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1. Introduction and aims

Today's technological demands require the large scale production of the most advanced
materials available. Nanotechnology, one of the most fashionable scientific areas of the past
decade, provides solutions for this. Particles in the nanometer size range (nanomaterials) owe
their outstanding usability to physico-chemical properties that are markedly different from
those of the corresponding bulk phases. Moreover, these materials can be prepared in several
different morphologies corresponding to 0, 1 and 2-dimensional nanostructures. The lattice
constant and surface energy of nanomaterials differs from those of bulk materials. Their
specific surface area is significantly larger, which results in high surface energy and surface-
to-volume ratio. Nanomaterial based technologies are expected to be utilized in new
production technologies that can replace the current non-sustainable ones according to the
needs of our time. One of the prerequisites for this is to produce nanomaterials in sufficiently

large quantities.

Basically, two approaches are available for manufacturing nanostructures: top-down and
bottom-up. These utilize the size reduction of a bulk material or the assembly of atoms and
ions to yield nanoparticles, respectively. Both approaches are open for mechanochemistry,
which essentially means the use of mechanical energy to initiate processes leading to desired
products. The two groups of potential processes are: 1) synthesis of new materials from
precursors by mechanical activation, 2) modification of existing structures to obtain materials
with new properties. The main advantages of mechanochemistry over other competitive
methods from the industrial point of view are the following. 1) It renders reactions with high
activation energy feasible without necessitating significant changes to the bulk temperature of
the reaction mixture. 2) The equipment most suitable for mechanochemical reactions (i.e. the
ball mill) is well-known and widely used in the chemical industry, therefore,
mechanochemistry—based nanomaterial production methods can spread quickly and without

major capital investments.

The Department of Applied and Environmental Chemistry has been actively developing
nanostructure synthesis methods and applications in the past two decades. Our group mainly
focuses on one-dimensional carbon and titanate nanostructures and zero dimensional metals

and metal oxides. The objective of my doctoral research was to introduce mechanochemistry



into this field in general, and to survey its applicability for the synthesis and modification of

such nanoparticles in particular. The following topics were covered by my work:

We verified the applicability of the Burgo-Rojac model for calculating the energy

transferred to milled nanomaterials in a planetary ball mill.

We studied the mechanochemical modification of carbon nanotubes and one-dimensional
titanate nanostructures. The relationship between certain properties of carbon nanotubes and
mechanical energy transfer was uncovered. Moreover, we observed changes in the
mechanical, structural and surface properties of titanate nanostructures (tubes and wires) upon

treatment in a planetary ball mill.

We monitored the temporal evolution of temperature and pressure during
mechanochemical reactions in situ in the milling drum by using a special detector head. The
obtained data was useful for deepening our understanding of mechanochemical reaction

kinetics and also for optimizing the reaction time.

We synthesized metal-oxide nanoparticles in a planetary ball mill based on a general
synthesis method optimized by us. The obtained materials were characterized both from the

structural and from the reproducibility points of view.



Experimental

A Fritsch Pulverisette-6 type planetary ball mill was used for the grinding experiments
with the following accessories: 1) a SizNy (silicon-nitride) and 2) a Fe-Ni-Cr (stainless steel)
grinding bowl with volumes of 80 mL and 3) 250 mL, 4) 10 mm diameter Si3N4 and 5) 10 and
5 mm diameter Fe-Ni-Cr grinding balls. The rotational speed was variable between 100 and
650 rpm. The total duration of milling and the rotational direction were also varied. The most
important accessory of the system was the GTM-II (Gas pressure and temperature measuring
system) detector head, which is able to monitor pressure and temperature changes in situ and

relay the data to a computer in real time.

Several milling parameters were varied systematically in the multiwall carbon nanotube
(MWCNTs) size reduction experiments. Changes were monitored by transmission electron
microscopy (nanotube length distribution), Raman spectroscopy (characterization of defect
sites) and nitrogen adsorption measurements. Results were compared to values obtained by

using the Burgio-Rojac model of mechanical energy transfer.

Metal oxide nanoparticles were synthesized from their corresponding metal salts and
Na,COs as precursors in NaCl as grinding medium (matrix). The prepared samples were
calcined and washed with distilled water when necessary. Synthesized materials were
characterized by transmission electron microscopy (TEM), scanning electron microscopy
(SEM), X-ray diffractometry (XRD), Raman and Fourier transform infrared (FT-IR)
spectroscopy, surface area and pore size determination by nitrogen adsorption,
thermogravimetric analysis (TG), electron diffraction (ED) and energy-dispersive X-ray

spectroscopy (EDS).

TiO, nanoparticles were synthesized from TiCly; and Na,CO; in NaCl medium in a
planetary ball mill. We prepared trititanates nanotubes (TiIONT) and nanowires (TIONW) by
the alkali hydrothermal method. Titanate nanowires were converted into TIONT and TiO,

nanoparticles by a subsequent mechanical treatment in the mill.



2. New scientific results

1.

1.1.

1.2.

Milling experiments on multiwall carbon nanotubes.

We verified that the Burgo-Rojac model of mechanical energy transfer is applicable to
the planetary ball milling of nanomaterials. This model allows the calculation of the
impact energy of a single ball hit event (Ep) as well as the amount of the total
(cumulative) energy transferred to the milled material during the process (E..»). By
comparing results from a simple statistical model with those of the Burgio-Rojac model
we were able to demonstrate that the latter provides a more appropriate framework for the
interpretation of milling-induced changes in the length and quality of multiwall carbon
nanotubes. The effects of the studied parameters (speed and duration of the milling,
number and size of the balls used) were visualized on milling maps that revealed the
following: (1) the energy necessary for fracturing a nanostructure can be made available
by controlling E,, (2) the size distribution of the product mixture can be tuned by
changing E,,, and (3) changing the diameter and the number of grinding balls has a
pronounced effect on £, and E,,,, respectively. These two energy "types" are not fully

interchangeable.

We were the first to quantitatively characterize certain structural changes experienced by
multiwall carbon nanotubes during ball milling as functions of the operational parameters
of the mill. Raman spectra were measured to evaluate the extent of milling-induced
amorphization from the intensity ratio of the D and G lines. The /p//s ratio increased even
at low E, due to the rapid accumulation of wall defects. Supplementary nitrogen
adsorption measurements provided evidence for the E,,, dependence of the pore volume

increase and the specific surface area increase caused by the fracturing of nanotube ends.

Observations on the kinetics of mechanochemical reactions during the synthesis of

metal-oxide nanoparticles.

We described and explained the anomalous behaviour of the pressure vs. time function
recorded during the mechanochemical synthesis of metal oxide nanoparticle synthesis
with Na,CO; reactant. A combined XRD, FT-IR and TG investigation revealed that

excess Na,COj can react with the generated CO; and moisture in the milling drum to yield



3.

3.1.

3.2.

4.

4.1.

4.2.

NaHCOs;. This phenomenon buffers the pressure increase that is due to the progression of
the primary mechanochemical reaction, and this in turn could result in erroneous
interpretation of reaction kinetic data based on pressure changes. Increasing the relative
amount of Na,COs; intensifies the phenomenon up to the point where all formed CO; is
immobilized, therefore, the relationship between pressure and conversion in such systems
is complex and nonlinear. If the metal-containing precursor salt and Na,CO3 are mixed in
stoichiometric ratio then the NaHCOj; formed in the first phase of the reaction can release
CO, again in the second phase rapidly. The unexpected step observed in the pressure vs

reaction time curve can be interpreted on this basis.

Mechanochemical synthesis of metal oxide nanoparticles.

Using a tin oxide nanoparticle model we proved that the planetary ball mill is well-suited
for the fast, high-yield production of metal oxide nanoparticles from the corresponding
metal salts and Na,COs in NaCl matrix. The latter plays a major role in the separation of
the nanoparticles and in transferring the mechanical energy to the reactants. The
synthesized metal oxide nanoparticles feature monodisperse size distribution (average
diameter: 9 nm) and uniform morphology. The developed method was successfully

applied in the synthesis of SnO,, MnO,, CdO, CoO, ZrO and ZnO nanoparticles.

The mechanochemical carbonate reaction route was adapted to the preparation of nickel-
ferrite nanoparticles. We developed the first single-step mechanochemical procedure that
yields NiFe;O4 nanoparticles with an average diameter of 8.5 nm. The in situ synthesis of
high energy internedier ferrite-precursor oxides (NiO, Fe,Os) was identified as the key to

the success of the new procedure.

Mechanochemically induced phase transformations in titanate structures.

Ti10; nanoparticles with an average diameter of 7.2 nm were successfully synthesized by
the mechanochemical carbonate route. We demonstrated that by changing the milling
conditions it is possible to tune the synthesis towards either amorphous, anatase or rutile
titania.

We provided the first experimental evidence for the possibility of transforming titanate

nanowires into titanate nanotubes, even though the former are thermodynamically



favored over the latter. This was achieved by milling titanate nanotubes using small to
medium milling energies and making use of the quenching of high energy transition
states typical for mechanochemical processing. Prolonged high energy milling

disintegrated titanate nanotubes into amorphous polymorphic TiO, nanoparticles.



4. Practical environmental scientific aspects of the results

I consider my doctoral work as fundamental research since my original goals did not
include any practical applications. Nevertheless, it is possible to identify three outcomes that
may have some applied environmental scientific relevance. They all originate from the fact
that mechanochemistry offers simple, solvent-free and low capital investment (that is,
sustainable and environmentally benign) synthetic routes for the industrial scale production of

nanostructured materials.

e Milling maps can be used to synchronize milling conditions in different mills, and this
may help in scaling up mechanochemical nanoparticle synthesis methods. Milling maps
are derived from the Burgio-Rojac energy transfer model, which in turn was confirmed
for nanomaterials by us.

e The actual conversion of a mechanochemical reaction involving a carbonate reaction
partner in an industrial setting can be theoretically inferred from the pressure vs. time
function. However, the nonlinearity of this function makes this a non-trivial task. Our
interpretation of the pressure-related phenomena remedies this situation and renders the
pressure function available for conversion calculation regardless of its complexity.

e The single step low temperature mechanochemical synthesis of rutile and nickel-ferrite
nanoparticles at close to room temperature paves the way towards more energy

efficient, greener production methods.
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