Ceramics International 46 (2020) 2987-3001

journal homepage: www.elsevier.com/locate/ceramint

Contents lists available at ScienceDirect

Ceramics International

CERAMICS

INTERNATIONAL

Insights on the mechanism of solid state reaction between TiO, and BaCO3
to produce BaTiO3; powders: The role of calcination, milling, and mixing

solvent

Check for
updates

J.L. Clabel H**, Iram T. Awan®, Alexandre H. Pinto”, I.C. Nogueira®, V.D.N. Bezzon‘, E.R. Leite®,
Debora T. Balogh”, Valmor R. Mastelaro®, S.0. Ferreira', E. Marega Jr.”

28Sdo Carlos Institute of Physics, University of Sdo Paulo, 13560-970, Sdo Carlos, SP, Brazil
b Chemistry and Biochemistry Department, Manhattan College, Riverdale, NY, 10471, USA
¢ Department of Physics, Federal University of Amazonas, 69077-000, Manaus, AM, Brazil

9 Department of Physics, Aeronautics Institute of Technology, 12228-970, Sdo Jose Dos Campos, SP, Brazil

€ Department of Chemistry, Federal University of Sdo Carlos, 13565-905, Sdo Carlos, SP, Brazil

f Department of Physics, Federal University of Vicosa, 36570-901, Vicosa, MG, Brazil

ABSTRACT

Barium titanate (BaTiO3) is well-known for its variety of macroscopic properties, however, the mechanism of formation of this oxide in microscale remains poorly
understood. We prepared the BaTiO3 nanoparticles and studied them as a function of milling time and temperature. A systematic study was performed to understand
the reaction mechanism of undissociated and dissociated 2-propanol molecules on TiO, and BaCOs particles. Structural evolution and thermal decomposition of
surface particles were carried out and studied by X-ray diffraction, scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy analysis.
Structural parameters refined by Rietveld analysis using X-ray diffraction data revealed a tetragonal structure with P4/mm space group, which was due to the
dependence of functional groups on the milling time and thermal treatment. The divergence of tetragonality as a function of thermal treatment was identified for
particles of size < 400 nm, which probably happened due to surface defects which decreased in low temperature of about 1000 °C. Particle sizes precursors decreased
as a function of the milling time from 18 pym (2 h milling) to 1.2 pm (24 h of milling). While by increasing the thermal treatment of samples from 1000 °C to 1100 °C
the particles size increased, respectively, 0.24 pm and 0.36 um. The effect of the particle size of TiO, plays an important role in the reaction kinetics of the formation
of BaTiOs3. Our results suggest that the reaction proceeds through a mechanism in which the intermediate processes of TiO,, BaCO3 and dissociation of BaCO3 are
trapped by the dissociated and undissociated 2-propanol molecules, which resulted in depletion of 2-propanol-related functional groups in the BaTiO5 particle surface

at higher temperature.

1. Introduction

Barium titanate (BaTiO3) has attracted considerable attention due to
its unique physical and chemical properties which can be used in ap-
plications such as ferroelectric ceramics [1], catalysis of organic reac-
tions [2,3], multiferroic materials [4-6] and optical devices [7]. The
efficiency of functionality of such materials is based on the method of
synthesis which is accompanied by the intrinsic reaction mechanism.
Solid state reaction method (SSRM) is a synthetic process to prepare
BaTiOs, frequently used due to the fact that it is a quick and a low-cost
method, that can be performed in solutions suspended in a ball milling.
Considering BaCO3 and TiO,, respectively, as the sources of barium and
titanium during the SSRM. BaCO; has an orthorrombic structure.
Contrastingly, TiO, has different polymorphic structures, for instance,
rutile, anatase, and brookite, which have distinctive optical properties.
Consequently, the photocatalytic activity of BaTiO3 product is likely to
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be dependent on the TiO, polymorph and also the solvent used to
promote the solid state reaction. Additionally, the induced photo-
catalytic activity of TiO, gives rise to surface defects which seems to be
very correlated to the increase of the specific surface area [8-11].

Early studies on the production process were focused on the reac-
tion kinetics after the mixing process [12]. The reaction kinetics include
very complex reactions between intermediates, until the formation of
crystalline BaTiOs structure takes place. Different post mixture reaction
conditions, such as: thermal treatment, heating/cooling rate, time of
thermal treatment and heating steps were used to study the crystal-
lization and phase stabilization. Reaction mechanism of the mixture
between reactant molecules and the solvent used is poorly studied, as a
function of different milling times. In view of this fact, the present study
includes very complex and sophisticated reactions that cannot be ana-
lyzed without a proposed mechanism.

Main objectives of the study are: to propose reaction mechanisms
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through investigating the adsorption of functional groups, to under-
stand the extent of dissociation of 2-propanol on the TiO, and BaCO3
surface, and how pre and post thermal treatments affect the removal of
surface-bound functional groups. In order to understand and minimize
the possible risks of organic solvents, and to optimize the synthesis
process, the functional groups produced from the adsorption of dis-
sociated propanol, and its intermediate reactions, were studied. FTIR
spectroscopy and powder X-ray diffraction were used as com-
plementary techniques. The first one can identify both modifications in
vibrational absorption and reaction of intermediates, while the second
is the most commonly applied tool to provide extensive information on
the quantification of the amount of crystalline phase and structural
changes.

2. Experimental section

Barium Titanate powder was synthesized by the conventional solid-
state reaction method (SSRM). BaTiO; ceramic powders were made by
combining precursors barium carbonate (99.98%) and titanium dioxide
(=99%) purchased from Sigma Aldrich. 2-propanol (99.5%), purchased
from Synth, was used as a solvent. The precursors were weighed ac-
cording to the required stoichiometric mole ratios to yield BaTiO3 (in
1:1 relation). BaCO3=1.27g (6.4 x 10 3mol) and TiO,=0.51g
(6.4 x 10~ % mol) were mixed in a ball mill with 2-propanol (4.5 mL) as
solvent and zirconium oxide balls (0.5 mm) as the milling medium, see
Fig. 1. As different milling times determine the size of the particles, we
chose three different time spans of 2, 12 and 24 h for milling at 40 rpm
and hence after thermal treatment got BaTiO3 in three different average
particle sizes. Afterwards the powders were calcined at the tempera-
tures of 1000 °C and 1100 °C, to verify the effect of calcination on the
particle size and on the crystalline phase of the BaTiOs.

Particle size distribution in the samples was analyzed using a
SediGraph 5100 (Micromeritics Instrument Co., USA), which is based
on Stokes law and low energy X-ray absorption. X-ray diffraction was
performed on a Rigaku Dmax 2500 PC diffractometer of CuKa radiation
in an angular range between 10° and 75° with 2° min™"' of scanning
velocity and 0.02° step size. The Rietveld Method, for refinement and
quantitative phase analysis was performed by TOPAS Academic pro-
gram using the Fundamental Parameters approach implemented in this
program. The structure models used in the refinement have been
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Table 1
Conditions for formation of the powder BaTiO3 and particle size.

Powder Milling pH of solution after Calcination (°C)  Particles size
(hours) milling process (um)
BT1 2 7.1 r.t. 18
BT2 12 6.3 r.t. 14
BT3 24 4.2 r.t. 1,2
BT1-1 2 - 1000 0.99
BT1-2 2 - 1100 1.23
BT2-1 12 - 1000 0.37
BT2-2 12 - 1100 0.44
BT3-1 24 - 1000 0.24
BT3-2 24 - 1100 0.36

* pH of the solution (pH value of 2-propanol is 7.4) r.t. =room temperature.

indexed in the Inorganic Crystal Structure Database (ICSD). All lattice
cell parameters were refined and in all the refinements the background
was adjusted using a Chebyshev polynomial function with five terms.
The quality of the refinements was checked by the agreement factors
(weighted pattern R-factor R,,p, expected R-factor Rep, Bragg R factor
Rpragg OF R, and goodness-of-fit x?) and the graphical adjustment. A
SEM instrument (Model XL, Philips, Japan) operated at 25kV de-
termined the morphology and composition of BT powders. The milling,
pH, calcination, and resulting particle size of the BaTiO3 (BT) samples
prepared in this study are shown in Table 1.

The concept of pH is applied to aqueous solutions based on the
autoionization of water which lead to the formation of cations (posi-
tively-charged ions) and anions (negatively-charged ions). However, it
can also be applied to the non-aqueous solutions because the proton
activity term is applicable to organic medium as well as its applicable to
water. In such sense, experiments with precursors barium carbonate
and titanium dioxide were conducted in a pH range of 1 to 14 at room
temperature, obtained by adding the appropriate amount of solvent of
2-propanol. The value of pH of 2-propanol was considered as reference
(pH=7.4). The pH of solution changed after the process of milling,
where measurements were performed in different times, see Table 1.

Infrared (IR) measurements were taken in a Fourier transform in-
frared (FTIR) spectrometer Nicolet Nexus 470, in transmittance mode.
All spectra were collected under ambient conditions. The spectra were
recorded in the range of 4000 to 400 cm ™! with a resolution of 4 cm ™.
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Fig. 1. Schematic views of the synthesis process by solid state reaction to prepare powders of BaTiO3.

2988



J.L. Clabel H, et al.

The BT samples were finely ground, mixed thoroughly with potassium
bromide (KBr:1% sample) in an agate mortar, pressed into pellets, and
desiccated prior to the analysis. Utilizing proper data analysis tools, the
correlation of FT-IR spectra with functional groups can be achieved, as
will be shown later. In this sense, the following steps were followed: 1)
Second derivative of spectra were obtained to identify the possible
number of the frequencies positions of the underlying spectral com-
ponents. The frequencies of the band centers thus measured were used
as initial input parameters for the deconvolution procedure (band-fit-
ting), 2) Deconvolution was carried out by using an optimal fitting
function to define the individual components and peak parameters such
as, frequency positions, area under the band, peak intensity and full
width at half maximum (FWHM). In our analysis, the mixing of
Gaussian and Lorentzian function achieved the best fitting of the
spectra [13]. The deconvolution of the function was processed using the
software “Peakfit” v. 4.12 (Jandel, Scientific Software), which enabled
the selection of the type of the fitting function and also allowed to fix or
vary some specific parameters accordingly.

3. Results and discussion
3.1. Structural and microstructural properties

Fig. 2 shows the X-ray diffraction (XRD) results. The diffraction
peaks of the samples BT1, BT2, and BT3 were identified as a mixture of
BaCO3 (ISCD file number 56100) [14] and anatase TiO, (ICSD file
number 9852) [15], see Fig. 2(a). Anatase, observed as the crystalline
phase for TiO is an expected fact, since it is the crystalline phase for the
TiO, that is used as a reagent, as confirmed by the XRD (see Figure R1
in Supporting Information). During the process of calcination the ana-
tase TiO,, contributes favorably to the surface reactions than for ex-
ample, the rutile [16]. Furthermore, anatase has a larger band gap than
rutile TiO,, although this influences on the band gap of BaTiOs, redu-
cing the light that can be absorbed, it may also raise the valence band
maximum to higher energy levels. These changes can increase the
generation of electron-hole and facilitates the electron transfer from the
valence band. Such factors are important in the performance of the
optical properties of BaTiO3. As these samples were not subjected to any
calcination step, hence, all the peaks presented for all the three samples
could be explained based on the mixture of BaCO3-TiO», which showed
that the thermal treatment is a necessary step in the formation of
BaTiOs. For the BT samples subjected to calcination (samples from BT1-
1 to BT3-2 in Table 1), single phase BaTiO; was obtained for the
samples whose calcination was carried out for at least 12h (samples
BT1-2, BT2-2 and BT3-2). For the samples BT1-1 and BT2-1, which
were subjected to calcination times as short as 2 h, mixtures of BaCO3
and TiO, were obtained, as shown in Fig. 2(b).

The Rietveld refinements of BT powder, as shown in Fig. 3, indicates
an adequate adjustment between observed and calculated profiles. The
structure refinement data revealed a tetragonal symmetry with space
group P4/mm according to the standard ICSD number 67519 [17], for
the thermally treated BT samples.

To highlight the evolution of the crystal structure which was ac-
companied by the distortion of the tetragonality with milling time, the
XRD patterns from 44.0° to 46.0° are shown in the inset in Fig. 3. The
splitting of the (002) and (200) X-ray diffraction peak is an indicative of
the tetragonality (c/a), and an indirect method to measure the lattice
parameters from the ¢ and a axes.

Splitting of the (002) and (200) peaks can be observed, which be-
comes distinct with the increase of temperature. Two contrary effects in
the tetragonality were observed when the temperature increased; 1) at
low temperature, the splitting of peaks decreased with the increase of
the milling time which lead to a significant decrease in tetragonality, 2)
at high temperature, the splitting of peaks gradually increased with the
increase of the milling time that lead to increased tetragonality.

The structural parameters for thermally treated BT samples
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Fig. 2. X-ray diffraction patterns for different samples (mixtures of TiO, and
BaCOs) (a) before thermal treatment, (b) after thermal treatment.

obtained through refinement along with the deviations of the statistical
parameters given by TOPAS software are shown in Table 2.

The VESTA software [18] allowed the simulation of the structure of
the powdered BT, position of the Ba, Ti and O atoms and measurement
of distortion octahedral of BT; as shown in Fig. 4(a). The result shows
changes in the separation distance between the Ba atoms, for powdered
BT at different temperatures consequently a distorted octahedral was
observed as shown in Fig. 4(b).

Likewise, for each milling time, the tetragonality significantly in-
creased with increase in temperature, as shown by the dashed lines in
Fig. 5(a). The correlation of the milling time with particle size is linear,
as shown in Fig. 5(b). In this sense, it is also known that the tetra-
gonality depends on the particle size as referred in the literature, where
smaller distortions are expected in smaller particles [19,20]. The in-
crease in the milling time induces a decrease in the particle size, in this
sense the tetragonality as a function of particle size was verified from
Fig. 5(c). It is interesting to note a strong contribution to the tetra-
gonality when the particle size is reduced. Fig. 5(b) showed a clear
divergence in the curves for thermal treatment at 1000 °C and 1100 °C
when the particle size is < 450 nm. The contribution to high tetra-
gonality happened with the thermal treatment of 1100 °C, in contrast a
low tetragonality was observed for the treatment of 1000 °C. The
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Fig. 3. Rietveld plots for different BaTiO3 samples, after thermal treatment. The amplification of X-ray diffraction profile from 44 — 46 °C in 20.

Table 2

Refined structural parameters and respective agreement factors of the refinement to the BaTiO3 samples.
Crystallographic data Space group Volume (A%) a, b (A) cA) Rpragg (%) Rup (%) Rexp (%) x>
BT1-1 P4/mm 64.390(4) 3.99899(9) 4.02642(1) 3.83 15.92 11.48 1.38
BT1-2 P4/mm 64.390(6) 3.99746(2) 4.02950(2) 3.05 15.10 11.61 1.30
BT2-1 P4/mm 64.394(5) 3.99923(1) 4.02616(2) 5.10 11.83 11.72 1.01
BT2-2 P4/mm 64.364(5) 3.99685(1) 4.02905(1) 3.53 11.88 11.22 1.06
BT3-1 P4/mm 64.391(5) 3.99898(1) 4.02544(1) 3.53 11.48 11.28 1.02
BT3-2 P4/mm 64.394(5) 3.99744(1) 4.02965(1) 5.12 13.08 12.11 1.08

maximum and minimum tetragonality at the thermal treatment of
1000 °C is observed as 1.007, with particle size of 0.99 ym and 1.006
with the particle size of 0.24 pum, respectively. Contrarily, the maximum
and minimum tetragonality at the treatment of 1100 °C is observed to
be 1.008 with the particle size of 0.36 um, and 1.008 with the particle
size of 1.23 pm, respectively. Hence, increase in the temperature from
1000 to 1100 °C, is the reason behind such divergence. According to our
results we hypothesize that in addition to the particle size, thermal

b)

BT1-1

BT1-2

BT3-1

BT3-2

temperature is another important factor which brings divergence in
tetragonality. The increase in temperature helps to remove the surface
chemical defects (as will be shown in the measurement of FTIR), con-
tributing to the increase in tetragonality. According to the literature
[21,22], when the particle size of BT is smaller than 0.4 um, the tet-
ragonality decrease drastically. By Sakabe et al. [23] and Leonel et al.
[24], the maximum tetragonality for the samples thermally treated at
1000 and 1100 °C was observed as 1.008 and 1.004, respectively. These

Fig. 4. Structure of BaTiOs; from VESTA
software: a) Coordination octahedral of the
BaTiO3, b) Variation of structure with the
increasing of thermal treatment. Green
(Barium atom), red (oxygen atom) and ce-
leste (titanium atom). (For interpretation of
the references to colour in this figure le-
gend, the reader is referred to the Web
version of this article.)
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Fig. 5. (a) Tetragonality as a function of milling times, (b) Particle size as a function of milling time, (c) Tetragonality as a function of particle size, and (d) shows

Strain as a function of milling time.

values are lower than those reported in the present study. On the other
hand, the results from Kwon and Yoon [25] showed similar value of
tetragonality of 1.0105 for the samples that were thermally treated
between 950 and 1050 °C and presented particle size of around 320 nm.
This is in contrast with our results, where an increase in the particle size
was found with significant variation in tetragonality as the temperature
was increased.

The accumulation of stresses in the BT lattice due to the milling
process leads to the distortion of the lattice structure and to the for-
mation of the other surface defects (such as oxygen vacancies, surface
states and OH ™~ defects), which results in further accumulation of stress
in the particles. The stress in the particle depends on the presence of
strain, which can be determined qualitatively by means of the
Willianson-Hall equation. The dependence of the strain on the milling
time of 2, 12 and 24 h for two different temperatures of 1000 °C and
1100 °C is shown in Fig. 5(d). Differences in line broadening are asso-
ciated with the particle size and lattice distortion effects generated due
to the strain. The strain gradually increased with the milling time for
both thermally treated samples at 1000 and 1100 °C, with the latter
being more significant in this regard. Ahamad et al. [26], have also
reported the increase in the lattice strain as a result of less dissolution of
alloying elements and reinforcement in the matrix at longer milling
times. Therefore, the tetragonality gets affected more due to the
thermal treatment than the particle size lower than 450 nm. The un-
expected dependence is based on the contributions of chemical defects.
The non-stoichiometric changes produced by the oxygen exchange with
the atmosphere on the surface of particle (chemical defects), as well as
its particular kinetics at elevated temperatures can be main responsible
for the strain along ¢ and a axes in the thermally treated BT samples, as
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affirmed by Xinhua Zhu et al. [27].

The comparison between the results for the powders that were not
calcined i.e. BT1, BT2 and BT3 showed that designated ball milling
contributes to the reduction in the particle sizes and to the accumula-
tion of the stress due to the induced severe plastic deformation of the
particles. According to Rouholah [16] and Pavlovic et al. [28], short
milling time of 0.5h has no significant effect on the morphology of
powders except that it results in the partial deformation of the particles.
However, for a milling time of above 2h, the particles experience
plastic deformation due to the high impact of collision of the balls. Such
deformation leads to powders with ultrafine particles, lattice defects
and dislocations in particular. The milling process in both papers was
carried out in a planetary ball mill and not in a jar mill, as carried out in
our work. The stress close to the surface of the particles is observed high
which decreases continuously with an increase in the depth beneath the
surface [29]. The stress distribution in the surface region could depend
on the rpm speed, milling time and the solvent used. Shiratori et al.
[30] hypothesized that occurrence of defect particles or fractures due to
the stress, easily induce connection breakings and impurities at the
interface within the large particles. In addition to the stress caused by
the mechanical process, a further contribution is associated to the
thermal process, see Fig. 5(d). Likewise, a slight variation on the degree
of crystallinity and particle size is shown after the thermal treatment,
especially for the BT powder treated at high temperature (1100 °C).
This variation is probably due to the reason that milling time and
thermal treatment caused alterations both in the lattice parameter as
well as in the cell volume of the samples (see Table 2).

The microstructure and analyses of the average size distribution of
the particles of BaTiO; powders were investigated by SEM and light
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Fig. 6. (a) SEM images and particle size distribution of TiO, (left) and BaCO; (right) initial precursors, (b) Particle size distribution histogram of the particles

resulting from the mixing of TiO, and BaCOj for different milling times.

scattering technique, respectively (see Figs. 6 and 7). The starting
precursors BaCO3 and TiO, presented bimodal and unimodal particle
sizes of ~7.9/~21.9 and ~0.11 um, respectively, see Fig. 6(a). The
larger particle sizes can be easily broken to smaller sizes with the in-
crease in the period of milling time (from 2, 12 and 24 h), for mixing
the precursor powders, as shown in the morphologies in Fig. 6(b). A
similar phenomenon was reported with barium titanate particles when
fine TiO, powders were mixed with BaCO3 [31-34]. The change in the
SEM images can be evidenced in the particle size distribution, which
was examined using Micromeritics Sedigraph 5100, as a function of
milling time and after thermal treatment at different temperatures, as
shown in each histogram present in the insets in Fig. 6(b). The insets of
Fig. 6(b), leads to several observations: (1) samples mixed for different
milling times tend to show a multimodal or bimodal size distribution,
where the smaller particles are formed with the increase in milling
time. In case of sample with 2h of milling, a multimodal distribution
with average particle size of around 18, 4.9, 2.9 and 0.8 um is observed,
while the samples with 12h of milling exhibited a decreased average
particle size of around 14, 4.9, 2.9 and 0.6 um. With the increase of
milling time the large value of peak intensity shifted to smaller value. In
addition, it also induced a slight increase in the frequency of particles
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with average sizes of 4.9, 2.9 and 0.6 um, which happened as a con-
sequence of the breaking of the particles due to the prolonged milling.
For milling time of 24 h, a significant decrease in the peak intensity is
observed with the appearance of a bimodal size distribution with
average particle sizes of 0.1 and 1.2 um, respectively.

From the particle size distribution results obtained at variable mil-
ling times and without thermal treatment, we observed that particle
size of TiO, is less sensitive to reduction than that of BaCO3. This can be
explained as follows; due to the size difference of TiO5(0.11 um) sig-
nificantly lower than BaCO3(7.9 and 21.9 um), see Fig. 6(a), the TiO,
particles occupy the interstitial volumes, generated by the BaCO3 par-
ticles, thus allowing more interaction between the particles of BaCO3
[35-37]. As the milling time increased the probability of agglomeration
of TiO, particles in the interstitial volumes decreased, since the inter-
stitial volumes became unable to accommodate multiple TiO, particles.
Additionally, in shorter milling time (2 h), the packing of TiO, particles
in the interstitial spaces can also undergo agglomeration, which lowers
the scattering efficiency of each TiO, particle. Contrarily, in larger
milling times (12 or 24 h), more uniform dispersion of the TiO, parti-
cles is allowed which reduces the effect of agglomeration. In general
terms, the increase in the milling times leads to a decrease in the
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Fig. 7. SEM micrographs and distribution of the particle sizes of barium titanate powders after milling of 2, 12 and 24 h and thermally treating at 1000° and 1100 °C.

amount of larger particles, and consequently, increases the amount of
smaller particles.

Considering the particle size of the precursors TiO, (0.11 um) and
BaCO3 (21.9 um) and after different grinding times (see Fig. 6), it was
also observed that with the increase in the temperature (from 1000 °C
to 1100 °C), the effect of the particle size of TiO, plays an important
role in the reaction kinetics of the formation of BaTiO; (see Fig. 7).
Since the formation of BaTiO3 occurs on the surface of TiO,, it implies
that it is independent of the size of the BaCO3 [38,39]. Homogeneous
particles with low agglomeration can be obtained after thermal treat-
ment of such powders, as shown in Fig. 7. At the temperature of 1000
and 1100 °C, the particle size is homogeneous and therefore shows a
monomodal distribution, as shown in the inset of Fig. 7. In these con-
ditions, higher temperatures accelerate the initial stage of the reaction
but leads to coarser and more-agglomerated powders, which are dif-
ferent than less agglomerated BaTiO; powders. A gradual increase in
the average particle size from 0.99 to 1.23 um in the samples BT1-1 and
BT1-2 is observed after an increase in the treatment temperature. Si-
milar behavior, although with small average particle size, is noticed in
going from sample BT2-1 to BT2-2 and BT3-1 to BT3-2 with a size
variation from 0.37 to 0.44 um and 0.24 to 0.36 um, respectively. In this
work, coarsening of BaTiOj is definitively established in the different
stages (milling times), which is mainly dominated by the particle size of
TiO,. According to a previous report, the solid-state reaction kinetics
between BaCO; and TiO,, for the formation of BaTiO3 occurs at the
boundary of the interfaces BaCO3/TiO», which is controlled by diffusion
[38,40]. Beauger et al. [39]. realized a study at the macroscopic in-
terface by superposing the pellets, to explain how barium ions diffuse
into the TiO, boundary. From that, the morphology of the BaTiO3 was
found to be determined by the TiO, particles, which is in agreement
with our results. However, the BaCOj3 particle sizes define the diffusion
rate, which implies to the significant decrease or increase of the tem-
perature in the formation of BaTiOs, as shown in Table 3. In this re-
action usually a number of intermediate phases (Ba,TiO4, BaTi4O¢ and
BaTi,Os), are formed until single phase BaTiO3 is achieved [41,42].
Ba,TiO4 phase with ICSD number 2625 is detected in BT1-1 and BT2-1
samples (see Fig. 2(b)), whereas, other phases like BaTi,O9 and BaTi,O0s5
are not observed within the detection limit of XRD (1 wt%), as is also
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shown in Fig. 2(b). Frade and Carter [43,44], built a theoretical model
for explaining the reactions between different particles of radius R,
which showed that the rate of diffusion is proportional to 1/R? This
model is supported by experiments performed for BaTiO3 using TiO»
and BaCOj; as precursors, with particle sizes of nanometer and micro-
meter, respectively [45,46].

The most critical steps that determine the microstructure and the
final properties of powdered ceramics of BaTiO5 are the processing of
powders and the thermal treatment. Processing by the solid-state re-
action makes use of several solvents (water, acetone, 2-propanol and
methanol) to mix the powders of BaCO3; and TiO, and to thoroughly
homogenize the mixture. In this sense, two factors are important to
obtain BaTiOs: 1) influence of solvent on the adsorption of organic
molecules on the solute particles, after the milling process, and 2) in-
fluence of solvent on the particle size of BaTiOs.

The powders are sensitive to the solvent, thus the decomposition of
BaCO3 and TiO, is related to the strength of ionic fields. The Ionic field
strength is defined as the charge of an ion divided by the square of its
ionic radius [47]. The low ionic field strength of Ba%™ (1.11) in com-
parison to that of Ti** (8.65), lead to a significant decomposition of
BaCOs; in solvent. The degree of decomposition is dependent on the
relative basicity scale for the different solvents (pKa), such as: acetone
(19.3) > 2-propanol(16.6) > ethanol(15.9) > methanol
(15.5) > water (14) [48,49], due to the disproportionation (presence
of bound OH) in different solvents as affirmed by Akbas et al. [50].
Such decomposition of BaCOs, easily reacts with TiO,. Likewise, it also
suggests that the chemisorption and physisorption onto the surface of
the particles could hinder its direct contact with other particles, which
reduces the crystalline degree of the BaTiO5; phase due to the presence
of the surface chemical defects, after the thermal treatment at low
temperature. These effects are explained by the presence of inter-
mediary phases when subjected to the thermal treatment at low tem-
perature [51-58]. Besides the thermal treatment, the contribution to
the particle size can be defined on the basis of absence of OH group, i.e.
in the acetone, this is because no reaction takes place due to the absence
of disproportionation [50]. Contrary, Tomaz et al. [59]. reported that
particle sizes of powders increase with increasing water concentration.
Table 3 shows that the crystalline phase and particle sizes of the single
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Table 3

Method of synthesis and particle sizes that have been reported in the literature for BaTiO3 samples.
Method of synthesis Particle size Particle size Solvent Thermal treatment(°C) Phase formation Particle size Ref.

TiO, (nm) BaCO; (nm) BaTiO3 (nm)

Solid-state 67 655 Water 1000 C 253 [49]
Solid-state 67 136 Water 900 C 135 [49]
Solid-state 67 48 Water 800 I 112 [49]
Solid-state 200 170/640 2-propanol 900 I/1 ~200 [50]
Solid-state 200 170 2-propanol 1200 C 400 [50]
Solid-state 100-150 # Water 1000 C 150-200 [54]
Solid-state 16 54 Water 700/800 c/C 70-80 [55]
Solid-state 28 54 Water 800 C 85 [55]
Solid-state 700 2000 Methanol 1150 1 ~700 [52]
Solid-state > 1000 ~1000 Water 1100 I ~1000 [51]
Solid-state * * Acetone 1200 C > 1000 [56]
Solid-state 200 & Ethanol 800/1200 1/C 240-730 [53]
Solid-state 30 & Ethanol 800/1200 c/C 50-400 [53]

I= Incomplete (intermediary phases); C= Complete (single phase); # = urea and Ba(NOs), aqueous solution; &= 50 h of milling.

phase of BaTiO3 are dependent on the: particle sizes of BaCO3 and TiO»,
solvent used and on the thermal treatments applied.

3.2. IR spectroscopy of adsorbed functional groups on TiO2/BaCO3
particles

The FT-IR absorption spectrum of BT powders, recorded in the
wavenumber range of 4000-400 cm ™, as a function of different milling
times and thermal treatments, are shown in Fig. 8. The set of different
bands arising from surface species, the nature of formation of the sur-
face chemical bonds and the products of mixing of different precursors
in solvent, were identified. The FT-IR spectrum (Fig. 8(a)) indicated the
functional groups on the surface of the precursors to be apparently si-
milar, for different milling times. Likewise, the intensity of the peaks
increased with the decrease of the particle size as shown in the SEM
images (see Fig. 7).

The IR spectra mainly consisted of four regions. The first region is a
broad intense absorption band at 3800-3000 cm ™!, which arose due to
the vibrational stretching of bonded and unbonded hydroxyl groups
(OH). Indeed, the broad absorption peak centered at 3442 cm ™! cor-
responds to the OH group of un-dissociated 2-propanol. The intensity
and broadness of this band are dependent on the strength of the in-
termolecular hydrogen bonding in 2-propanol individual molecules.
The second region corresponds to the five absorption bands present in
the range 3000-2750 cm ™~ '. These bands result from the asymmetric
and symmetric vibrational stretching of the C-H bonds within the ali-
phatic alkyl groups (CH, CH, and CHj3), grouped as C-H absorption
bands, which corresponds to the decomposition reaction of the 2-pro-
panol. The third region reports an enlarged view of the range
800-1800 cm ™!, where the characteristic carbonate absorption corre-
sponds to the ©(CO3) IR-active vibrational mode and can be evidenced
around 900-800 and 1550-1200 cm ™. Moreover, a small shoulder at
~1650 cm ! §(H,0), is observed in all milled samples, which is either
due to the vibrational stretching of the OH bonds of the water mole-
cules or due to the moisture adsorbed on the external surface of the
precursors. The fourth region in the absorption band is the range 800-
450 cm ™ ?, that corresponds to the bond of TiO, with OH group. The
intensity of absorption in all the spectra increases with increase of the
milling time. Such increase is probably related to the reaction process
generated from the molecules of 2-propanol, after the absorption of
high mechanical energy from the precursors. High mechanical energy
and the decrease in the size of the particles subjected to various mixing
times, leads to an increase in the available surface area which conse-
quently increases the reaction process due to the availability of more
active sites on the surface [21,22]. Based on our FTIR results and the
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literature [60-63], we assume that the nature of the external surface of
precursors is related to the existence of physisorbed and chemisorbed
molecules from the decomposition of 2-propanol, after drying. This
result also highlights that the high reactivity arises due to the combi-
nation of OH with —OR or -R groups (R =CHj, CH>CH3, CH(CHs),) on
the external surface of the precursors, when they are exposed to the
atmosphere and dried at low temperature, as will be described later.

A mechanism of decomposition reaction between 2-propanol and
precursors (BaCO3 and TiO,), can be proposed to explain the chemical
transformations and to understand the surface chemistry of the mixture
of precursors. The stabilization of the product of the precursors in polar
organic solvents, such as 2-propanol and other organic ending groups,
is dependent on the solubility, pH value and temperature of the solvent.
The solubility of BaCO5 in 2-propanol increases with the decrease in pH
value of solvent, owing to the fact that the coefficient of activity of ions
varies with ionic strength and pH of the solution [64,65]. Additionally,
the formed TiO, powder agglomerates faster due to its low solubility in
organic solvents [11]. Therefore, it can be understood that the me-
chanism of decomposition reaction occurred simultaneously between
the 2-propanol and precursors. The initial value of pH before mixing
BaCO; and TiO, powders, is only used as a comparison. As a result of
mixing, the pH value changed from 7.1 to 4.2, see Table 1. The me-
chanochemical effects of milling with zirconium oxide balls (0.5 mm)
on the mixture were found to be favorable, with low agglomeration, as
shown in Fig. 7. Out of a number of possible effects, such as: milling
time, decomposition of 2-propanol, degradation and chemical reactions
of intermediates, we proposed a reaction mechanism that involves the
adsorption of the reactant on a surface-active site, which is summarized
in Fig. 9. In this sense, four processes are presented simultaneously: 1)
reduction/oxidation mechanism of TiO, and dissociation of BaCOs3, 2)
decomposition of 2-propanol, 3) reaction of 2-propanol with itself and
with intermediates from the reduction/oxidation mechanism of TiOs,
and 4) reaction between BaCOs, dissociated BaCO3; and product gen-
erated from processes 1 to 3. Likewise, from the process described,
defect generation of Ti** and Ba®>* can be obtained through different
processes [66,67], including the grinding jar with grinding balls of
0.5 mm diameter.

For pure 2-propanol, two peaks at 1381 and 1369 cm ~* are assigned
to the symmetric 8,(CHs3) vibrations, while the peaks at 1342 and
1313 cm ™! are attributed to the vibrations, 8(CH) and 8§(OH), respec-
tively [68,69]. The peak positions at 1164, 1132 and 1113cm ™! are
related to the vibrations ©(C-C), 8(CH3) and v(C-0), respectively [70].
The reaction mechanism of both the BaCO3 and TiO, in 2-propanol
solution can be explained by assuming that a molecule of 2-propanol is
adsorbed on the external surface of the precursors and is followed by an
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intramolecular hydrogen bonding and intermolecular electrons transfer
by the neighboring hydroxyl groups of the metallic ions (ionic-dipole
interaction), represented by M, via oxygen atoms, which resulted in the
formation of Ba and Ti ions [71,72], as shown in Fig. 8(b).

Many reports have demonstrated the existence of hydroxyl groups
on the anatase TiO, surface, where Ti-OH bond is the most frequently
reported by showing absorption bands pointing upwards (positive
bands or positive peak) around 3720 and 3625cm™'. The bands at
3720 and 3625cm™?, are a characteristic of type I and II hydroxyl
group, respectively, which is responsible for many degradation pro-
cesses. The type I is designated to OH group attached to one surface site,
while the type II is the OH group bonded to two surface sites, respec-
tively [73]. Fig. 8(a) shows FTIR absorption spectra of TiO,/BaCO3
mixed after introduction of 2-propanol and subjected to different mil-
ling times. The conversion of the absorption positive band of isolated
hydroxyl group of TiO, (Ti-OH) at 3733 cm ™! to an absorption nega-
tive band (absorption bands pointing downwards) at the same position
is observed; see Fig. 8(b). In addition, a loss of OH group from the TiO,
surface is also observed due to the reaction with 2-propanol, and due to
the rise of new bands. The overlap of bands between 3650 and
3000cm™" is associated with different type of hydroxyl groups of
acidic-basic character and the H,O molecules adsorbed through hy-
drogen bond [74].

Studies reveal strong interaction between the 2-propanol and OH
group on TiO, surface [75-77], which happened in the present case and
resulted in chemisorbed alkoxide ions and released H,O from the
condensation of 2-propanol. The release of H,O was confirmed with the
appearance of broad bands at 3442, 3200 and 1630 cm ~ !, see Fig. 8(a).
Although the hydroxyl spectra of all samples came similar, the re-
activity of the OH groups depend strongly on the particle size, due to
existence of more active sites on the surface of precursors. The high
intensity band centered at 3442 cm ™" is attributed to the physisorbed
water molecules, which are bonded by the weak hydrogen bonds with
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each other and with the OH-groups of TiO, surface (vacancy-free sur-
face), due to the weak active surface sites. However, the band centered
at 3200cm™' corresponds to the chemisorbed water molecules,
strongly bonded onto TiO, surface. Both, physisorbed and chemisorbed
water molecules, are represented in the inset Fig. 8(b). Such bonds are
stabilized by the hydrogen bonds with neighboring anions of TiO, lat-
tice and adjacent bridge of OH-groups, see Fig. 8(b). Additionally, the
band centered at 3304 cm ™! corresponds to the vibration of the OH
group of the physisorbed 2-propanol (undissociated), which is weakly
bound with under-coordinated Ti atoms through O atom of the hy-
droxyl group, inducing the formation of oxygen vacancy. Under-co-
ordinated Ti atoms can also bind through O of hydroxyl via dissociative
adsorption of 2-propanol, which results in the chemisorption of alk-
oxide accompanied by the release of protons (H*) [78].

The band at 3562 cm ™! is attributed to barium hydroxide hydrate
[79], where the water molecules form strong hydrogen bridges with
Ba™? ions (dissociation of BaCO3) [80]. All the peaks were identified
from the deconvolution of spectra. The most important fact is the linear
increase of the area of both the negative band at 3733cm ™! (O-H
stretching of Ti-OH) and the positive band at 3442 cm™ ! (O-H
stretching of H,0), respectively, as shown in Fig. 8(c). This trend be-
came clearer when the milling time increased, see inset Fig. 8(c). These
correlations indicate the change of state of hydrogen atoms from iso-
lated to bonded, with the physisorbed water molecules, which induce
shifting of the OH band by -340 cm ™. The release of water, from the
condensation of 2-propanol, physisorbed on the metallic surface, can
also be evidenced by the band at 1632 and 1115 cm ™~ ! (OH), suggesting
that H,O was formed during the adsorption process or produced by the
thermal dehydration of 2-propanol [63]. Therefore, a decrease in the
particle size due to milling time, is associated to the rise of oxygen
vacancies (structural defect) and to the defect chemistry, simulta-
neously. This improves both the formation of the OH groups on the
TiO, surface and promotes the reaction process 1 (Fig. 9). It also
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promotes the formation of intermediates with 2-propanol through the
decomposition reaction. Other contributions also give rise to the for-
mation of water molecules from: a) reduction/oxidation mechanism, b)
interaction between 2-propanol and the product generated from the
reduction/oxidation mechanism, ¢) decomposition of 2-propanol and d)
2-propanol reaction with itself. It is interesting to note that the higher
the chemisorbed water amount is, the higher the physisorbed water
quantity becomes. This is because weak hydrogen bond with each other
and with OH-groups of TiO, surface acts as an adsorption site for the
water molecules, released from the reaction of Ti-OH with 2-propanol
and ambient water.

The band at ~3304 cm ™' (OH hydroxyl group), is assigned to the
physisorbed and undissociated 2-propanol, that is weakly bound via O
atoms of the hydroxyl, with under-coordinated Ti atoms (confirmed as
Ti-OHCH(CHs3),), which further leads to the appearance of new ab-
sorption bands at 2956, 2922, 2874, 2851, 2825, 1569, 1464, 1385,
1298, 1170 and 1135 cm ™ %, see Fig. 10(a,d and e). On the other hand,
the reaction of OH group on TiO, surface and 2-propanol, gives rise to
water molecules (3442, 3200 and 1632 cm ™ !) and chemisorbed alkoxy
groups. Other more stable product generated is the propene [77,81,82].
In both cases, the reduction/oxidation mechanism alone has no effect
on the reactivity of the absorbed 2-propanol, however, in atmospheric
pressure it exhibits higher reactivity, leading to the formation of in-
termediates, as shown in the process 1. The atmosphere O, can trap
electrons and result in the formation of superoxide radical ions 05,
where, oxygen atoms can react with hydroxyl groups and can bind to
the TiO, surface (Ti-OH), forming water molecules [83]. In addition,
oxygen atoms can be trapped by oxygen vacancies onto the TiO, sur-
face.

Due to the lower stability of alkoxide group, as an intermediate
product, the stabilization of corresponding reactions mainly reaches
through the formation of acetone and methoxy group. Due to the lower
stability of alkoxyde groups, these may undergo a successive dehy-
drogenation through deprotonation (removal of a hydrogen atom), re-
sulting in the breakage of C-H bond and thus becoming oxidized, giving
rise to Ti-O=C(CHz),, which consequently corresponds to the weak-
ening of ionic Ti-O bond. This absorption band of Ti-O=C(CH3) is
confirmed by the IR analysis and evidenced by the presence of C=0
band at 1748 cm ™!, which is a characteristic of the carbonyl group in
ketones, see Fig. 10(c). Thereafter, the process of conversion of the
ketone on dehydrated TiO, (or metal ions), due to the mechanical en-
ergy or by drying at low temperature, leads to the formation of products
that can be confirmed by the absorption bands at 2956, 2874, 2452,
1566, 1427 and 1384 cm ™', as shown in Fig. 10(a,d). These bands
formed are attributed to the several functional groups on the TiO,
surface, including absorbed CO, and monodentate formate. However,
other peaks could also appear due to the release of molecules during the
oxidation process of acetone, such as monodentate formate on Ba®*
cations [84]. Therefore, the formation of main intermediate products
such as: methoxy [78], propene [77,81,82], alkoxy [85,86], acet-
aldehyde [78,86] and propanone [87] group and the result of their
dissociation reaction in the form of CO5, H,O and OH™, among others,
plays an important role in bonding with BaCO3; molecules and in their
dissociation, as suggested by the model based on the CO?~ anions and
Ba™? cations.

The intense peak at 2452 cm ™! is assigned to the adsorbed CO, due
to the oxidation of acetone. The O~ can react with adsorbed acetone,
resulting in CO, that gets adsorbed on the superface of the particles. It is
shown that the increase in the intensity of the adsorbed gas-phase CO,
product on the surface of the particles, is an indication of high activity
of the metallic system for this reaction, which is dependent on the
conditions of milling time and thermal treatment. The CO5 molecule
has three important vibrational modes; the symmetric stretching
11(1388cm ™) that is only Raman active, the double degenerate
15667 cm™!) bending mode, and the asymmetric stretching
13(2349cm ™ 1) [88]. Bollinger and Vannice [62] observed a similar
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feature at around 1669 cm ™! assigned to the bicarbonate species, when
CO,, was introduced on to 1 wt% Au/TiO, catalyst. Boccuzzi et al. [89]
have also attributed the band at 1670 cm ™! to carbonate like species on
Au/TiO; catalyst. Acetates can also be oxidized and produce carbonates
directly on the surface of the particles. However, the intense peak at
2452 cm ! is shifted with respect to the peak at 2349 cm ™! for free
CO,, which can also be due to the CO, absorption onto the Ba(OH),
metallic hydroxides (peak at 3733 cm ™ b).

Several shoulders around 2452cm™'at 2554, 2533, 2473 and
2421 cm ™! are observed with a shift, shown in Fig. 10(b). This shift can
be explained in terms of a progressive solvation of metallic hydroxides
by CO, molecules, with the formation of Ba(OH),(CO,), as already
pointed out by Pragati et al. and Llabrés et al. [88,90]. Both of them
reported the shift to high frequencies with respect to the free CO,
molecules, that owed to the CO, interaction with different ions (Na*
and Mg2+). Garrone et al. [91] also used computational study (DFT) of
absorption of CO, on Li*, Na*, and K* ions, determining the vibra-
tional frequency of each cation, which lied in a wide window between
2460 and 2426 cm L. Additionally, the formation of Ba(OH),, de-
scribed before, can be obtained from different processes as shown in
Fig. 9. The pH in 2-propanol was 6.8, which varied according to the
milling time pH=7.1 (2h) to pH=4.2 (24 h). These values are con-
sidered allowed for the reaction described in Fig. 9, where the reaction,
Ba?" 4+ OH™, can be ignored if the solution is acidic [64]. Li et al. [64].
assumed that the formation of Ba(OH),, BaOH*, BaHCO; and Ba
(HCO5), is much smaller than the formation of Ba?* in basic solution.
Three factors can be assumed that could increase the formation of Ba
(OH),, BaOH™, BaHCO3 and Ba(HCOs), in the organic solvents; 1) the
presence of TiO,, via water condensation from the reaction between
two hydroxylates, 2) the milling time, that allows to create more active
sites on the surface, and 3) the product which comes as a result of
mixing of the organic solvent with the precursors yield a sub-product
and gives rise to hydroxyl groups among others. Fig. 10(b) shows the
increase of CO, absorbed on the Ba(OH), metallic hydroxides as a
function of milling time, where a linear correlation is verified, see inset
of Fig. 10(b).

The complexity of this mechanism, and of the resulting product
mixtures, suggest that many of the various intermediates formed during
the course of reaction, takes part in further reactions with carbon di-
oxide, bicarbonate and carbonic acid. The release of water, from the
hydrolysis and condensation of alkoxide group can also be evidenced by
the bands at 1632 and 1115cm~! (OH) [63]. Referring to the litera-
ture, H,O may also be produced by the thermal dehydration of 2-pro-
panol [92]. In this work, it is observed that, drying of the solvent of the
mixture of precursors at low temperature (~60 °C) does not favor such
process, as C=C band at 1660 cm ™! is not observed. Both bands (1632
and 1115cm™ 1), are attributed to the di-hydrated barium carbonate
BaCO32(H,0). The transformation of BaCO3-2(H,0) from BaCO3 can be
identified from the frequency variation between both bands
(Av = 517 ecm™ 1), which can be interpreted as the distortion (less co-
ordinated state) from the symmetric CO52~ anions of carbonate which
confirms the formation of hydrated barium carbonate. These observa-
tions are consistent with what has been previously observed [63,93]. A
broad shoulder, centered around 1566 cm ™! is a characteristic of the
Va5(-COO") vibration mode of monodentate formate species adsorbed on
the TiO, surface, as mentioned before.

The two bands at 1465 and 1384 cm ™! are assigned to the asym-
metric and symmetric stretching vibrations of CHs, see Fig. 10(d). Both
methyl C-H bands correspond to the non-dissociative absorption mode
of 2-propanol. However, Baltrusaitis et al. [94], attributed both peaks at
1465 and 1384 cm~! to the monodentate absorbed carbonate, i.e.
CO>~ interacting with Ba®* cations. These peaks are deconvoluted
using the mixed of the Gaussian and Lorentzian function to fit curve, see
Fig. 10 (d). The similarity in the peak positions is likely due to the
methyl termination group (C-H), present in both peaks. Four main
absorption bands which are characteristic of the vibration in carbonate
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anion (CO527) isolated by Ba?*, from BaCOs, are observed and can be
identified by the bands at 1427, 1059, 857 and 693 cm ™!, as shown in
Fig. 10(d,e). Such bands are associated to the asymmetric and sym-
metric stretching vibrations of C-O, out of plane bending vibrations of
CO3%~ and in plane bending vibrations of CO5*~, respectively. Finally,
absorption bands at wavenumbers less than 800 cm ™! which are re-
lated to the M-O bands are observed, which result from the Ti—-O and
Ti—O-Ti bands [95].

It should be mentioned that the intensity maximum and position of
the bands depends on the milling time, especially in case of the samples
with milling time of 24h (BT3), where a slight shift to lower wave-
number (1420 cm™!) is observed with increase in milling times, see
Fig. 10. The increase in the intensity is related to the decrease of the
particle size which leads to an increase in available surface area and
consequently increases the reaction process due to the availability of
more number of active sites on the surface.

3.3. Temperature dependent infrared spectra of adsorbed functional groups
on BaTiOj3 particles

Under thermal conditions at high temperature 1000 and 1100 °C,
the organic compound results in a depletion on the surface of pre-
cursors, shown in Fig. 11. Such depletion might vary according to the
milling time and temperature. However, this depletion, after the
thermal treatment, appeared highly dependent on the structure of the
organic compound in the spectra and is followed by a nucleation,
crystallization and growth process in the heating stage. The crystal-
lization process involved diffusion of Ba?" into the undissolved TiO»,
that resulted in the formation of the BaTiO; phase. However, the re-
action of different groups and radicals generated through all the four
processes could be responsible for the formation of secondary phases
after thermal treatment, as shown in the XRD Fig. 2(b) (sample BT1-1
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and BT2-1). Fig. 8 (d) shows the FT-IR spectra taken for thermally
treated powders treated at temperatures 1000 and 1100 °C. In the BT1-1
and BT1-2 samples, the broad intense absorption band at 3700-
3000 cm ™! associated to the OH bands, is found to remain practically
unchanged with the temperature variation. This indicates that the re-
moval of physisorbed and chemisorbed water molecules and chemi-
sorbed alkoxide ions on the metallic surface after heating at 1000 and
1100 °C is negligible, see Fig. 11(a). In contrast, the BT1-1/BT2-2 and
BT3-1/BT3-2 samples, indicated greater decomposition of physisorbed
water molecules than chemisorbed water molecules. The absorption in
the range 3000-2750cm ™! in all samples after thermal treatment,
present four bands, in comparison to the samples not treated thermally,
where the fifth peak at 2825 cm ™! within the absorption bands of G-H
is not present, see Fig. 11 (a). The absorption bands are attributed to the
alkoxide, methoxy (CH30) and ethoxy (CH3CH,0) groups, resulting
from the decomposition of intermediate products in to methanol
(CH30H) and ethanol (CH3CH,OH), as described previously, and are
associated with the absorption band at 1000 - 1250 cm ™ !. After thermal
treatment at 1000 and 1100 °C, the absorption features due to CH30H,
CH3CH,0H, CH30 and CH3CH,0 almost disappeared, as indicated by
the reduction in the relative intensity of the peaks at 2956, 2922, 2874
and 2852 cm ™. This reduction becomes significant in samples with
milling time of 2 h. Such decrease is associated to the breakage of C-H
bonds at high temperature. A complete decomposition of alkoxide
group can be evidenced, by Fig. 11(a) (dashed lines). The presence of
the four peaks at 2956, 2922, 2874 and 2852cm ™!, confirms com-
plexity of BT with CH30 and CH3CH,O group. The relative intensity of
the peaks in the range 3000 to 2750 cm ™!, for each sample is de-
termined from the integrated area taken from the deconvoluted spectra,
Fig. 11(d).

A significant decrease of C=O band at 1748 cm™ " is observed,
principally in the samples with milling time of 12 and 24h and
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Fig. 11. Fragments of FTIR spectra and deconvolution spectral bands (solid blue line) in the different regions, a) 3000 to 2750 cm ™~ 1 b)1775to 1735¢cm ™Y, ¢) 1730
to 1300 cm ™! and d) 1170 to 980 cm ™~ . Solid red line presents the sum of the blue solid line shapes. (e) Variation of C-H group intensity as a function of milling time
(f) ratio of BaCO3/C=0 and BaCO3/C-H as a function of milling time. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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thermally treated at 1000 and 1100 °C, as shown in Fig. 11(b). This
decrease is linked to the breaking of carbonyl group in acetone,
Ti-O=C(CH3),, which allowed the formation of tetragonal structure of
BaTiO3. Fig. 11(d), shows the evolution of the absorption band at
1748 cm ™! as a function of milling time, which can be assigned to
v(C=O0) of the acetone. The tendency of the increase in the absorption
of acetone depends of the amount of the surface sites on the TiO, sur-
face, which increases with the increase in milling time. The breaking of
C=0 binding is observed significant in all thermally treated samples,
except the sample BT1-1, which showed a small absorption, see
Fig. 11(b,d).

The peak positions due to the absorption of CH;0 and CH3CH,O
group appeared quite similar, this indicated that the absorption bands
in the range 1000-1250 cm ™' could represent a peak overlap, that
arises due to the stretching vibrations of C-O and C-C of the CH30 and
CH3CH,0 absorption groups on the TiO, surface, as shown in Table 3.
The absorption band at 1041 and 1116 cm ™' reflects the presence of
bidentate and monodentate formate species (C-O stretching vibration)
of CH30 group on the TiO,, respectively, while the peak at 1058 cm ™!
is assigned to the C-C stretching vibration from CH3CH,O [85,86].
After thermal treatment, the intensity of the absorption band of CH30
and CH3CH,0 group, significantly reduced due to its decomposition
and removal from the surface. Alongside, a decrease in the intensity of
bands at 2956, 2922, 2874, 2851, 2825, 1590, 1489, 1464, 1385, 1170
and 1135cm ™!, is observed after thermal treatment, as shown in
Fig. 11(a,c).

Thermal treatment indicates that part of the physisorbed H,O and 2-
propanol can be removed. This result shows that bidentate and mono-
dentate formate species of CH30 and CH3CH,O groups possess similar
thermal stability at high temperature. In addition, thermal treatment
can also promote the creation of more Lewis acid or base sites on the
surface, as suggested by Trikalitis et al. [81]. In this sense, in the per-
ovskite (ABO3) structure, the A-site contain an alkaline element, while
the B-site accommodate a transition metal. The A-site (Ba), does not
have the ability to decompose to the 2-propanol, since it has single state
of oxidation. However, the B-site (Ti) due to the possibility of different
oxidation states of Ti (Ti2™, TiO®*, and TiO*"), is able to suffer oxi-
dation-reduction process even in the presence of 2-propanol. It is be-
cause different oxidation states accounts for the different number of
electrons in the 3d orbital which helps in the oxidation-reduction
process. In order to evaluate the acidic and basic character of A and B
sites, the Smith's acid-base parameter "8" was evaluated [96] and
modified from the relations between "8" and electronegativity x [97],
respectively. Where "8" is a constant which measure the tendency to
accept an oxide ion. Smith assigned the parameter § < 0 to basic or
amphoteric, while § > 0 to acidic nature. For TiO, the value 8o, =
0.7 is observed, while for BaCOj3 the value of 8g,co, = -4.6 is observed
which was determined from the relations between "8" and electro-
negativity . Similar arguments by Kuhn et al. [98], correlated the
Lewis acid sites to A cations, while basic sites were associated with B
cations, which is a result contrary to Natile et al. [99], who correlated
Lewis acid sites to B cations. Likewise, as shown in Fig. 11 (e) the
variation of the absorption bands in the range 3000 to 2700 cm ™~ in-
dicates that the reduction occurred rapidly with thermal treatment at
1000 and 1100 °C. Fig. 11(f) shows the ratio of integrated area of the
carbonate absorbed to the di-hydrate carbonate and carbonate ab-
sorbed to C-H bond, as a function of milling time and thermal treat-
ment. For the samples with milling time of 2 h and thermal treatment of
1000 °C, the ratio A/B evidenced an enrichment of secondary phase,
which is according to the XRD results, that demonstrated the presence
of BaCO; as a secondary phase, contrarily at high temperature
(1100 °C) the ratio A/B is observed to be smaller. Besides, the ratio A/C
decreased progressively with increased in milling time and tempera-
ture, this ratio is five times greater than the ratio A/B for the samples
thermally treated at 1000 °C. The presence of secondary phase in-
dicated the absence of complete reaction between BaCO3 and TiOs,
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which could be due to the C=0 group strongly bonded to TiO, at low
temperature, see Fig. 11(d). The pure phase was observed in all sam-
ples, except the BT1-1 and BT2-1 (presence of BaCOj;, TiO, and
Ba,TiO4), with the help of FTIR spectroscopy within the detection limit
of XRD (1 wt%). Therefore, the thermal treatment contributes to the
release of defects, principally the hydroxyl ions (OH ™), protons (H")
and carbonates (CO527), which gets bonded to the surface of the
structure of BaCO3; and TiO, during the milling process.

In this work, we proposed that the bonds of different intermediates,
arise from the decomposition of 2-propanol, over the surface of BaTiOs3,
as explained before. The alcohol group of 2-propanol and of the pro-
ducts of intermediate reactions (which are initially bound to the surface
of TiO,, BaCO3 and to the dissociation of BaCOs3), remain bounded to
the Lewis acidic or basic sites, through the bridged oxygen atoms, after
thermal treatment. We associate the bonds on the surface of BaTiOs
structure (which involves adsorption of the reactant over an active site),
to be mainly responsible for the dissociation of 2-propanol to form in-
termediates. Fig. 9 shows the formation of different bonds after the
thermal treatment, which were also experimentally confirmed by the
FTIR spectra.

It is important to note that the points mentioned above are
prompted to find alternative explanations for the reaction mechanism
between the precursors and the solvent, and consequently to explain
the formation process of BaTiOs3. The hydroxyl groups associated with
water molecules are present in high concentrations due to the milling,
which breaks the particles (accompanied for hydrolysis and condensa-
tion) and plays a great role in the dissociation of carbonate. In addition,
the presence of water molecules decreases the interaction between the
carbonate species and monodentate carbonate with the surface, which
can induce the distortion of the geometry of BaTiO; (reflected in the
shift of peaks and variation of intensity), after thermal treatment.
Therefore, both un-dissociated and dissociated 2-propanol along with
intermediates are present in the samples as a mixture on the surface.
These dissociated propanol and intermediates are present even after the
thermal treatments. Hence, these factors must be considered in order to
describe the properties associated to the structure of BaTiOs.

4. Conclusion

In this work, we provided a detailed investigation and understating
on the surface properties and reactivity of the mixing of the BaCO3 and
TiO, precursors in organic 2-propanol solvent, in different milling times
and thermal treatments. The absorption behavior was studied by the
FTIR spectroscopy. The characterization by XRD revealed: 1) a gradual
decrease in the tetragonality (c/a) of BaTiO; with the decrease of
particle size at thermal treatment of 1000 °C. Contrarily, an enhance-
ment in the tetragonality was found with the decrease of particle size
and after the application of high temperature (1100 °C). The strain
observed for the structure by the milling process from 2 to 24h in-
creased, which was significantly higher for samples thermally treated at
1100 °C than at 1000 °C. The results of FTIR indicated that both che-
misorbed and physisorbed 2-propanol are present on the surface of TiO,
and BaCOs, where it was found significantly present in the later. The
process started from the strong interaction between the 2-propanol and
OH groups on the TiO, surface which gave rise to chemisorbed alkoxide
ions and released H,0. The product generated from the reaction process
gave rise to the inorganic-organic matter association. However, the
functional group associated to the BaCO3; and TiO, resulted in a de-
pletion on the surface at high temperature. This work did not only
manifest the importance of understating of the structural level, but also
helped to evaluate the surface structure of the BaTiO; samples.
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