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Abstract

In this research we study the synthesis of Barium Titanate BTO by solid state method from 400 to 1100°C,
under pressure about 5 ton.mm™ by using BaCO3+TiO; as a reactants or BaO +TiO,. By comparing the samples
results we found that the optimum reaction is [ BaCO3+TiO; (1:1)] and the best temperature for the synthesis
was 1100°C. We Study the manufactured samples with DFT/B3LYB(SDD) method and we confirmed that the
compound is formed from XRD diffraction pattern and DTA curves.
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1. Introduction

The continuing drive towards greater miniaturization of electronic components has led to the development of
thin film materials for a wide variety of applications, and among these are the thin film ferroelectrics!!l. Barium
titanate (BaTiOs or BTO) based materials have been widely studied because of their fascinating properties like
high dielectric, piezo-electric and pyro-electric coefficients?. After the discovery of ferroelectricity in BTO,
research from various laboratories all over the word start studies of solid solutions of BTO. This research field is
of great basic and applied interest since the experimental results should facilitate developing of theory and fining
of ferroelectric solid solutions with properties optimal for application. The phase development and dielectric
behavior of various perovskite ferroelectric ceramics was reported, which may be applied to several micro- or
nano-positioning devices such as deformable mirrors, microactuators, miniaturized transducers, multilayer
capacitors (MLCs), PTC thermistors, piezoelectric transducers, and a variety of electro-optic devices?!.

This perovskite cells are thin films which prepared easily in laboratories by mixing solid reactants together!l5!,
Which is the optimum way to get them?

2. Materials and methods

Barium Carbonate (TITAN BIOTECH 98.5%) , Barium Oxide (PROLABO 97%) , Titanium Oxide (Qualikems
Fine Chemicals 99%) , Aceton (eurolab above 99.8% ).

We use Quantum method ( DFT/B3LYP(SDD))®I7IB and Solid State!® method to prepare the samples.

3. Quantum-Chemical Study
Before we synthesis BTO, we study the reactants ( BaO, BaCOs, TiO,), the resultants (BaTiOs, Ba,TiOs,
BaTi,0s, CO») and activated complexes by [DFT/B3;LYP(SDD)] according to the reactions:
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3.1. Results and discussion:
3.1.1. the reaction between BaO+TiO::

)

We calculated the activated energy and free gibbs energy for activated complexes, and ordered the results in

table (1).
Table (1): shows the values of activated energy (AEx) free gibbs energy (AGa) for different stoichiometric ratio
The proportion of BaO + TiO2
reaction
__AE, _AG,
AE, (1:1) AG,(1:1)
1:1 1.00 1.00
2:1 0.21 0.32
1:2 2.17 2.17

Extrapolating the table values, we find that the stoichiometric ratio is 2:1 in the first stage.

So we study the molecular orbitals energies specially LUMO, HOMO for reactants and resultants in
reaction with (1:1) ratio, the average energy between reactants was (62.945 kcal/mol), and mutual influence was
weak (-8.961 kcal/mol) that means the reaction between them is slow; so we need hard conditions( temperature

and catalyze) to make the LUMO in BaO are lower.
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scheme(1): shows the molecular orbital energies for BaO:TiO, by (1:1).

In BaO:TiOy(2:1), we find that the average energy between reactants was (68.923 kcal/mol), and mutual
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influence was very weak (+74.4098 kcal/mol) that means the resultant compound (Ba,TiO4) is unstable.
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scheme(2): shows the molecular orbital energies for BaO:TiO; by (2:1).
Extrapolating the previous results, we find that the formation interaction of BTO is probably passed
through Ba,TiOs as an activated complex:

AE, (=2 T
s

X
Y,
Srm»
N
Q

nBaTiO;

3.1.2. the reaction between BaCO3+TiOz2:

We calculated the activated energy and free gibbs energy for activated complexes, we ordered the results in table
2).

Table (2): shows the values of activated energy (AEA) and free gibbs energy(AGa) for different stoichiometric
ratio.

BaCOs + TiO:
The proportion of AE, AG,
reaction . . — .
AE, (1:1) AG,(1:1)
1:1 1.00 1.00
2:1 2.70 2.71

Extrapolating the table values, we find that the stoichiometric ratio is (1:1).

When we study the MO's energies (HOMO, LUMO) for reactants and resultants in reaction with (1:1)
ratio, the average energy between reactants was large (79.8795 kcal/mol), but because of the disengage from
CO; that make the mutual influence is large too (-78.030 kcal/mol) so they can combined to form BTO.
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scheme(3): scheme shows the molecular orbital energies for BaCO3:TiO; (1:1)
3.1.3. Choice of the best suited interaction to prepare BTO:
we depended on two main factors:

U Molecular Orbitals Energies: by comparing the schemes (1),(3) as we explained previously; we
noticed that the free CO,reduced the gap between LUMO in TiO, and HOMO in BaCOs, that due to
increase the mutual influence between them; thus significantly reduced HOMO in CO,. So the
optimum reaction is:

BaCOs + TiO; — BaTiO; + CO»
a Energy surfaces: we have done a scan of energy for reactants and resultants by the distances
between molecules of reactants in the previous probably reactions, we got the curves of energy scheme
(4) and (5).
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scheme (4): line chart for electric energy changes by the distanc es scheme (5): line chart for electric energy changes by the distances
between molcules of reactants in the reaction beween BaO+TiOz  between molcules of reactants in the reaction beween BaCO3+TiO2

In scheme (4) we find that the reaction need active energy about (72.163 kcal/mol) while in scheme (5)
the interaction was semi-spontaneous.

3.2. Conclusion: We extract from previous studies that the optimum reaction to form BTO is from BaCO3 and
TiO,. Table (3) shows some thermodynamics values for both reactions:
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Table (3): shows the Reaction Energy AER , Entropy of reaction ASR , enthalpy of reaction AHR and free

gibbs energy AGR

The reaction

Quantity
BaO + TiO, — BaTiO; BaCO; + TiO, —3 BaTiO; + CO,
AE A (kcal/mol) 72.163 0.0
AER (kcal/mol) -162.133 -116.404
ASR (keal/mol) -28.407 x 1073 4386x 103
AHR (kcal/mol) 2.359 1.925
AGR (kcal/mol) 10.829 0.617

3.1.4. The mechanism of Crystal BTO formation reaction (perovskites) :

In the first stage both of BaO and TiO, molcules are forming, after that BTO molcules is composed too which
combined together to form the unit cell of BTO crystal. The electronic energies for reactants, resultants,
intermediate states and transient states were calculated and ordered in table(4)

table(4): electronic energies for reactants, resultants, intermediate states and transient states BTO crystal.

The Formation of Molecular TiO: | The Formation of Molecular BaO | The Formation of the BTO unit cell
Particle Ei (kcal/mol) Particle Ei (kcal/mol) Particle Ei (kcal/mol)

Ti -36 533.937 Ba -15 964.752 M2 -194 291
0 -47 114.643 C -23 753.552 752 -194 219

0: -94 285.110 CO: -118 305.450

Ml -130 946 BaO -63 195.966 BaTiOs -194 349

181 -130 937

TiO: -131 055 BaCO; -181 554.314

3.1.4.1. TiO: Formation: Although we used pure TiO, (Qualikems Fine Chemicals 99%) in the synthesis, but
we studied the formation mechanism of it starting from Ti and O, atoms; to compare our results by using
DFT/B3LYP(SDD) method with other quantum method DMol/PW918. We calculated the energies of reactants
(Ti and O,), intermediate state M; and transient state TS; and ordered the values in table (4). We got energy
diagram in scheme (6).
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scheme (6): the formation energies for TiO, molecule.
Ti atom formed coordination bonds with two atoms of oxygen so they directly reacted to form M, due to the
vibrated of O-O bond the TiO, molecule formed after passing through TS, as scheme (7) showed.
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Scheme(7): the formation stages of TiO, molecule.
3.1.4.2. BaO Formation: we got it from dissociation of BaCOs3 in high temperatures (above of 885°C).
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Scheme(8): the energies of BaCOs dissociation molecule to obtain BaO.
3.1.4.3. BTO Formation: TiO, molecule reacts with BaO which results from dissociation of BaCOs to get BTO
molecule that react together to form BTO crystal.
To study the formation mechanism of BTO crystal we study the energies of reactants (BaO and TiO»
molecules), resultants of reaction (BTO molecules), intermediate state M, and transient state TS, of compound
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Scheme(8): the formation stages of BTO molecule.
In the first stage M> is formed due to the interfere between TiO, and BaO which obtained from BaCOj3
dissociation, after that Ba atoms directly moved to be in the middle of three oxygen atoms to form TS, as a result
of single electrons allure power that belong to the three oxygen atoms.
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Scheme(9): the reaction energies to form BTO.
We concluded that the first unit to build BTO crystal is made up from one cell which consists of five
atoms in a cubic structure (Ba atom in one of cubic heads, Ti atom in the center of cubic and three oxygen atoms
in three faces centers), while the second unit is included eight cells with forty atoms ( Ba atoms in the cubic

heads, Ti in the cubic centers which they formed cubic too and twenty four oxygen atoms in faces centers
scheme (10)

Scheme(10): the geometric distribution of unit cell for perovskite structure.
The total electronic energy is calculated for perovskite structure with cell constant (a=b=c=4.00 A), it
was (-1 555 297.657 kcal/mol) and the average of total electronic energy of BTO crystal was (-194 412.207
kcal/mol).
By comparing this energy with total electronic energy of BTO in the steady-state (-194 371.947
kcal/mol) we found that there is difference in values about (40.26 kcal/mol), which mean that the BTO crystal is

more stable. So when BTO particles are formed they immediately united together to compose perovskite
structure.

4. Samples preparation and method of synthesis:

An equimolar mixture of reactants used to prepare the samples, they milled in agate mortar with acetone for
three times. After milling the slurry was dried at 120°C for 2h in the drying Furnace (memert). The dried powder
was milled in agate mortar again and we formed tables in size of 12 mm in diameter and 0.7mm thickness under
a pressure of 5 ton.mm™. These samples were sintered at different temperatures from 400-1100 °C for 3 hin a
furnace (Carbolite Furnace, CWF 1200) and then cooled to room temperature!®. The structure and thermal

analysis were studied using differential thermal analyzer (DTA-60 chimadzu), XRD diffractometer (XRD phlips
— PW-1840).
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Scheme(11): DTA curve for sample prepared from BaCOs; , TiO,

Table (5): determine types of peaks for DTA curve for BTO prepared from carbonate.

Reactants DTA peaks (°C) | Type of peaks | Interpretation
89.49 EXO Remove acetone
138.55 EXO Remove water
331.11 EXO Switch to amorphous pattern
BaCOs : TiO: 555.94 EXO Transition of TiO» from Anatase to Rutile structure!'"!
1:1 914.43 EXO Remove CO, 1
958.73 EXO Remove CO, M1
997.16 Endo BTO formation
DTA Temp
uVv C
33 5Gm|
60.00 ﬁ;gn 54 samin 3&“{"22—!2
4.18min /// 815.05C
/\139 89C
40.00 /,/ {500.0C
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Scheme(12): DTA curve for sample prepared from BaO , TiO,.

Table (6): determine types of peaks for DTA curve for BTO prepared from oxides.

Reactants | DTA peaks (°C) | Type of peaks | Interpretation
83.58 EXO Remove acetone
139.89 EXO Remove water
331.11 EXO Switch to amorphous pattern
591.28 EXO Transition of TiO, from Anatase to Rutile structure!!"!
BaO : TiO2 815.05 EXO The disintegration of activated complex
I:1 1001.25 EXO Continued disintegration of activated complex
1030.45 Endo BTO formation
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Scheme(13): XRD diffraction pattern of (a) BTO prepared from Barium Oxide, and (b) BTO prepared from
Barium Carbonate
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5. Results and discussion
We found that:

L. Been confirmed that the accuracy of quantum method used in this work (DFT / B3LYP (SDD)) by
comparing our results of studying the reaction mechanism form of titanium dioxide with the results of
other method of quantum DMol / PW91, it has been described as very accurate; where the results were
almost identical .

ii. we didn't find any peaks due to BTO formation in scheme (8)(b) at 700°C, but these peaks clearly
appeared when using barium oxide, the reason is due to the non-disintegration of barium carbonate into
barium oxide that required for the synthesis.

By increasing the temperature the BTO peaks are appeared because of liberalization BaO.

iil. BTO formation from Barium Carbonate was at 885°C which agree with dissociation of BaCO3 and
getting-away of CO,.
iv. To prepare BTO from oxides we need active energy about (72.163 kcal/mol) while in the interaction
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from carbonate was semi-spontaneous.

V. When we prepared BTO from oxides we noticed some disruption in spectrum 1050°C caused of
activated complex Ba,TiOy that disappear in parallel in BTO prepared from carbonate.

Vi. The best reactants for synthesis are BaCO3:TiO»(1:1) and the optimum conditions were t=1100°C - P=5

ton.mm™.

6. Conclusion
we extract from all previous studies that the optimum reaction to form BTO is from BaCO3 and TiO; and free
CO; was playing kinesthetic role to approximate reactants to each other and make the reaction easier and faster.
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