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Abstract

The ball-milling process involves both fracturing and welding of particles. Particles of
ductile materials are very likely to attach to each other when entrapped between balls.
Therefore, conventional milling methods fail to grind ductile materials into nanoparticles.
However, using brittle particles together with the starting materials, one can fracture and
highly activate ductile particles through planetary ball milling. During the milling pro-
cess, brittle particles are easily fractured down, and their sharp edges chop the particles
of the ductile materials incessantly into pieces until both ductile and brittle particles are
nano-sized (a process which is unlikely, if not impossible, to accomplish by ball milling of
ductile materials alone). In this chapter, the effects of ball milling of ductile materials (e.g.,
graphite, aluminum, and zinc) together with a brittle material (here, NaCl), for preparation
of metal nanoparticles or metal oxide nanoparticles are investigated. A theoretical explana-
tion of the mechanism is also presented based on the facts and practical measurements.

Keywords: ball milling, brittle, ductile, nanoparticle, nanochopper, graphene

1. Introduction

In every branch of material engineering, it happens very frequently that a bulk material is
ground into very fine particles. Therefore, material engineers are quite acquainted with grind-
ing process. Having basic principles in common, grinding methods may be slightly different
depending on the characteristics of the material that is about to be ground, ultimate size of
particles after grinding, energy- and time-consumption condensations (which may also be
referred to as economy of the process), etc.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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One of the most routine methods for grinding is planetary ball milling in which a given mate-
rial is loaded in a jar that is partially filled with balls made of a harder material (e.g., stainless
steel and zirconia). The jar is then sealed and rotates multi-directionally by means of electro-
motors. The bulk material is gradually ground as the balls exert large enough compressive
and shear stresses on it to fracture it into fine particles. For most of the materials, the longer
the ball-milling duration, the smaller the particle size. However, as we will see soon in this
chapter, this is not always the case. Particles of ductile materials rejoin together to form larger
particles when they are shoved into each other by the balls (this phenomenon is referred to as
cold-welding). Hence, the ball milling does not necessarily lead to size reduction of the particles.

Introduced in this chapter is a new, simple method for ball milling of ductile materials (the
method has already been examined for some ductile materials). When the materials to be
ground are all ductile, then a brittle material should be added to the jar to serve as a chopper
and prevent from cold-welding of the ductile materials. Using this method, one can obtain
nanoparticles of ductile materials by ball milling [1-5]. The brittle choppers also undergo size
reduction down to nano size during the ball milling. Thus, they are referred to as nanochop-
pers in this chapter.

Along with their brittle nature, the nanochoppers should also meet some other requirements.
They, for example, must not react with the starting materials. They should be harder than
the starting materials, nontoxic, abundant, and economic. However, nanochoppers must have
another characteristic which is of great importance: they must be easy to remove from the
product, leaving no vestige.

Consequently, the overall process of obtaining nano-sized powders of ductile materials con-
sists of two steps. The first step is ball milling of the starting materials together with a brittle
material, and the second step is removal of the brittle material from the product. The latter
step, however, may be accomplished by different techniques depending on the characteristics
of the brittle material and ultimate objective of producing the powder. The next three sections
of this chapter consider the method according to the final purpose of the ball milling: produc-
tion of metal nanoparticles, production of hydrogen by means of metal nanoparticles, and
production of metal oxide nanoparticles.

2. Mass production of nanoparticles of ductile materials

When one’s final objective is to produce nanoparticles of a ductile metal, conventional ball-
milling procedure may not come in handy as it fails to downscale the ductile metal particles.
At the beginning of ball-milling process, the bulk material is fractured into smaller pieces
under the pressure of the balls. However, the rate of size reduction of particles decreases as
the time passes and eventually approaches to zero [6]. That is, the further ball milling does
not lead to smaller particles because the rate of fracture is very low and is almost equal to the
rate of cold-welding. There are several reasons for low rate of size reduction after long time.
Firstly, fine particles are very unlikely to be entrapped between two balls, and if they are, the
stresses exerted from the balls do not break them into pieces. Instead, the ductile particles are
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only kneaded and deformed or are thrusted into each other to make a larger particle. Also, the
intersection of the balls is too large (compared to the size of the particles) to rip the particles
apart. When the balls are rolling against each other, they buffet the particles about, making
them more susceptible to agglomerate. Under such circumstances, one should add balls with
radii comparable to the size of the particles. In practice, particles of a harder, brittle material
can play the role of the tiny balls. If a brittle material is added to the jar at the beginning of
the ball-milling process, then it is also ground into smaller pieces, and after adequately long
time, the brittle particles are nano-sized and act as nanochoppers. These nanochoppers cut the
ductile particles into pieces and reduce their sizes.

Some practical instances of application of this method are introduced here. First, we show
how to prepare graphene nanoflakes, and then we report the experiment conducted to extend
the methodology to mass production of aluminum nanoparticles.

2.1. Preparing graphene nanoflakes

Graphene has a two-dimensional, hexagonal lattice that is composed of sp2-bonded carbon
atoms [1, 7, 8]. It was first invented through micromechanical cleavage of graphite in 2004
[9], and its extraordinary characteristics [10, 11] have drawn the scientists” and engineers’
attentions toward its promising applications in different fields such as composite materi-
als, transparent conductive films, ultrasensitive gas sensors, and solar cells [12-14]. Various
methods for producing graphene flakes have so far been invented which are commonly
categorized into two groups: bottom-up and top-down methods. In bottom-up methods,
the hexagonal carbon structure is formed from molecular precursors (e.g., epitaxial growth
of graphene on substrates) [15, 16] and thermal decomposition of SiC [17]. These produc-
tion processes, however, are very energy-consuming, and their yield is low. They also need
expensive equipment. In the methods classified as top-down group, on the other hand, gra-
phene layers are peeled out or extracted off the graphitic microstructures such as carbon
nanotubes, carbon fibers, and graphite (or graphite oxide) by chemical, electrochemical,
or physical techniques [18-20]. These techniques typically include complicated syntheses,
harsh oxidizers [21], or immoderate utilization of organic solvents for exfoliation [22-24].
To produce graphene flakes in larger quantities, one may also choose mechanical milling
method because it is relatively convenient and economic. However, if graphite powder is
solely ground in a planetary ball mill, then the milling process augments the stress in the
graphite structure [25-27]. Wet environments, on the other hand, degrade the quality of
the product because liquid solution in the jar may react with the balls and the jar leaves
some impurities in the product [28]. Nevertheless, as explained above, there is a convenient
method for reducing the size of graphite particles incessantly by addition of a brittle mate-
rial to the planetary ball mill. Owing to its convenience and low cost of involved materials,
this approach can be easily scaled up.

Sodium chloride (NaCl) is used as the brittle material for ball milling of natural graphite pow-
der. NaCl is added directly to the jar with graphite and ball milled for 2-5 h. The ball-milling
process specifications are listed in Table 1. The resultant powder is then leached with copious
amount of water in ultrasonic bath and then dried at 80°C under vacuum.
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NaCl to graphite molar ratio 3
Ball-to-powder weight ratio 20
Rotational speed of the planetary ball mill 350 rpm
Atmosphere Argon
Atmosphere pressure 0.4 MPa
Ball-milling duration 2-5h

Table 1. Ball-milling specification for preparing graphene nanoflakes.

The structural and morphological characteristics of a powder milled under abovementioned
condition are reported to be as follow:

Figure 1 demonstrates the XRD pattern of the graphite powder milled together with NaCl (the
salt is removed by water). The diffraction peak (002) at 26 = 26° corresponds to a d-spacing of
0.34 nm that approximately matches the graphite (JCPDS No. 75-1621). The width broaden-
ing of the peak may be attributed to the lattice strain and size reduction of the particles.

TEM image of the produced graphene is shown in Figure 2. One may easily recognize the
distinct layers of graphene (with approximate size of 200 x 50 nm?). As seen in the figure, the
graphene flakes have ragged edges which are cut off by brittle salt particles.

Figure 3 shows the topology of the graphene powder obtained by AFM that, consistent with
TEM image, confirms the ragged edges of the graphene layers.

Specific surface area of the graphene flakes produced by brittle-ductile milling technique is
reported to be 524.4 m?/g. This value is close to that of the graphene nanoflakes obtained using
chemicals and microwave radiation, as reported by Sridhar et al. [29].
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Figure 1. XRD pattern of graphite powder that is milled together with salt (salt is then washed away by water). Source:
Ref. [1], Copyright @ 2017 Word Scientific.
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Figure 2. TEM image of graphene powder after 2 hours of milling with NaCl (salt is removed by water). Source: Ref. [1],
Copyright @ 2017 Word Scientific.

Figure 3. AFM image of the graphene flake. Source: Ref. [1], Copyright @ 2017 Word Scientific.

The average size of the particles reduces from 200 to 400 nm to about 50-150 nm as the ball-
milling duration increases from 2 to 5 h. Size of salt particles also decreases during the ball
milling [2] as shown in Figure 4. Average size of salt particles is reported to be about 150 nm
after 5 h of ball milling. Owing to their brittle nature, salt particles fracture and take sharp
edges by which they can cut graphite particles into smaller pieces. High salt-to-graphite molar
ratio (3,1), on the other hand, retards the agglomeration of graphene flakes.

Moreover, graphene layers are exfoliated due to the sheer stress caused by random multiaxial
collision of the balls which is also assisted by salt particles. Because of the random nature of
the collisions and the random shape and position of the salt particles, they may exert either
compressive forces that chop the graphene particles into smaller pieces or shear forces that
exfoliate the layers (Figure 5).
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Figure 4. SEM images of graphite powder that is milled together with salt for (a) 2 h and (b) 5 h [1]. Source: Ref. [1],
Copyright @ 2017 Word Scientific.
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Figure 5. Exfoliation and fragmentation of graphene. Source: Ref. [1], Copyright @ 2017 Word Scientific.

As a nanochopper, salt meets almost all the requirements: it is not expensive, nor toxic; it
is abundant and can be easily recycled; and, above all, it conveniently leaches out to water.
Hence, this method can be employed for mass production of graphene nanoflakes because it
is simple, eco-friendly, and economic.

2.2. Preparing nanoparticles of aluminum

The popularity and importance of aluminum nanoparticle are well understood by knowing its
wide application in propellants and pyrotechnics. The methods of manufacturing aluminum
nanoparticle are generally classified into two categories: methods involving vapor phase con-
densation and liquid phase chemistry. One of the vapor phase condensation methods is explod-
ing electronically heated wires [30]. Aluminum nanoparticles, for example, are produced by
condensing aluminum vapor generated by passing a strong electrical current through a thin
aluminum wire. Some other techniques are occasionally used to prepare metal vapor, namely,
radiative heaters, induction heaters or plasma, lasers, and electric arcs. All these techniques
require a neutralized gaseous environment whose pressure strongly affects size distribution
of resultant nanoparticles. At low pressures, condensation leads to formation of nano-scaled
particles. The higher the pressure, the larger the particles. On the other hand, increasing the
pressure increases the yield [31]. The effects of other experimental parameters, such as gaseous
environment and electric pulse characteristics, are elaborately reported in [31].
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All abovementioned techniques suffer from some disadvantages. Production rate is generally
low in all of them. Moreover, distribution of particles size extends over a broad range from
10 nm to microns depending on the energy given to the metal. The higher the energy, the
wider the distribution. On the other hand, higher energy is required for increasing the yield.
This implies that there is a trade-off between the yield and size uniformity. Of course, a nar-
rower range (i.e., uniform distribution of the particle sizes) is generally preferred.

Variations of the bulk aluminum heating technique are reported in [32] in which aluminum is
ablated by an Nd-YAG laser.

The other methods of metal nanoparticle production (commonly referred to as liquid phase
chemistry) are more chemical. Like all other liquid phase chemistry techniques, measured
amount of starting solutions are mixed and stirred slowly, and then the product is dried.
As the process is time-consuming, the methods are not appropriate for mass production. In
practice, the methods require essential modifications to be qualified enough for producing
nanoparticles in large quantities.

Inspired from the method introduced above for preparing graphene nanoflakes, we con-
ducted series of experiments for preparing aluminum nanoparticles. Again, salt was used as
the brittle material to serve as nanochopper. Following is the report of the experiments:

Elemental Al powder (99% purity, particle size <100 um, Fluka) and NaCl (100-200 pm) were
ground in a planetary ball mill. The jar of the ball mill was a 125 mL stainless-steel jar with
radius of 15 cm. Table 2 summarizes the specifications of the ball-milling process. The salt-to-
aluminum molar ratio (hereafter denoted by n) was 2. To compare the effect of salt particles
on size reduction of aluminum particles, the experiment was repeated without salt (n = 0).

After the milling process accomplished, the salt particles were washed away by immersing
the powders in pure water. To prevent aluminum from reacting with water, the process of salt
removal was performed using cold water at 1°C and as fast as possible. Resultant aluminum
powders were characterized by scanning electron microscopy (SEM, Cambridge S 360) and
X-ray diffraction (XRD, Philips 3710 W X-ray diffractometer with CuK &, A = 1.54184 A). The
specific surface area of the powders was determined by means of nitrogen adsorption using
Brunauer-Emmett-Teller method (BET-N, Micrometrics Gemini 2375).

As demonstrated in Figure 6a, ball-milling aluminum without salt (n = 0) has eventually
reduced the size of particles to 10 um. However, the morphology of particles is laminar and

NaCl to aluminum molar ratio (1)) 0and 2
Ball-to-powder-weight ratio 10
Rotational speed of the planetary ball mill 270 rpm
Atmosphere Argon
Atmosphere pressure 0.4 MPa
Ball-milling duration 20h

Table 2. Ball-milling specification for preparing aluminum nanoparticles.
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Figure 6. TEM image of ball-milled aluminum particles without (a) and with (b) salt, after removing the salt particles by
cold water. Source: Reprinted from Ref. [5], Copyright 2009, with permission from Elsevier.

wrinkled. To reduce the size of the particles, aluminum was milled with high molar ratio of
salt (N =2). This helps aluminum particles to reach smaller sizes. Salt particles have sharp edges
and are hard enough to chop aluminum particles. Due to their brittle nature, they fracture and
break into smaller particles during the milling process and cut aluminum particles. Meantime,
because of high 1, there is a little chance for aluminum particles to meet and cold-weld. Figure 6b
shows the micrograph of aluminum powder milled together with salt. The size of aluminum
particles is decreased to less than 50 nm. Specific surface area of the powder is about 40.9 m?/g.

Aluminum particles prepared by other methods have a hard aluminum oxide crust, while
this method leads to nanoparticles with a soft aluminum hydroxide crust which is expected
to show better mechanical, consolidation, and sintering behavior. Furthermore, nanoparti-
cles produced by this method have higher lattice residual strain (cf. Section 3 of this chap-
ter). Consequently, the aluminum nanoparticles are more active because mechanical milling
causes various defects (dislocations, vacancies, grain boundaries, etc.) in them.

3. Production of hydrogen using metal nanoparticles

Environmental pollutions are one of the most serious challenges during the recent decades,
and fossil fuels have the most contribution in the crisis [2]. On the other hand, fossil fuels are
not renewable and will run out sooner or later. Consequently, the energy crisis has drawn sci-
entists” attention to eco-friendly and recyclable fuels. One of the best candidates is hydrogen
which is currently produced through various methods such as biological [33], water electroly-
sis [34], and chemical methods [35]. These methods suffer from some disadvantages: they are
costly, they have typically low efficiency, and they consume fossil fuels which are neither
clean nor recyclable [36, 37].

Another challenge with hydrogen as a fuel is its storage. Since the volumetric density of hydro-
gen is low, it needs very large storages (at 700 bars, volume of storage required for hydrogen is
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about six times that for gasoline with the same energy content). The ignition energy of hydro-
gen, on the other hand, is 0.03 mJ, implying that it is extremely flammable [38], a fact that must
be considered in designing hydrogen storage. Thus, it sounds quite reasonable idea to elimi-
nate the need for the storage by producing hydrogen on demand. There are some hydrogen
resources in the nature from which hydrogen may be extracted through a chemical process.
Among all, water is the best candidate because its hydrogen content is relatively high (111 kg/m?),
it is abundant in nature, it is not costly, and it can be recycled by hydrogen combustion.

The chemical reaction through which hydrogen is obtained from water is simple: oxidation of
the active metals. The only challenge is to find proper metal. According to Kravchenko et al.,
aluminum is the most eligible metal [39], because it is recyclable, it is the most abundant metal
in the earth’s crust, and its density is very low compared to other metals. The chemical reac-
tion between aluminum and water is as follows:

Al+2H,0 — AIOOH +°/, H, (1)

As seen, the byproduct of the reaction is aluminum oxide hydroxide which is eco-friendly
and has many applications (e.g., water conditioning, papermaking, alumina production, fire
prevention, and so on).

In normal condition, however, reaction (1) cannot proceed because there is a passive layer of
aluminum oxide over the aluminum particles, preventing the inner aluminum atoms from
reaction with water. Some solutions to the problem has been so far proposed, each of which
having its own disadvantages. Immersing the aluminum in NaOH, for instance, removes the
aluminum oxide layer; but it is intensely corrosive and may corrode the instruments [40-42].
Amalgamation of aluminum is another suggestion, but it involves dampening of aluminum
surface with eutectic gallium-indium or mercury which are toxic and/or costly [43].

Another method for continuous hydrogen generation from aluminum is using aluminum
powder with adequately small particles. This implies higher specific surface area of the pow-
der and, consequently, more activity of the aluminum powder [44, 45]. As explained in the pre-
vious section, ordinary ball milling is unable to reduce the size of aluminum particles down to
nano size because aluminum is a ductile metal. Even milling the aluminum particles together
with brittle hydrides and salts (e.g., MgCl,, KCl, NaCl, CaH,, and MgH,) with brittle-to-ductile
molar ratios less than 0.1 has reportedly failed to decrease the size of the aluminum particles
[46]. Also, grinding aluminum metallic composites (e.g., aluminum-bismuth) together with
inorganic salts only leads to galvanic corrosion and ionic conductivity. This method provides
the energy required for the reaction by the heat emerged from exothermic solution of salt. In
spite the fact that the method is efficient in energy consumption, it is still ineffective in particle
size reduction [46, 47], and moreover, the involved materials are costly, corrosive, and toxic.

As described in the previous section for preparing the aluminum nanoparticles, NaCl is
added to the ball mill to serve as nanochopper because it is accessible, economic, easily solu-
ble in water, nontoxic, and eco-friendly. However, n should be much higher than the reported
values. Higher n (up to 15 times those reported in [46]) not only reduced the size of the alu-
minum particles but also increases defects in aluminum crystal by embedding salt gates [2].
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As a result, specific surface area of the powder increases drastically, and reaction (1) can pro-
ceed until all aluminum content is consumed.

Since the method is simple and involves accessible materials (aluminum, salt, and water), it
may be conveniently used for on-demand hydrogen generation:

For generating hydrogen from aluminum nanoparticles, one may start from elemental Al
powder and ordinary salt, NaCl (100-200 pm). The mixture of aluminum and salt should
be ball milled for 20 h. Ball-milling specifications are summarized in Table 3. The 1} may be
selected to be as low as 0.2, but higher n leads to better result. After the milling process, about
150 mL water at a temperature of 70°C is added to the jar. Hydrogen is then released that
should be condensed and dried for designated usage.

Figure 7 shows the yield of the reaction (1) as a function of time elapsed after adding water to
the jar for different n’s. As one may see in the figure, the efficiency of the samples with more

NaCl to aluminum molar ratio (1))

0.1,0.2,0.5,1.0,and 1.5

Ball-to-powder weight ratio 20
Rotational speed of the planetary ball mill 270 rpm
Atmosphere Argon
Atmosphere pressure 0.4 MPa

Table 3. Ball-milling specification for preparing aluminum nanoparticles for hydrogen generation.
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Figure 7. Conversion yield as a function of reaction time for samples with different 1. Source: Reprinted from Ref. [2],
Copyright 2009, with permission from Elsevier.
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salt content is higher. The reaction time may be divided into four regions: In the first region,
about the first 5 minutes of milling, hydrogen is mainly generated from the hydration of fresh
surfaces. The higher the 1) in this region, the faster the reaction. This is mainly because smaller
particles imply higher specific surface area. The reaction slows down as the passive AIOOH
layer is formed over the surface of the particles (region II). The reaction accelerates again in
region III when the salt gates dissolve, exposing fresh aluminum to water and letting water
to penetrate to the core of the particles. The higher the n, the more surface of fresh aluminum
and, hence, the more hydrogen generation. When all the fresh surfaces undergo the reac-
tion, the passive AIOOH layer will eventually hinder the reaction (region IV). Almost all the
aluminum atoms in the sample ball milled with n = 1.5 have undergone the reaction, while
ball milling with = 0.1 has no considerable effect on the yield. The highest rate of hydrogen
generation happens in region III of the sample with 1 = 1.5 (75 mL/min per 1 gr of Al).

Unlike other methods (based on hydrogen generation using aluminum in which hydrogen
generation is stopped when aluminum particles are covered by a layer of aluminum oxide),
all the aluminum contents react with water when the particles are adequately small.

Continuous hydrogen generation may be explained as follows: Salt particles cut the alumi-
num particles and form local gates on the newly exposed surfaces. They also fracture into
smaller particles during the ball milling due to their brittle nature. Salt particles have sharp
edges and are harder than aluminum particles. During the ball milling, they rip through alu-
minum particles making local gates in them. When the salt particles are washed away, fresh
surfaces are exposed to water.

Figure 8 is a SEM image of a salt particle among the aluminum particles for a sample with
n = 0.5. Adding more salt to the jar in ball milling (i.e., higher 1), of course, leads to develop-
ment of more salt gates. Thus, higher n rises the kinetics of hydrolysis reaction by increasing
the specific surface area of the aluminum particles in two ways: reducing the size of alumi-
num particles and developing salt gates in them.

Figure 8. Salt nanochoppers in the context of aluminum nanoparticles. Source: Reprinted from Ref. [2], Copyright 2009,
with permission from Elsevier.
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It is worth mentioning that there are, of course, some inhibitors (e.g., stearic acid) that are
assumed to prevent cold-wedding. However, they evaporate during the ball-milling process
which relatively takes a long time. Therefore, they do not practically avoid the cold-welding
in long-time ball milling. Furthermore, since the inhibitors are greasy, they prevent aluminum
particle from reacting with water. Using salt brittle particles (with n > 1.5), one can obtain
aluminum powder with particle size of about 50 nm and specific surface area of 40.9 m%/g.
This means that water can reach to the core of the particles and the reaction can proceed to
release their innermost hydrogen contents. Moreover, mechanical milling gives rise to various
defects in aluminum particles such as vacancies, dislocations, grain boundaries, etc.

Table 4 summarizes the lattice strain and crystallite size of the powders. The values are cal-
culated by line broadening of XRD peaks and Williamson-Hall technique. This table suggests
that adding salt to the ball mill increases the lattice strain, the fact that is also supported by
XRD patterns of the samples milled with and without salt. Figure 9 shows the XRD pattern of
the samples ball milled with n =0 (no salt) and 1 = 1.5. The inset in this figure magnifies the

n Crystal structure (A) Crystalline size (nm) Lattice strain (%)
0.0 (no salt) Cubic (a=4.046(2)) 42.22(1) 0.61(4)
15 Cubic (a = 4.44(3)) 43.13(3) 0.50(1)

Source: Reprinted from Ref. [2], Copyright 2009, with permission from Elsevier.

Table 4. Crystalline characteristics of aluminum powders milled with =0 (no salt) and n=1.5.
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Figure 9. XRD pattern of the samples ball milled with n = 1.5 (a) and 1 = 0 (no salt) (b). The inset magnifies the shift of
(200) peaks in the samples. Source: Reprinted from Ref. [2], Copyright 2009, with permission from Elsevier.
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Figure 10. XRD pattern of the sample ball milled with 1 = 1.5 after reacting with hot water. The peaks correspond to
AIOOH, and there is no evidence of aluminum. Source: Reprinted from Ref. [2], Copyright 2009, with permission from
Elsevier.

XRD differences of the two samples. The lattice strain developed by ball milling provides a
driving force that results in more corrosion or oxidation [14].

On the other hand, aluminum-water reaction is exothermic which helps the reaction pro-
ceed spontaneously. During hydrolysis, water temperature increases from 70°C to maximum
of 74°C. Release of hydrogen in the interface of aluminum and aluminum hydroxide gel
increases the porosity, letting water penetrate deep inside the aluminum particle and react
with innermost atoms. X-ray diffraction pattern of the powder milled with n=1.5 after react-
ing with hot water is shown in Figure 10, which is in good agreement with the characteristic
spectrum of AIOOH crystal in the JCPDS database, except for the broader peaks due to a
lower crystallinity. Aluminum is absent in the diffraction pattern, implying that reaction has
reached the core of aluminum particles and entire aluminum powder has turned into AIOOH.

4. Production of metal oxide nanoparticles

The same method as explained above may be employed to prepare nanoparticles of ductile
metal oxides. To examine the method for a different ductile metal, we selected a metal that its
oxide is of great importance and has many applications: zinc oxide.

Even in its bulk state, zinc oxide has interesting properties: it is electrically stable with a direct
band gap of 3.37 eV; it is transparent for visible light; it is abundant and nontoxic. Owing to
its fabulous properties, it is widely used in various field of industry such as sensors, opto-
electronic devices, solar cells, catalysts, field emission, data storage, etc. [48, 49]. On the other
hand, due to its hexagonal Wurtzite structure and polar crystal surfaces, zinc oxide can take
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on different nanostructures (e.g., nanorods, nanotubes, nanobelts, and nanosheets) only by
restraining certain direction(s) from growing [50, 51]. The methods by which one can produce
the different nanostructures are generally categorized into two groups: vapor phase process
and solution phase route. The first group consists of physical vapor of the deposition, vapor
phase transport and some other methods [52]. All these methods, however, have some disad-
vantages in common. They, for instance, require high temperatures to accomplish. Also, they
need costly equipment and accomplish only when some strict conditions are all met. They
sometimes employ metal catalysts (e.g., gold) to control the growth process [53]. Solution
phase route group (including sol-gel and hydrothermal methods [54]) suffer from some dis-
advantages too: they are time-consuming and require costly chemicals. They also employ
some toxic, dangerous and expensive organic solvents amine in solvothermal process.

The simplest method for producing zinc oxide is the direct reaction between zinc and water.
However, as with aluminum, a thin layer of zinc oxide is formed all over the zinc particle,
preventing from the reaction. Although some techniques have been proposed so far, none
can synthesize zinc oxide incessantly. Using zinc foil as a substrate for growing zinc oxide,
for instance, leads to formation of a thin layer of zinc oxide [55]. Another suggested method is
oxidation of zinc nanoparticles. If average radius of particles is smaller than thickness of the
zinc oxide layer (about 10 nm), then this method works; otherwise, the particle is coated with
a zinc oxide layer hindering the core of particle from oxidation [56].

In our experiment, we tried to reduce the size of the particles (or, in other words, activate
them). The activation may be performed by milling zinc powder with high molar fraction
of salt (as described in previous sections). This not only reduces the size of zinc particles but
also covers newly produced surfaces with salt particles that otherwise would be covered by
zinc oxide layer. So, the product can be stored in the air needing no neutral gas. When the
salt is leached, fresh surfaces of zinc are exposed to water. Then, all nanoparticles react with
water, entirely. Instead of using zinc salts (e.g., Zn(CH,COO),.2H,0) and other chemicals
(e.g., NaOH, KOH, etc.) or alcohol solutions (that are employed in preparing some metal
oxides), only zinc, salt and water are utilized in this method. This method is highly efficient
and eco-friendly and does not need costly, complex equipment. It can be employed to manu-
facture other metal oxide systems [5] and scaled up for mass production.

Following is the report of experiment:

Zn powder (99% purity, Mesh-325, Merck Art.No. 1.08789) and salt (100-200 pm) were ground
in a planetary ball mill with the specification tabulated in Table 5. The ground powder was
poured in 250 mL of water at 75°C and was stirred by a magnetic stirring machine at con-
stant temperature for 5 h. The powder was then washed before being dried in an oven at
80°C and before being characterized by X-Ray Diffraction (XRD, using Philips 3710W X-Ray
diffractometer with CuKa (A = 1.54184 A°) radiation), Scanning Electron Microscopy (SEM,
using Cambridge S 360) and Transmission Electron Microscopy (TEM, using Philips EM
208S). Specific surface area of the powder was determined through nitrogen adsorption by
Brunauer-Emmett-Teller method (BET-N, adsorption, Micromeritics Gemini 2375).

Figure 11 shows X-ray diffraction profile of resultant zinc oxide powder. The peaks corre-
sponding to hexagonal phase of ZnO (JCPDS 36-1451) are illustrated. Sharp peaks signify
good crystallinity of zinc oxide powder. Lattice constants (a = 3.2543(1) A and ¢ =5.2134(2) A)
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NaCl to zinc molar ratio 5
Ball-to-powder weight ratio 30
Rotational speed of the planetary ball mill 300 rpm
Atmosphere Argon
Atmosphere pressure 0.4 MPa

Table 5. Ball-milling specification for preparing ZnO nanoparticles.
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Figure 11. XRD pattern of zinc oxide powder obtained by reaction with water.

were slightly larger than those reported in corresponding JSPDS card number for bulk ZnO
(a=3.2498 A and ¢ =5.2066 A).

Zinc oxide particles obtained by this method are of two different morphologies: hexagonal
flakes and rod structure. Depicted in Figure 12a is SEM of densely stacked hexagonal flakes.
The average size of flakes is 200 nm. Figure 12b shows the TEM image of the second morphol-
ogy (rod structure) with average length and diameter of 100 and 20 nm, respectively. Selected-
Area Electron Diffraction (SAED) pattern of the powder is depicted just below Figure 12b. It
can be indexed as hexagonal Wurtzite-structural ZnO, which is consistent with the analysis of
XRD. The specific surface area of the powder obtained in our experiment was 18.25 m*/g. It is,
of course, a function of ball-milling specifications.

Theoretical explanation of the mechanism of synthesizing zinc oxide by abovementioned
method may be represented as following: zinc atoms react with water to give zinc oxide.
However, this happens only for the outermost atoms of a zinc particle because the zinc oxide
(or zinc hydroxide) crust prevents water from diffusing into the particle, and consequently,
inner atoms do not react with water. If the powder is milled together with brittle particles
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Figure 12. (a) SEM image of ZnO powder and (b) TEM image of ZnO powder and its corresponding SAED pattern (inset).

of salt, the oxide layer initially formed on the Zn particles is destroyed and newly produced
surfaces are immediately covered by salt particles. Therefore, the activity of powder does not
decrease after long-term storage in the air. When the powder is submerged by water, the salt
is washed away, and zinc atoms are exposed to water and react with it:

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

Due to direct contact of zinc atoms with warm water, kinetics of reaction is rapid. Thus, a con-
siderable amount of hydrogen is generated in each particle and in its way out, it burst open
the zinc oxide or zinc hydroxide crust, exposing more fresh zinc to water. Hence, provided
that zinc particles are small enough, all the contents of zinc is converted to zinc oxide. Zinc
hydroxide contents are also hydrated to give zinc oxide as indicated by following reaction:

Zn(OH), - ZnO+H, O 3)

Unlike reaction (2) that is exothermic, reaction (3) is endothermic [57]. Warm water provides
required energy for the reaction. The zinc oxide particles obtained from reaction (3) serve as
seeds for agglomeration leading to a planar hexagonal nuclei. Zinc oxide lattice (as suggested
by crystal habit of wurtzite ZnO) is composed of tetrahedrons with a zinc atom at the center
and four oxygen atoms at the vertices. Hence, the (0001) planes in the hexagonal sheet is
zinc-rich while the opposite plane (i.e., (0001(0001)) is oxygen-rich. Li et al. put a rule forward
according which the fastest growth rate of zinc oxide happens along [0001] direction and the
rate of growth along other directions obey the following relation [58]:

V0001l > V10111l > vio110] > VI0111] > VI0001] 4)
Based on their rule, <0001> direction is the most preferable direction for zinc oxide nanopar-

ticles to grow or aggregate. Two-dimensional hexagonal structures imply that the growth is
hindered in this direction and the crystals grow along <10101010> direction. This may be due to
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resident Cl” ions. CI” ions are adsorbed preferentially on the positive polar face of the (0001)
surface, which limits the axis growth along the <0001> direction and accelerates the radial
growth [59]. Thus, the morphology of synthesized particles can be controlled by manipulat-
ing the concentration of the ions in the media.

5. Conclusion

A simple method for preparing nanoparticles of ductile metals by means of ball milling was
proposed based on the experiments reported by others and experiments conducted by the
authors. The essential point of the method is using a brittle material as nanochopper during
the ball milling. The method showed to be very useful and leads to good results. In all the
cases represented in this chapter, salt was used as the brittle material (the nanochopper).
However, other ductile materials may be employed according to the nature of the experiment
and ultimate purpose of preparing the nanoparticles.
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