that mechanochemi-
cally induced solid-state reactions can also be used for
the production of nanoparticles.

This paper reviews recent research concerned with
the synthesis of nanoparticles by mechanochemical
processing carried out at the Research Center for Ad-
vanced Mineral and Materials Processing.
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2. Nanoparticle synthesis by
mechanochemical processing

Mechanochemical processing is characterised by the
repeated welding, deformation and fracture of the mix-
ture of reactants. Chemical reactions occur at the
interfaces of the nanometer-sized grains that are con-
tinuously re-generated during milling [4]. As a conse-
quence, chemical reactions, which would normally re-
quire high temperatures to occur due to separation of the
reacting phases by the product phases, can occur at low
temperatures in a ball mill without any need for external
heating [5]. The reactions may occur either in a steady-
state manner or self-propagating combustive manner
[6, 7]. Solid-state displacement reactions that occur in
a combustive manner lead to micron-sized particles due
to high temperature, whilst the reactions that occur in
a steady state manner result in a nanoscale mixture of
product phases [8]. Mechanochemical combustion can
be avoided by appropriate selection of milling parame-
ters to reduce collision energy and by addition of inert
diluents to the starting powder mixture to reduce the
reaction rate.

By selecting suitable conditions such as chemical
reaction paths, stoichiometry of starting materials and
milling conditions, mechanochemical processing can
be used to synthesise nanocrystalline particles dis-
persed within a soluble salt matrix. Selective removal
of the matrix phase by washing the resulting powder
with appropriate solvents can yield nanoparticles of the
desired phase as small as 5 nm [9].

Of significance is the fact that this technique allows
the formation of separated nanoparticles embedded in a
solid matrix, leading to agglomeration–free nanopow-
ders. Moreover, the crystallinity of nanoparticles can
be improved by heat treatment prior to removal of the
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T ABL E I Examples of mechanochemical reactions and associated
enthalpy change �H

Reaction �H (kJ/mole)

(1) FeCl3 + 3 Na → Fe + 3 NaCl −884
(2) CoCl2 + 2 Na → Co + 2 NaCl −495
(3) NiCl2 + 2 Na → Ni + 2 NaCl −507
(4) CuCl2 + 2 Na → Cu + 2 NaCl −575

solid matrix phase without inducing particle agglomer-
ation due to the enclosure of nanoparticles in the solid
matrix.

3. Metal nanoparticles
Studies to date have demonstrated the mechanochemi-
cal synthesis of ultrafine Fe, Co, Ni, Cu, Ag, Ta, and W
powders [10–13]. A list of selected mechanochemical
reactions is given in Table I.

The reactions in Table I were all highly exother-
mic, and hence the use of diluent was necessary to
avoid combustion. In the studies carried out using
Spex 8000 mixer/mill, the collision energy was reduced
by decreasing the diameter of grinding media. It was
shown that the decreasing the grinding ball size from
12.6 mm to 3.2 mm delayed the onset of combustion
during the milling of CuCl2 + 2 Na starting mixture
[10]. However, in order to prevent combustion from
occurring, it was necessary to add 100 wt% NaCl as
a diluent phase into the starting mixture. Other reac-
tions in Table I also required addition of NaCl for the
prevention of combustion.

Fig. 1 shows a nickel-mapping transmission electron
micrograph of an as-milled particle after milling for 2 h
to cause the reaction (3) in Table I [13]. It is evident that,
although the particle size of Ni/NaCl nanocomposite
was ∼500 nm, it consisted of ∼5 nm sized Ni nanopar-
ticles embedded and dispersed within a solid matrix
of NaCl. After washing the powder with deionised de-
oxygenated water, Ni nanoparticles were obtained as

Figure 1 Nickel mapping TEM image of an as-milled particle [13].

Figure 2 TEM image of Ni nanoparticles [13].

shown in the transmission electron microscopy (TEM)
image (Fig. 2).

Milling for longer time resulted in the particle
growth due to inter-particle welding during collision
events. On the other hand, milling of micron-sized
Ni and NaCl powders, i.e., top-down approach to
grind down Ni particles, resulted in a layered particle
morphology, and the particle size was ∼10 µm even
after milling for 16 h [13].

4. Oxide nanoparticles
Various oxide nanoparticles have been synthesised by
mechanochemical processing, including Al2O3 [14],
ZrO2 [15, 18], Gd2O3 [16], CeO2 [17], Cr2O3 [19],
Nb2O5 [20], SnO2 [21, 22], Fe2O3 [23] and ZnO [24].
A list of mechanochemical reactions used for the syn-
thesis of oxide nanoparticles is given in Table II.

It was found that the volume fraction of nanopar-
ticles in the product phase should be sufficiently
low to prevent the crystallite of the desired phase
from being interconnected or percolated through the
composite as-milled particles. For example, SnO2
nanoparticles were produced via the reaction SnCl2 +
Ca(OH)2 + 0.5 O2 → SnO2 + CaCl2 + H2O and sub-
sequent heat treatment, but the resulting powder com-
prised large (∼400 nm) aggregates. When CaCl2 dilu-
ent was added in the starting powder mixture to decrease

TABLE I I Examples of mechanochemical reactions

Reaction

2AlCl3 + CaO → Al2O3 + 3CaCl2
ZrCl4 + 2CaO → ZrO2 + 2CaCl2
GdCl3 + 3NaOH → Gd2O3 + 3NaCl + 1.5H2O
CeCl3 + NaOH → CeO2 + 3NaCl + H2O
Na2Cr2O7 + S → Cr2O3 + Na2SO4

2NbCl5 + 5Na2CO3 → Nb2O5 + 10NaCl + 5CO2

SnCl2 + Na2CO3 + O2 → SnO2 + 2NaCl + CO2

2FeCl3 + 3Ca(OH)2 → Fe2O3 + 3CaCl2 + 3H2O
ZnCl2 + Na2CO3 → ZnO + 2NaCl + CO2
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Figure 3 TEM image of CeO2 nanoparticles [9].

the volume fraction of SnO2 from 29 to 9%, nanopar-
ticles of ∼40 nm in diameter were obtained [22].

CeO2 nanoparticles of ∼10 nm were produced via
the reaction CeCl3 + 3NaOH + 12NaCl → Ce(OH)3+
15NaCl and subsequent heat treatment at 500◦C [17].
Fig. 3 shows the CeO2 nanoparticles thus obtained.
The Brunauer-Emmett-Teller (BET) specific surface
area was 83 m2/g, corresponding to a spherical particle
size of 10 nm. The crystallite size estimated from the
peak broadening of an X-ray diffraction (XRD) pattern
was 10.2 nm. The agreement between TEM, BET and
XRD sizes is indicative of significantly low degree of
agglomeration in the nanopowder.

The CeO2 nanoparticles showed particle growth as
the heat treatment temperature increased. Above the
melting point of the NaCl matrix, 800◦C, the parti-
cle size showed drastic increase. At the same time, the
sizes estimated by BET and static laser-light scattering
(LLS) spectroscopy became significantly larger than
the XRD crystallite size (Fig. 4). This is due to the
fact that the NaCl matrix phase was no longer solid and
hence nanoparticles were not separated from each other
[17].

Figure 4 Particle sizes of CeO2 nanoparticles as a function of heat treat-
ment temperature [17].

Figure 5 UV-Vis spectra of ZnO nanoparticle aqueous suspension
(0.01 wt%, 10 mm optical path length).

When the particle diameter is less than one tenth
of the wavelength of probe light, the light-scattering
power of a particle is proportional to the 6th power
of its diameter. Hence, optical extinction, i.e., light
transmittance or turbidity of nanoparticle suspensions
is highly sensitive to mean particle size, size distri-
bution and agglomeration-states of nanoparticles. As
shown in Fig. 5, ZnO nanoparticles synthesised by
mechanochemical processing had significantly higher
specular transmittance than the ZnO nanoparticles
produced other methods such as physical vapour
synthesis and hydrothermal synthesis [25], indicative
of superiority of mechanochemical processing over
other techniques.

5. Sulphide nanoparticles
Nanoparticles of ZnS, CdS and Ce2S3 have been syn-
thesised by mechanochemical processing [26]. It was
shown that mean particle size of ZnS nanoparticles was
reduced when (i) the particle-size of a starting reactant
was reduced, (ii) the size of milling media was reduced,
or (iii) the volume fraction of ZnS in the product phase
was reduced [27].

CdS nanoparticles were synthesised using the re-
action Na2S + CdCl2 + 15.6 NaCl → CdS + 17.6
NaCl [28]. It was possible to control mean particle sizes
from 4 to 8 nm by varying the size of grinding media.
After milling for 4 hours with milling media of 4.8 mm
in diameter and subsequent washing to remove NaCl,
CdS nanoparticles of ∼4 nm in diameter were obtained.
Crystallite size determined from X-ray diffraction study
was 4.3 nm. As shown in Fig. 6, TEM study showed
that the particles had a narrow size distribution.

CdS is a II–VI semiconductor with a direct bandgap
of 2.4 eV. Quantum size effects are expected for par-
ticles smaller than the exciton Bohr diameter of 8 nm.
The CdS synthesised by mechanochemical processing
showed a blue-shift of the absorption energy, indicative
of a quantum size effect [28, 29].

6. Carbonate nanoparticles
CaCO3 nanoparticles were obtained via the reaction
of CaCl2 + Na2CO3 + 10.3 NaCl → CaCO3 + 12.3

5145



MECHANOCHEMISTRY AND MECHANICAL ALLOYING 2003

Figure 6 Size distribution of CdS nanoparticles by TEM study.

NaCl [30]. The powder consisted of 10–80 nm size
nanoparticles having a calcite structure and a cuboidal
morphology. Commercial production of ultrafine
CaCO3 uses a wet chemical precipitation technique,
which is difficult to create a homogeneous reaction en-
vironment in a large scale reactor, leading to agglomer-
ated particles having a wide variety of crystal structures
and morphologies [31]. In contrast, mechanochemical
processing enables building up nanoparticles through
solid-state chemical reactions in a nano-scopically uni-
form environment, and thus the resulting nanoparticles
normally have uniform structure and morphology and
a narrow size distribution.

7. Summary
A wide range of nanoparticles have been synthesised
by mechanochemical processing. The process involves
mechanochemically activated solid-state reactions and
subsequent removal of matrix phases. In order to pro-
duce small particle sizes, it was necessary to (i) avoid
combustion during milling, (ii) reduce volume fraction
of the particle phase, (iii) carefully control milling con-
ditions such as grinding-media size and milling time.
The resulting nanoparticles have mean particle sizes as
small as 4 nm, low agglomeration, narrow size distribu-
tions and uniformity of crystal structure and morphol-
ogy, which are unique features of mechanochemically
synthesised nanoparticles and are superior to the nano-
particles produced by other techniques.
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