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nanocrystals by an innovative one-step approach
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Abstract:

Synthesis temperature and purity of core/shell nanocrystals are key challenges facing the
scientific community. Moreover, the core/shell structures usually need a multi-step synthesis
pathway to be fabricated. This work aims to address these challenges by developing an
innovative one-step synthesis pathway for obtaining carbonate-free BaTiO; core/shell
nanocrystals at low temperature. The results show that very fine BaTiOs core/shell
nanocrystals (<11 nm) free from any by-products such as BaTi,Os and BaCOj are synthesized
at 323 K (50 °C). This newly developed structure can significantly reduce the sintering
temperature of the nanocrystals and can be beneficial in fabricating the ceramic parts at lower
sintering temperatures.
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1. Introduction

Recent developments in microelectronics, communications and integrated optics have led
to the miniaturization of the related devices. Moreover, rapid development of the electronic
devices toward miniaturization requires reaching higher performances in smaller structures
[1-4]. To fabricate and develop the high-quality volume efficient devices, small particle size
nanocrystals with narrow size distribution and high purity are needed [5-6]. Since
nanocrystals display a key role in manufacturing the bulk nanostructured electronic devices,
therefore economic consideration of mass production of nanocrystals is a major issue
concerning the research and development [7, §].

Recently, nanoscale ferroelectric materials have received considerable attention due to
their potential applications in microelectronic, communication and integrated optic
technologies [9-11]. Barium titanate (BaTiO3; BTO) is the most common perovskite
ferroelectric material, which has been studied extensively because of its wide band gap and
outstanding dielectric and ferroelectric properties [5-11]. The successful synthesis of BTO
nanocrystals with unique dielectric properties largely depends on the purity and
microstructural characteristics, which in turn are dependent on the preparation method. A
large number of researches regarding the synthesis of nanoscale BTO crystals using different
synthesis methods are available in the literature [5-19].The BTO synthesis pathways reported
in the last years can be divided into (1) solid state reaction methods such as mixed oxide
method [18-19], and (2) wet-chemical methods such as sol—gel, precipitation, hydrothermal
and sonochemical processing methods [5-17, 20-23]. In both groups, considerable progress
has been made but it still remains a challenge for the scientific community to obtain high-
quality BTO nanocrystals at a low temperature of 323 K (50 °C) while avoiding unwanted by-

products. The dielectric properties of BTO are largely affected by carbonates, which
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significantly change its dielectric behavior and turn dielectric nature of BTO to
semiconducting one [21].

Facile strategies for nanocrystals synthesis are of fundamental importance in the advancement
of nanoscience and nanotechnology. In this work, it has been tried to develop and describe a
new methodology for the synthesis of carbonate-free BTO nanocrystals. This methodology
provides a one-step, convenient, low-cost, nontoxic, and mass-productive route for the
synthesis of BTO nanocrystals. On the other hand, BTO is conventionally obtained by solid-
state synthesis between barium carbonate (BaCO3) and titania (TiO,) at 1473 K (1200°C) [18-
19]. Some wet chemical approaches need a calcination process at temperatures above 973 K
(700°C) [11]. The products of these methods contain some inhomogenities and by-products
[13, 16]. As the great advance made by this work, our method of synthesis is able to obtain
high-quality homogenous carbonate-free BTO nanocrystals at a low temperature of 323 K (50
°C).

Core-shell nanostructures have recently received much attention for their enhanced
properties and performances [24-27]. Moreover, the core—shell structures are normally chosen
believing that these can cause a better coupling between the two phases. In this work, a new
family of core-shell structure is developed which the core and shell have similar composition
while core are crystalline and shell is amorphous. Moreover, for the first time, the novel
core/shell nanostructures are obtained by a one-step synthesis method. On theother hand,
obtaining nanocrystalline ceramic parts from their nanopowders is one of the most important
challenges facing the scientific communities since the high temperature of the sintering
process results in particle growth and as the consequence; the final structure becomes
submicron-sized. When the shell is amorphous, this layer absorbs thermal energy to become

crystalline and thus the required energy for particle growth cannot be provided. The
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amorphous shell also can guarantee the higher density of the sintered nanostructured parts at

lower sintering temperature.

2. Experimental procedure
2.1. Materials and synthesis method

Our approach is based on an ultrasound assisted wet chemical method. Titanium chloride,
barium chloride, anhydrous sodium hydroxide and ethanol are obtained from Merck and used
as precursors. The chemicals in the experiment are all analytical grade reagents and used
without further treatment. The stoichiometric amounts of barium chloride and titanium
chloride are dissolved in deionized water and ethanol, respectively. These solutions are added
into a glass vessel containing sodium hydroxide solution. The concentration of the NaOH
solution was required to guarantee a strong alkaline environment (pH =14) during reaction
time. The glass vessel containing precursor solution is subjected to an ultrasonic bath (Soner
220H, 53 kHz, 500 W) at 50 °C for different mixing times. After the reaction is finished and
cooled down to room temperature, products are separated and washed followed by drying in
an oven at 373 K (100 °C) for 2h. In this work, in order to prevent the unwanted reactions and
thus unwanted by-products, we have tried to remove the carbon atom, carbon species and
dissolved CO; gas in the precursor solution before ultrasound irradiation. We also have tried
to prevent the formation of the carbonate phases during sonication. In this way, the above-
described method is modified in order to synthesize carbonate-free BTO nanocrystals and the
next steps are followed:

i.  removal of the carbon species and dissolved CO, gas from the deionized water.
ii.  preventing the formation of carbonates during sonication (reaction).
iii.  dissolution of (possible) formed carbonate by-products from the synthesized

products.
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In stage (i), the decarbonation treatments of deionized water are performed in three stages
including boiling at 373 K (100 °C) for 30 min, bubbling with Ar gas for 30 min and
increasing the pH of deionized water above pH 8.5. This three-stage process leads to removal
of the carbon species and dissolved CO, gas from the deionized water. In stage (ii), during the
sonication, the vessel is closed in order to prevent the solution exposing to air and its reaction
with CO; gas. In stage (iii), after reaction is finished and cooled to room temperature, the
precipitates are separated from the reaction mixture, and washed four times with deionized
water, diluted formic acid, diluted hydrochloric acid and ethanol, respectively. The washing
process is done in order to dissolve the (possible) formed carbonate by-products from the
synthesized products. BTO nanocrystals are prepared at 323 K (50 °C) using the method

described above.

2.2. Characterization

Functional groups in the product are detected using a FT-IR spectrophotometer (Hitachi
3140; Tokyo, Japan). FT-IR spectrum is recorded in the range of 400-4000 cm™ and
measured on samples in KBr pellets. The crystal structure of the obtained powder products is
determined using an X-ray diffractometer (Philips PW3710; Eindhoven, the Netherlands).
The average crystallite size of the products is calculated using Scherrer’s formula [22]. The
morphological features and microstructure of the products are observed by a field emission
scanning electron microscope (FE-SEM; Hitachi S4160) and high-resolution transmission
electron microscope (HRTEM; ZEISS EM900). All of the characterizations were performed

at room temperature.

3. Results and discussion

3.1. Structure, purity and formation mechanism of the obtained powder products
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FT-IR is known as a sensitive technique for carbonate phase identification. Fig. 1a shows
FT-IR spectrum of the synthesized nanocrystals. FT-IR spectrum reveals the presence of
absorption bands at around 539, 1435, 1582 and 3441 cm . The absorption bands at 3441 and
1582 cm ' are assigned to O-H stretching and bending vibrations of water [23]. The
absorption bands at 1435 cm ™' can be considered as the alcoholic bending vibrations (C-OH
functional groups) [23] implying the adsorption of small amount of alcohol on the surface of
nanocrystals. These absorptions are due to the use of ethanol in the washing process of the as-
synthesized nanocrystals. Strong and wide band located between 780 and 470 cm ' can be
ascribed to BTO stretching vibrations and confirms the formation of BTO. This band is a
combination of the following bands: a band at 652 cm ™' which is assigned to stretching
vibrations of BaO and a band at 470 cm ™' which is assigned to stretching vibrations of TiO,
[23]. Since the characteristic bands of the carbonates (867, 1049, 1421 cm ') [23] have not
been appeared in our spectrum, it can be stated that the synthesized nanocrystals are
carbonate-free and thus highly pure. This outcome is the significant advantage of the present
method in contrast to other established methods [5-19].

XRD results (Fig. 1b) also indicate that the method leads to formation of the carbonate-free
BTO nanoscale crystals with perovskite symmetry. BTO nanocrystals are characterized by
well-resolved peaks at 22.04, 31.45, 38.66, 44.97, 50.60, 55.91, 65.42, 69.94 and 74.21°
corresponding to the (1 00), (1 10),(111),(200),(210),(211),(220),(212)and (31
0) planes. All peaks of the XRD pattern match well with standard cubic BTO perovskite
phase JCPDS No. 31-174 confirming the formation of BTO with perovskite symmetry. The
XRD pattern of the synthesized product is consistent with other reports [5-6]. Considering the
prominent (1 1 0) peak and using the Scherrer formula given in Ref. [22], we estimate the
average crystallite size of the synthesized product to be 10.1 nm. In this pattern, the halo

pattern is also pronounced due to existence of amorphous phase. On the other hand, the peaks
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of carbonate phases (which are normally seen at 23.52, 25.04, 33.92, 41.88, 46.6, 53.68,
68.04° [22-23]) are not found in the pattern of Fig. 1b, therefore, it can be said that the
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.

The above-described method has several advantages over other sonochemical routes [17,
28-30] and even over other processing methods, such as sol-gel [11], solid-state reaction [ 18-
19], combustion synthesis [31], co-precipitation [13, 15], hydrothermal [9] and
microemulsion [32] methods. In contrast to other sonochemical processes [17, 28-30], for the
first time, carbonate-free BTO nanocrystals have been prepared in this work. Moreover, the
products are synthesized at a lower temperature in contrast to the literature [17, 28-30]. Other
researchers [17, 28-30] have indicated that a temperature above 363 K (90 °C) is required for
sonochemical synthesis of BTO nanocrystals, but in this work, carbonate-free BTO
nanocrystals are synthesized at 323 K (50 °C). Moreover, this temperature is much lower than
the temperature required for other processing methods [5-17, 18-19, 21-22]. This advantage
indicates that the established method is cost-effective, and therefore suitable for mass
production purposes. Here, we explain the mechanism of formation of BTO nanocrystals and
discuss the above-mentioned results. In the sonochemical processing method, ultrasonic
waves radiate through the precursor solution causing alternating high and low pressures in the
solution. This leads to the formation, growth, and implosive collapse of bubbles in the
solution. These conditions greatly accelerate the rate of the formation of the products without
need for any additional external heating. The formation mechanism of the synthesized
nanocrystals is related to radicals involved in the reaction because of the bubble’s collapse.
According to hot spot theory [33], very high temperatures (> 5273 K (5000 °C)) and pressures
of roughly 2000 atm are obtained upon the collapse of a bubble. Since this collapse occurs in

less than a nanosecond, very high cooling rates (>1010 K/s) are also obtained. These extreme
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conditions can drive a variety of chemical reactions to fabricate nano-sized materials. In other
words, the implosion of the microscopic bubbles in the reaction mixture generates energy,
which induces chemical and mechanical effects [23]. This collapse leads to localization, a
transient high temperature and pressures, resulting in an oxidative environment due to the

generation of highly reactive species, including hydroxyl radical ("OH) [33]. These radicals

are formed in the reaction mixture due to the use of deionized water and alcohol as precursors.

On the other hand, this oxidative environment provides suitable conditions for the formation
of the oxide nanocrystal. The reaction pattern for the formation of the BTO nanocrystals is as

follows:

BaCly(aq) + TiCly(ag) + 6NaOH(ag) —Lwsonic imdiatonat 0°C__, BaTiQ;(s) + 6NaCl(aq) +

3H>0() (1
where (aq) denotes a salt dissolved in deionized water and (s) denotes the synthesized
precipitates. BaTiO; (BTO) is the main product of the above reaction pattern exhibiting the
perovskite symmetry. Nevertheless, such high temperatures and pressures can activate
existing carbon atoms, carbon species and dissolved CO, gas (in the precursor solution) for
chemical reactions to form carbonate by-products (carbonate phases). This event is the reason
behind the fact that other researchers were not successful in synthesizing carbonate-free BTO
[17, 28-30]. It seems that the removal of carbon species and dissolved CO, gas from the
precursor solution (as described in the experimental procedure) is effective in reducing the
synthesis temperature and leads to formation of the carbonate-free BTO nanocrystals at a
lower temperature in contrast to the previous reports [17, 28-30]. In addition, it can be
discussed that the formation of BCO (barium carbonate oxide; barium carbonate) or other
carbonate by-products postpones the formation of BTO. BCO is thermodynamically more
stable than BTO [22], it is formed at a lower temperature in contrast to BTO. Therefore, in the

presence of free carbon, carbon species and dissolved CO, gas in the reaction chamber, BCO
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formation is preferred, especially in the ultrasound-assisted synthesis due to severe
temperature and pressure conditions discussed before [33]. On the other hand, after the
decomposition of BCO, BTO is formed according to the following reactions:

BaCO , — BaO + CO, @)

BaO + TiO, —> BaTiO, 3)

Therefore, it can be said that with increasing amount of the carbonate phases, formed during
the synthesis, the formation of BTO is delayed. Consequently, we designed our method
considering these facts and the mentioned three steps (in the experimental section) were
followed to remove free carbon atoms, carbon species and dissolved CO, gas from the
precursor solution before the irradiation of the ultrasound waves. The applied modifications
also prevent unwanted reactions between CO, gas and precursor solution during sonication.

These condition leads to formation of carbonate-free BTO nanocrystals.

3.2. Microstructure, morphology and formation mechanism of the obtained powder
products

Fig. 2 shows FE-SEM and TEM micrographs and SAED pattern of BTO powder product.
As can be seen in the FE-SEM micrographs, the powders appear to be agglomerated caused
primarily by the processes occurring during drying of the as-synthesized powders. Moreover,
small particles embedded in each agglomerated cluster correspond to the BTO nanocrystals.
All the FE-SEM micrographs exhibit particles greater than the average crystallite size
determined by the analysis of XRD, suggesting an internal structure of the particles. The
curves of the particle size distribution of the synthesized BTO samples with different
sonication times have been shown in Fig. 3. The particle size seen in these curve is much
larger than the size of crystallites estimated by Scherrer equation suggesting an internal

structure of the particles. The curve of the sample sonicated for 45 min indicates that the
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particles are generally composed of 2-10 crystallites but most of them are composed of 4-6
crystallites. The morphological properties and size distribution characterization of the
prepared powders indicate that the products consist of somewhat regularly shaped and
relatively spherical particles with a narrow size distribution. The above results indicated that
with the help of ultrasound irradiation, carbonate-free BTO particles with tailored
morphology can be synthesized using our established method. Moreover, the ultrasonication
accelerates the homogeneous precipitation process and can also be beneficial in controlling
the size and shape of the synthesized nanocrystals. It is apparent from the FE-SEM
micrographs that the BTO nanocrystals appearing in the agglomerates are relatively uniform
in size having spherical morphology. There are some other papers describing synthesis of
BTO without sonication; those methods produce poorly uniform particles with board particles
size distributions [5-8] at much higher temperatures. However, the results indicate that with
the help of ultrasound irradiation, we can obtain monosized particles with spherical
morphology at much lower temperatures in contrast to the literature [5-19].

Fig. 2 also shows the HRTEM micrographs at different magnifications and SAED pattern
of the BTO nanopowders synthesized in this work. These micrographs show BTO
nanocrystals and nanometric agglomerates, and prove the nanocrystalline structure of the
synthesized BTO. Moreover, the crystallite size of particles is in good agreement with the
data obtained from the Scherrer formula. TEM micrographs also show a halo shell around the
obtained nanocrystals. This indicates that the obtained nanosized crystals have an internal
crystalline/amorphous core/shell structure. The selected area electron diffraction (SAED)
pattern exhibits hazy circles at the center, which indicates the product is nanocrystalline. This
pattern also shows the presence of concentric rings confirming the polycrystallinity of the
agglomerates. The sonochemical processing method used in this work leads to the

homogeneous precipitation of non-agglomerated BTO nanocrystals at the end of the synthesis

10
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process. Then the precipitates are separated, washed, and then dried in an oven at 373 K (100
°C) for 2h. As can be seen in Fig. 2, the dried nanopowders are seen as agglomerates
composed by BTO nanocrystals. However, they are loose agglomerates and can be dispersed
in aqueous medium without needing a grinding step. Moreover, the better clear HRTEM
micrograph (Fig. 2) clearly shows the contacted areas of the nanocrystals indicating the
nanocrystals have been agglomerated together with weak forces during drying stage of the as-
synthesized precipitates.

During sonication, ultrasonic waves radiate through the precursor solution causing
alternating high and low pressures in the solution. This leads to the formation, growth, and
implosive collapse of bubbles in the solution (see Fig. 4). The collapse of bubbles with short
lifetimes produces intense local heating and high pressure. According to hot spot theory [33],
very high temperatures (> 5273 K (5000 °C)) and pressures of roughly 2000 atm are obtained
upon the collapse of a bubble. Since this collapse occurs in less than a nanosecond, very high
cooling rates (>1010 K/s) are also obtained. These extreme conditions can drive a variety of
chemical reactions to fabricate nano-sized materials. Since these events occur in localized
discrete points (at the collapsing bubbles), therefore sonochemical processing method leads to
formation of the nanocrystals. But, as can be seen in SEM and TEM micrographs, the
synthesized powders appear to be agglomerated. This caused primarily by the processes
occurring during the drying stage of the as-synthesized powders and small particles embedded
in each agglomerated cluster correspond to the synthesized nanocrystals. In this work, the
products have been synthesized at 323 K (50 °C). Moreover, the nanocrystals were not
subjected to a calcining process at high temperature which leads to formation of highly
agglomerated almost inseparable particles. Therefore, it can be said that the nanocrystals have

been aggregated together with weak forces. In TEM micrographs (see Fig. 2), the contacted

11
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areas of the nanocrystals are seen which indicates that the nanocrystals have been aggregated
together with weak forces during drying stage of the as-synthesized precipitates.

TEM micrographs also show a halo shell around the obtained nanocrystals. In analysis of
this result, it can be said that the extremely high localized pressures and temperatures induced
by ultrasound irradiation at collapsing bubbles remain for less than one nanosecond and
therefore very high cooling rates (>1010 K/s) are obtained [33] due to self-quenching effect of
the precursor solution. Such high cooling rates prevent growth of the forming nanocrystals
and lead to formation of a crystalline/amorphous core/shell structure in the synthesized
nanocrystals. This structure has been clearly presented in Fig. 5. It seems to us that this
structure can significantly reduce the sintering temperature of the obtained powder. Here, we
explain the role of the application of ultrasound irradiation on the formation of a
crystalline/amorphous core/shell structure in the obtained nanocrystals. When precursor
solution is exposed to ultrasound irradiation, the bubbles are implosively collapsed by
acoustic fields in the solution.

Here, we explain our proposed mechanism of formation of the crystalline/ amorphous
core/shell nanostructures. There are two regions of sonochemical activity (see Fig. 4) upon
the collapse of a bubble. One is inside of the collapsing bubbles, where elevated temperatures
(> 5273 K (5000 °C)) and high pressures (roughly 2000 atm) are produced and can result in
the formation of the crystalline core of the crystalline/ amorphous core/shell nanostructures;
the other is interfacial region between the cavitation bubbles and surrounding solution [33].
The temperature in the interfacial region is much lower than the inside of the collapsing
bubbles, but it is still high enough to rupture chemical bonds and induce many reactions
without need for any external heating. This effect and very high cooling rates occurring in the
sonochemical processing method freeze the ordering transformation in the amorphous shell

and leads to formation of a crystalline/amorphous core/shell structure (see Fig. 6). Actually,

12
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the collapse of bubbles (acoustic cavitation due to the ultrasonication of the reaction mixture)
has also mechanical effects. In other words, as the third effect, the microscopic stirring can
also be obtained through the collapse of bubbles. The nanostructures are obtained due to the
high temperatures and pressures in very local area and the microscopic stirring induced by
these cavitations modifies the shape of the forming nanocrystals to be regular and mostly
spherical. These three effects induced by ultrasonication result in obtaining spherical
amorphous/crystalline core/shell nanostructures in this work. The formed core/shell
nanostructures grow with the synthesis time in the following way: in the first step,
transformation of amorphous shell to crystalline phase occurs, in the second step a new
amorphous shell is formed on the growing crystalline core (these two steps can be
simultaneous). Progress of the growth of the nanostructures is the result of repetition of these
two steps. Since these conditions exist in any sonochemical processing method, sonochemical
processing method is the best option to obtain such core/shell nanostructures by a facile one-
step synthesis pathway. It seems to us that this structure can significantly reduce the sintering
temperature of the obtained powders and can be beneficial in fabrication ceramic parts at

lower sintering temperatures.

4. Conclusions

In this work, we reported an one-step approach for synthesizing BTO
crystalline/amorphous core/shell nanocrystals. The method is a novel ultrasound-assisted wet
chemical synthesis. Well-defined and stoichiometric nanocrystals of BTO of narrow size
distribution were synthesized at 323 K (50 °C) by sonication of chloride solution in a strong
alkaline environment. The mechanism of formation of the crystalline/ amorphous core/shell

nanostructures was disclosed in the text. The method allows a tailor-made preparation of the

13
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powder particles. Moreover, the preparation of nanocrystals, described here, is simple, fast,

inexpensive and useful for large-scale production purposes.
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Figure captions

Fig. 1. (a) FT-IR spectrum and (b) XRD pattern of BTO nanocrystals synthesized through our
established method.

Fig. 2. FE-SEM and TEM micrographs at different magnifications, and SAED pattern of BTO
nanocrystals synthesized in this work.

Fig. 3. The change of particle size distribution of the synthesized powder products with
sonication time.

Fig. 4. The schematic illustration showing the formation, growth, and collapse of a bubble
induced by ultrasonication.

Fig. 5. HRTEM micrograph showing the formation of a crystalline/amorphous core/shell
structure in the BTO nanocrystals synthesized in this work.

Fig. 6. The schematic illustration showing the formation mechanism of BTO

crystalline/amorphous core/shell nanocrystals induced by ultrasonication.
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Figure 1
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Fig. 1. (a) FT-IR spectrum and (b) XRD pattern of BTO nanocrystals synthesized through our

established method.
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Figure 2
FE-SEM micrographs and SAED pattern TEM micrographs
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Fig. 2. FE-SEM and TEM micrographs at different magnifications, and SAED pattern of BTO

nanocrystals synthesized in this work.
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Figure 3
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Fig. 3. The change of particle size distribution of the synthesized powder products with

sonication time.
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Figure 4
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Fig. 4. The schematic illustration showing the formation, growth, and collapse of a bubble

induced by ultrasonication.
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Figure 5
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Figure 6
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Fig. 6. The schematic illustration showing the formation mechanism of BTO

crystalline/amorphous core/shell nanocrystals induced by ultrasonication.
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