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On the solid-state formation of BaTiO; nanocrystals from mechanically activated BaCO3
and TiO; powders: Innovative mechanochemical processing, mechanism involved, phase

and nanostructure evolutions
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Abstract:

It still remains a challenge for the scientific community to obtain high quality barium titanate
nanocrystals using high energy ball mills while avoiding unwanted (carbonate) by-products. The current
work aims to address this challenge. In order to improve the kinetics of barium titanate formation, the
starting materials, BaCO; and TiO,, were mechanically activated with a high energy ball mill before their
mixing and initiating the solid-state reaction. This step induces anatase to rutile polymorphic
transformation simultaneous with particle refinement for TiO, starting particles while BaCO; do not
experience any transformation during its refinement. Very fine monosized barium titanate nanocrystals
free from the secondary phases and by-products are obtained at a lower calcination temperature. The
progress of reactions for the formation of barium titanate is monitored by analyzing the X-ray diffraction
patterns and DTA results. According to the proposed mechanism of formation, the formation of BaTiO; in
the initial stage of the interfacial reaction between BaCO; and TiO, depends on the BaCO; decomposition.
Mechanical activation of the BaCO; accelerates its decomposition and as a result barium titanate is
obtained at a lower temperature and shorter time span in contrast to the literature. Moreover, the
mechanical activation reduces the size of the starting materials and increases their specific surface area
and stored energy. The high energy sites are potential sites for the nucleation of barium titanate crystallites
during calcination and as a consequence a large density of fine crystallites is obtained. In the second stage,
the barium titanate formation is controlled by Ba®" diffusion through the formed barium titanate layer
which acts as an inhibiting layer against further Ba** diffusion. The creation of a high density of lattice
defects, dislocations and free surfaces during mechanical activation of the starting materials activates
short-circuit diffusion paths and in turn accelerated the formation of pure single-phase barium titanate. In
this stage, in contrast to the literature, no secondary phase and by-product was detected. The synthesis of
barium titanate through this avenue is attractive for large-scale production and device application and may

provide a strategy for the synthesis of other perovskites.
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1. Introduction

Ferroelectric materials have a wide range of applications in electronic and electro-optic
devices such as high-dielectric constant multilayer ceramic capacitors (MLCC), underwater
transducers, pyroelectric sensors, medical diagnostic transducers, electro-optical light valves and
electroluminescent panels [ 1-3]. Perovskite subgroup of the ferroelectric materials is the most
important and thus the most widely studied one. Perovskite is usually expressed as ABO:s.
Among the perovskite materials, barium titanate (BaTiOs, BTO) is the best known and widely
used ferroelectric material which has been intensively studied due to its excellent dielectric,
ferroelectric and piezoelectric properties [4-8]. Moreover, BTO is regarded to be quite useful for
the further development of the electronics industry especially for MLCCs [9-10]. To fabricate
high capacitance small size MLCCs, BTO particles smaller than 100 nm with improved quality
and uniform size are required. On the other hand, the characteristics of electronic ceramic
powders are markedly influenced by their purity, particle size and morphology [11-13]. From
these standpoints, production of BTO nanopowders with high purity, desired particle size and
morphology has been gaining importance in recent times.

It is known that fine, homogeneous, and dispersive nanosized powders are necessary for the
development of uniform microstructure and desired properties. Two major approaches are
generally considered for synthesis of BTO nanoparticles [14]; traditional solid-state reaction
using ball mills [4, 7, 9-10] and advanced processing routes such as sol—gel technique [14],
hydrothermal synthesis [5] and sonochemical processing method [15]. However, the high-energy

ball milling technique [16-18] is regarded as a simple and cost effective method for large scale
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production of BTO powders from low cost starting precursors [11]. Traditionally, BTO powders
are prepared through calcination of TiO; and BaCOs at high temperature of 1473-1573 K (1200-
1300 °C) [4, 7, 9-10]. BTO powders prepared by this method usually have microscale average
grain size, coarse uncontrolled and irregular morphologies, poor chemical homogeneity and less
dispersion which are not suitable to realize very thin dielectric layers [14]. It still remains a
challenge for the scientific community to obtain high quality BTO nanocrystals using high
energy ball mills while avoiding unwanted by-products. Therefore, it is of more scientific and
practical interests to study the possibility of producing very fine carbonate-free BTO nanocrystals
by solid-phase reactions. On the other hand, to achieve the desired properties and practical
applications, the quality of the BTO powders is very important, which depends strongly on their
synthesis method [14]. Therefore, in order to obtain high quality BTO nanocrystals, it is
important to select an appropriate milling method. In addition, although the calcination
temperature has a significant role in controlling the microstructure of the final product, however
the physical, chemical, or morphological properties of the starting powders also affect the final
microstructure [13].

Basic challenging issues of powder preparation methods such as purity, homogeneity, size
distribution and performance are encountered during solid-state preparation of BTO. Considering
these facts and in view of above, we have tried to establish a new approach to obtain high quality
BTO nanopowders. This work reports an innovative solid-state methodology to achieve BTO
nanocrystals with controlled microstructural and morphological characteristics using
mechanically activated BaCOs and TiO, as starting materials. The method also can be carried out
at lower temperature in contrast to the literature [4, 7, 9-10] to obtain BTO nanopowders free of
secondary phases. Moreover, the influence of the reactivity of the raw materials on the formation

of BTO is studied. The synthesis of BTO through our established method may provide a
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candidate for the large-scale synthesis of other perovskites. On the other hand, it is generally
believed that [ 14] the physical properties of BTO nanoparticles are dependent upon their
microstructure and morphology. Therefore, the phase evolution, microstructural and
morphological characteristics of the obtained BTO powders are investigated, aiming at
understanding the relationship between ball-milling conditions and the BTO powder

characteristics.

2. Experimental procedure
In this work, BTO nanopowders were obtained from the solid-state reaction between BaCOs3
(Applichem; assay > 98 pct) and TiO, (Merck; assay > 99 pct) as the starting materials. Synthesis
was performed in a planetary ball mill (Retch PM 400 in which the sun wheel and grinding jar
rotate in opposite directions) under a highly pure argon atmosphere (99.999%) for various times.
The planetary ball mill was set to a rotational mode that changes the rotational direction of the
vial and the sun wheel every 6 min after a rest interval of 2 min. In all milling runs, the ball-to
powder weight ratio was kept at 10:1 and the bowl rotation speed was 300 rpm. The hardened
steel vial of 500 ml size and balls (10 mm diameter) were used. Moreover, all milling runs were
performed at room temperature although a small increase in the temperature (about 20 K(°C)) of
the bowl exterior was seen. To synthesize carbonate-free monosized BTO nanocrystals, the next
steps were followed:
(1) in order to improve the kinetics of the synthesis reaction (BaCOs(s) + TiO,(s) —
BaTiOs(s) + CO,(g)), the starting materials, BaCO3 and TiO,, were mechanically
activated using high energy milling for different times before their mixing. This

innovative step was applied for the first time in this study. Our results presented in the
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next section clearly show the contribution and effects of this step on the kinetics and
mechanism of formation, microstructure and morphology of BTO powder products,
(i1) then, the mechanically activated BaCO3 and TiO, were weighed in proportion to the
stoichiometric ratio to yield BaTiO; (in 1:1 relation ) and then homogeneously mixed with
high energy ball mill at room temperature for 4 h,
(ii1) the powder mixture then was thermally treated at 1173 K (900 °C) for 2h,
(iv) the obtained powders were washed with diluted formic acid in order to dissolve the
(possible) remained carbonate by-products from the synthesized powder products.
The details of each step have been presented in the flowchart of the preparation method shown in
Fig. 1
Crystalline phases and the structural analysis were carried out by an X-ray diffraction (XRD)
technique. X-ray diffractometer (Philips PW3020) with monochromatic Cu Ka radiation (A =
1.54178A) was used over a 20 angle from 20 to 70° to characterize the powders milled under
different conditions and also to determine the crystallite size from the FWHM of the XRD peaks.
The differential thermal analysis (DTA) measurements were performed using a thermal analysis
system (STA 1500; Rheometric Scientific, Piscataway, NJ), in air, with a heating rate of 10
K(°C)/min, in a platinum crucible with a-Al,O; powder as a reference. Because the samples
might slowly react with crucibles, the cooling curves were not measured. The morphological
features and microstructure of the products were observed by a field emission scanning electron

microscope (FE-SEM; Hitachi S4160).

3. Results and discussion
It is known that multiple advantages of the solid-state method for obtaining BTO are that it is

a single process and a cost-effective technique. Despite the advantages, there are some problems

5



RSC Advances

which need to be solved. A high calcination temperature leads to coarsening of the BTO particles
that are unsuitable for manufacturing fine grained ceramics and that, even the nominal ratio Ba/T1
in starting materials is 1, intermediate phases or BaCOjs can persist as an end-product preventing
the complete reaction between the starting materials. In this work, it had been tried to solve these
drawbacks. The morphology and particle size of the unmilled starting materials (as-received
precursors) are shown in Fig. 2. As can be seen in this figure, the needle-like particles are TiO,
particles whereas the rounded ones are BaCOj; particles. The microscale particles of TiO; have a
larger size than BaCOj3 ones which are submicron sized.

In order to improve the kinetics of the reaction (BaCOs(s) + TiO,(s) — BaTiOs(s) + COx(g))
and also to solve the above mentioned drawbacks, the starting materials (BaCO3 and TiO,) were
milled for different times before their mixing. There are some reports in the literature which have
used a mechanical activation step just after mixing the starting materials [13], in those, the final
BTO powder products (which have been calcined at much higher temperatures in contrast to the
current work) contain some by-products and also non-reacted starting materials. Figs. 3 and 4
show XRD patterns and SEM micrographs of the TiO, and BaCOj starting powders as received
and after different milling (mechanical activation) times. These XRD patterns indicate that in the
first 10 h of the mechanical activation process, the broadening of TiO, and BaCOj; peaks and a
remarkable decrease in their intensities are observed as a result of refinement of the powders.
Moreover, it can be said that the mechanical activation has induced a polymorphic transformation
(anatase to rutile (see Fig. 3a)) in the TiO, powders while BCO powders has not experienced a
phase transition and only particle refinement has occurred. This polymorphic transformation is
directly related to the metastability of anatase. The size dependence of nanoparticles during a
solid-state phase transformation has attracted much attention [19-20] because phase control is a

key step to improve functionalities of the products for various applications. Metastability of

6

Page 6 of 35



Page 7 of 35

RSC Advances

anatase and the severe conditions of the high energy ball mill used in this research rearrange the
ordering and sequence of the TiOg octahedrals (see Fig. 5) existing in the anatase crystal structure
resulting in the irreversible anatase-rutile phase transition. From the thermodynamic standpoint,
rutile is more stable than anatase phase [21], but the formation of anatase especially in the wet
chemical synthesis methods of TiO, is due to its rapid kinetic of formation. During the
irreversible transitions, the atoms obtain freedom in motion from the metastable phase structure
and then irreversibly transform into the most stable phase structure. Metastable states kinetically
develop in the crystal growth reactions (especially during the wet chemical processing methods
of preparation; in the case of the TiO; starting material used in this work due to its wet chemical
synthesis) without reaching the stable state at each reaction step when the chemical bonds are too
strong to free from the metastable states to the stable states. From this point of view, the phase of
titanium dioxide depends on which of the phases grows faster during polymerization of TiOg
octahedral units as the crystal nucleation. Severe mechanical activation by the high energy mills
can activate this irreversible transformation. Some authors have reported that reaction conditions
affect the phase and shape of TiO, nanoparticles obtained from crystal growth in the wet
chemical processing methods due to the adsorption on reaction sites to inhabit growth of certain
crystal structures or crystal faces [22-23]. As the first step of the crystal growth, tiny crystal
nuclei for each crystal structure will form depending on its synthesis method and conditions. The
difference in the crystal structure induced by the order of TiOg octahedral units; zigzag packing
for anatase and linear packing for rutile (see Fig. 5). Although the linear packing results in the
thermal stable structure due to the closest packing of TiO¢ octahedral units, the bridging structure
is unstable under the kinetic control condition. Once the metastable anatase phase forms, it
cannot transform to rutile without melting-like process because Ti-O bonds have strong binding

energy as an ionic covalent bond [21]. But in the severe mechanical activation using high energy
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mills, the impact-type compressive forces tend to rearrange the TiOg octahedral units to a closer
packing state and as a result, the irreversible anatase to rutile polymorphic transformation occurs.
Moreover, as can be seen in Fig. 4, the needle shape of the TiO, particles disappeared completely
after 10 h milling time and the powders are agglomerated. It was found that the mechanical
activation of the starting materials influences not only particle size and morphology but also
development of the solid-state polymorphic transformation of TiO,. It is not easy to mix the
starting materials and maintain chemical homogeneity in the final product without the mechanical
activation. As is evident in Figs. 3 and 4, the continuation of the mechanical activation up to 30 h
leads to an increase in the powders refinement and also results in the progress toward the
amorphization of structure of the starting materials. This is evident where the sharp crystalline
diffraction peaks broadened and their intensities decreased progressively during mechanical
activation process. For these samples, the halo pattern becomes more obvious due to existence of
a large amount of amorphous phase in the milled powders and crystallite refinement. Moreover,
as can be seen in Fig. 3, the fraction of the amorphous phase increased with milling time
increasing, although the rate of amorphization gradually slowed down as mechanical activation
proceeded. In this stage, the crystalline diffraction peaks did not shift very large during
mechanical activation even at the very long times. Although, the particle refinement is main
obvious outcome of this high energy milling (mechanical activation) step, however this step has
several other more important effects which the method established here smartly uses them to
obtain a better final BTO product. The following important effects are induced by this step:

(1) The particle refinement obtained after this step (see Fig. 4) increases the specific

surface area and thus the reactivity of the precursors, which facilitates the formation of

the final BTO product when mixing the precursors.
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(11) The finer particle size of the precursors can also guarantee the more homogenous
mixing of the precursors during the successive step of preparation (see Fig. 1). This
effect can prevent or reduce the formation of by-products in the final product such as
secondary phases, non-reacted precursors and non-stoichiometric products. Formation
of the unwanted secondary phases is the main drawback of the previously established
solid-state processes [9-10, 13, 24].

(i11))  The energy absorbed by the precursors in this step provides a lot of the suitable sites
for nucleation of the final product during the calcination step. This can result in the
formation of very fine monosized nanocrystals of BTO at the end of the synthesis
pathway which normally cannot be obtained by the solid-state synthesis methods using
the mechanical milling process.

(iv)  The high specific surface area, high energy absorbed by the precursors, formation of a
high density of crystal defects induced by mechanical activation stage effectively
enhance the diffusion rate by activating the high diffusivity paths during calcination
stage. This results in the formation of the final product at lower calcination temperature
and shorter calcination time.

The next results will demonstrate these effects. Previous researches have used the mechanical

activation after mixing the precursors [13, 24]. This mechanical activation does not have all of

the above advantages and their final products have some problems with basic challenging
issues of powder preparation methods such as purity, homogeneity, size distribution and
performance.
Fig. 6 shows the XRD patterns of the starting and activated powders, and also after 4 h mixing by
the high energy mill. Although 4 h milling for homogenous mixing the BCO and TiO, results in

the particle refinement (disappearance of some peaks), but the most important peaks of the
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starting powders did not disappeared in the XRD pattern of the mixture of the starting powders .
For the activated BCO and TiO, powders, most of the characteristic peaks of the TiO,
disappeared after mixing while the characteristic peaks of BCO persist toward disappearing. This
indicates that the particle size of this material cannot be reduced more. Some shifts in the position
of the peaks are seen in the mixture of the activated powders due to their more stored energy.
Some traces of final product, BTO, are seen in the mixture of powders activated for 30 h which,
suggest that critical activation time and thus particle refinement are required for the solid-state
formation of BTO without any calcination process. This also indicates that with aid of these
critical conditions, the decomposition of barium carbonate to barium oxide and carbon dioxide is
possible. SEM micrographs presented in Fig. 7 indicate that mixing process increases the
tendency of the agglomeration of the powders which can be attributed to the thermodynamics of

mixing the BCO and TiO; which have mutual solubility.

DTA analysis was carried out in order to analyze the contribution of mechanical activation of
the BaCOs3 and TiO, starting materials before their mixing on the formation of BTO. DTA curves
(see Fig. 8) for different mixtures clearly showed the effect of the mechanical activation of the
precursors. It is evident that the location of the peak appeared in the DTA curves depends on the
pre-milling conditions of the TiO, and BCO starting powders. The reaction rate of the finer BCO
and TiO, in mechanically activated sample is considerably higher than that of the non-activated
one. For the coarser powder (sample (b) in Fig. 8), the mentioned peak is shifted to a higher
temperature indicating the kinetics of formation of BTO in this sample is slower. Meanwhile, this
suggests the possibility to attain complete conversion of precursors to BTO in a reasonable time

even at a lower temperature using the mechanically activated TiO, and BCO powders.
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XRD results (Fig. 9) indicate that the method used in this work leads to formation of the
carbonate-free BTO nanoscale crystals with perovskite symmetry only by 2 h calcination at 1173
K(900 °C). BTO nanocrystals are characterized by well-resolved peaks at around 22.16, 31.56,
38.96, 45.24, 50.96, 56.24 and 65.88° corresponding to the (1 00), (1 10),(111),(200), (21
0), (2 1 1) and (2 2 0) planes, respectively. All peaks of the XRD patterns match well with
standard cubic BTO perovskite phase JCPDS No. 31-174 confirming the formation of BTO with
perovskite symmetry. The XRD patterns of the synthesized products are consistent with other
reports [25-31]. The non-activated sample (without application of the milling step on the starting
materials (BaCO; and TiO,)) exhibits more intense peaks than mechanically activated one
indicating its crystallites have grown more in contrast to those of mechanically activated sample.
Considering the prominent (1 1 0) peak located at 31.56° and using the Scherrer formula given in
Ref. [14], we estimate the average crystallite size of 10 h mechanically activated sample and non-
activated sample to be 26.66 and 45.44 nm, respectively. These results indicate that our approach
has led to a significant reduction in the size of the synthesized BTO crystallites. On the other
hand, the peaks of carbonate phases are not observed in the pattern of this sample, therefore, it
can be said that the final BTO product is carbonate-free. The above results indicate that very fine
BTO nanocrystals free from any by-product have been obtained through the present synthesis
pathway. As can be seen in Fig. 9, the location of XRD peaks in the pattern of the 10 h
mechanically activated sample have shifted about 0.2° to lower 260 in contrast to those of non-
activated sample due to stored energy in the material during the mechanical activation stage of
the starting powders. Moreover, as can be seen in this figure, the long time mechanical activation
stage should be avoided due to formation of some by products (see the traces of the by-products
at around 20 of 24 and 29° in the sample which was mechanically activated for 30 h).

Meanwhile, the long time mechanical activation increases the costs of preparation.
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Fig. 10 shows FE-SEM micrographs at different magnifications of BTO powder products
synthesized in this work. As can be seen in this figure, the powders appear to be agglomerated
caused primarily by the processes occurring during milling and calcination of the powder
mixtures. Moreover, the small particles embedded in each agglomerated cluster correspond to the
BTO nanocrystals. FE-SEM micrographs exhibit crystal size consistent with the average
crystallite size determined by the analysis of XRD. The morphological properties and size
distribution characterization of the mechanically activated sample indicate that the products
consist of somewhat regularly shaped and relatively spherical particles with a narrow size
distribution. Moreover, the SEM micrographs of mechanically activated (10 h) sample exhibit a
larger density of finer crystallites in contrast to non-activated sample. The above results indicated
that with the help of our approach, carbonate-free BTO particles with tailored morphology have
been synthesized. Moreover, mechanical activation of the starting materials accelerates the
homogeneous formation of BTO nanocrystals and can also be beneficial in controlling the size
and shape of the nanocrystals. It is apparent from the FE-SEM micrographs that BTO
nanocrystals observed in the agglomerates of mechanically activated sample are relatively
uniform in size having spherical morphology than non-activated sample. There are some other
papers describing synthesis of BTO by solid-state synthesis method without mechanically
activation of the BaCO; and TiO, before their mixing; those methods produced poorly uniform
and larger particles with board particles size distributions [10-11, 28-29, 32-34] at higher
temperatures. However, the results indicate that we can obtain monosized particles with spherical
morphology at lower temperatures in contrast to the literature [10-11, 28-29, 32-34]. Moreover,
the lower calcination temperature results in weakly agglomerated powders and intensive milling

is not required.
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In this section, we discuss the role of the mechanical activation step of the BaCO; and TiO,
starting powders on the formation of BTO nanocrystals. The mechanical activation step results in
extensive formation of lattice defects, dislocations in particular, because of its induced severe
plastic deformation. Moreover, this step reduces the size of the starting materials and thus
increases their specific surface area and stored energy. A characteristic feature of all solid-state
reactions is that they involve the formation of product phase at the interfaces of the starting
materials. Then, growth of the product phase involves diffusion of atoms of the reactants through
the product phase, which constitutes a barrier layer preventing further reaction. The solid-state
reactions initiated by intensive milling in high-energy ball mills could be good choice for BTO
powder preparation. An important criterion for intensive milling is the formation of highly
dispersed phase materials for oxide based materials or the formation of new product because of a
solid-state reaction. Intensive milling (mechanical activation) the starting materials increases the
area of contact between the reactant powder particles due to reduction in particle size and allows
fresh surfaces to come into contact. This effect results in homogenous mixing the starting
materials, which prevents the formation of the secondary phases during the calcination treatment
and as a result, BTO powder product free from secondary phases is obtained. EDAX analysis
results also approve the role of the mechanical activation on the purity of the final BTO products.
As can be seen in Fig. 11, the sample which was prepared without mechanical activation stage
contains a large amount of carbon and thus carbonate by-products indicating this sample is not
carbonate-free. It seems that the severe mechanical activation of barium carbonate activates the
decomposition of barium carbonate to barium oxide and carbon dioxide. This is another effect of
the mechanical activation stage. According to the reaction mechanism [14], the formation of BTO
in the initial stage of the interfacial reaction between BCO and TiO, depends on the BCO

decomposition. Mechanical activation helps this decomposition and in turn formation of BTO.
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The milling stage of the starting materials is also characterized by intensive plastic deformation
of the powder at extremely high strain rate, creation of a high density of defects. These sites (due
to the stored energy in the starting materials during the milling process) are potential sites for the
nucleation of BTO crystallites. This effect results in the formation of a large density of finer
crystallites in the mechanically activated samples in contrast to the non-activated sample as is
evident in SEM micrographs of Fig. 10. On the other hand, it has been demonstrated [14] that in
the second stage, BaTiO; formation is controlled by barium diffusion through the formed barium
titanate layer [35]. In this stage, in contrast to the literature, no secondary phase was detected [10-
11, 28, 34]. The mechanical activation stage of the starting materials can effectively facilitate the
diffusion process by providing high diffusivity paths through the creation of a high density of
lattice defects, dislocations and free surfaces. These defects in turn accelerate the diffusion of
Ba”".As a consequence, solid-state reactions that normally require high temperatures will occur at
lower temperatures. In other words, the high density of defects induced by intensive milling of
the starting materials favors the diffusion process required for BTO formation [36]. Meanwhile,
the particle refinement and thus reduction in diffusion distances (due to microstructural
refinement) reduces the reaction temperature and time significantly. Based on the above
discussion, it can be said that mechanical activation reduced the formation temperature and
accelerated the formation rate of BTO. Our observations indicate that BTO phase formation was
greatly enhanced due to the refinement of the oxide precursors as a result of the high-energy
milling (mechanical activation of the starting BCO powder). Moreover, critical parameters in the
preparation of barium titanate nanopowders by solid-state reactions are the particle size of raw
materials, the absence of large hard agglomerates, and the homogeneity of the mixture. The use
of the mechanically activated raw materials improves these parameters and favors the formation

of very fine BTO nanocrystals with a narrow size distribution at a lower calcination temperature
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[37-39]. The conventional solid state processes [28-29, 10-11, 32-34] did not produce single
phase nanosized BT at the same temperature and heating rate which were used in our work; the
decomposition of BCO was incomplete. This indicates that mechanical activation step
accelerated the formation kinetics of BTO from BCO and TiO,. Our previous experiences in
fabrication the nanoscale materials [14, 27, 35-36, 40-58] critically indicate that a smart
designing of the process and the use of the properly selected starting materials (or precursors)
significantly influence the microstructure and performance of the final nanoscale product.
Finally, it can be said that the method developed in this work can reduce particle size and
enable obtaining the nanostructured BTO powders by solid-state process, which are of the main
interest in current trend of miniaturization and integration of electronic components. Meanwhile,
solid-state reaction of mechanically activated BCO and TiO, turns out to be an attractive process
to obtain homogeneous nanopowders of BTO and a realistic alternative to more expensive wet-
chemical routes. Moreover, this simple innovative method will offer a new strategy for preparing

the nanoscale powders of other perovskite materials.

4. Concluding remarks

The present study described a simple low temperature method for obtaining very fine single-
phase BTO nanopowders by an innovative solid-state reaction when mechanically activated
BaCO; and TiO, were used as raw materials. The obtained nanopowders was characterized by X-
ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDAX) and differential thermal analysis (DTA) techniques aided by theoretical
calculations. The results give evidence of the strong effect of the mechanical activation on the
solid-state formation of barium titanate. Mechanical activation reduced the formation temperature

and accelerated the formation rate of BTO. BTO formation was favored by the catalytic effect of
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very reactive TiO, and BaCOj; due to their higher stored energy and higher specific surface area
induced by mechanical activation stage. The mechanical activation also influenced particle size

and morphology of the obtained BTO powders. We believe that the BTO nanoparticles prepared
by the current approach can be used as the starting materials for the miniaturization of advanced

MLCCs.
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Figure captions

Fig. 1. Flowchart showing the stepwise method of preparation of carbonate-free BTO
nanocrystals used in this work.

Fig. 2. SEM micrographs of the TiO, and BaCOj; starting materials showing their particles size
and morphology.

Fig. 3. XRD patterns of (a) TiO; and (b) BaCOs starting powders as received and after different
milling (mechanical activation) times.

Fig. 4. Effect of mechanical activation time on particle size and morphology of the starting
materials.

Fig. 5. Polyhedra structures for the TiO;, polymorphs: (a) anatase and (b) rutile. Ti and O atoms
are represented by big blue and small red spheres, respectively.

Fig. 6. XRD patterns of TiO, and BaCOj starting and activated powders, and after their mixing
for 4 h.

Fig. 7. SEM micrographs showing the mixture of the powders after 4 h milling: (a) mixture of
Ti0; and BaCOs starting powders, (b) mixture of TiO, and BaCOs powders activated for 10 h and
(c) mixture of TiO, and BaCO3; powders activated for 30 h.

Fig. 8. DTA curves of the mixture of (a) as- received starting materials and (b) mechanically
activated (10 h) BCO and TiO, powders showing the effect of mechanical activation of the
starting materials on the kinetic of formation of BTO.

Fig. 9. XRD patterns of BTO nanocrystals synthesized under different preparation conditions.
Fig. 10. FE-SEM micrographs at different magnifications of BTO nanocrystals synthesized under
different preparation conditions.

Fig. 11. EDAX results of BTO nanocrystals synthesized in this work (a) with and (b) without

mechanical activation of the starting materials.
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Figure 1
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Fig. 1. Flowchart showing the stepwise method of preparation of carbonate-free BTO

nanocrystals used in this work.
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Figure 2
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Fig. 2. SEM micrographs of the TiO, and BaCOj starting materials showing their particles size

and morphology.
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Figure 3b
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Fig. 3. XRD patterns of (a) TiO, and (b) BaCOs starting powders as received and after different

milling (mechanical activation) times.
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Figure 4
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Fig. 4. Effect of mechanical activation time on particle size and morphology of the starting

materials.
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Figure 5
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Fig. 5. Polyhedra structures for the TiO, polymorphs: (a) anatase and (b) rutile. Ti and O atoms

are represented by big blue and small red spheres, respectively.
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Fig. 6. XRD patterns of TiO, and BaCOj starting and activated powders, and after their mixing

for 4 h.
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Figure 7
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Fig. 7. SEM micrographs showing the mixture of the powders after 4 h milling: (a) mixture of
Ti0; and BaCOs starting powders, (b) mixture of TiO, and BaCO3 powders activated for 10 h and

(c) mixture of TiO, and BaCO; powders activated for 30 h.
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Figure 8
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Fig. 8. DTA curves of the mixture of (a) as- received starting materials and (b) mechanically

activated (10 h) BCO and TiO, powders showing the effect of mechanical activation of the

starting materials on the kinetic of formation of BTO.
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Fig. 9. XRD patterns of BTO nanocrystals synthesized under different preparation conditions.
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Fig. 10. FE-SEM micrographs at different magnifications of BTO nanocrystals synthesized under

different preparation conditions.
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Figure 11
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Fig. 11. EDAX results of BTO nanocrystals synthesized in this work (a) with and (b) without

mechanical activation of the starting materials.
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