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Calcium titanate (CaTiO3) powders were synthesized by the polymeric precursor method and processed
in different furnaces. The structural evolution of CaTiO3 powders heat treated in conventional furnace
and adapted domestic microwave oven was analyzed by X-ray diffraction (XRD), micro-Raman scatter-
ing (MRS) spectroscopy and ultraviolet–visible (UV–vis) absorption spectroscopy. XRD, MRS and Rietveld
refinement revealed that the CaTiO3 powders heat treated in both furnaces are free of deleterious phases
aTiO3

ptical materials
eat treatment
ietveld refinement
icrowave effects

and crystallize in an orthorhombic structure. UV–vis measurements suggested the presence of interme-
diary energy levels into the optical band gap of structurally disordered CaTiO3 powders. CaTiO3 powders
heat treated in microwave oven showed a rapid structural organization than powders heat treated in
conventional furnace. The optical absorption values revealed a different behavior due to the changes in
the structural order–disorder degree of the CaTiO3 lattice. The differences verified in the heating pro-
cess of CaTiO3 powders processed in conventional furnace and adapted domestic microwave oven were
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discussed.

. Introduction

Calcium titanate (CaTiO3) was discovered for the first time in
ineral form in 1839 by Gustav Rose, a German mineralogist. As

eramic material, CaTiO3 has been widely used in electronic devices
nd it is a key component of Synroc (type of synthetic rock used to
tore nuclear waste) [1]. CaTiO3 belongs to the important group
f compounds with perovskite-type structure. CaTiO3 exhibits an
rthorhombic structure with space group Pbnm below 1380 K. The
nconventional space group Pnma is designed to the “orthorhom-
ic” structure. In temperatures between 1380 and 1500 K occurs a
hase transition and changes the space group for Cmcm. At 1500 K,
he orthorhombic structure transforms to “tetragonal” structure
ith space group I4/mcm. Above 1580 K, this material exhibits
“cubic” structure with space group Pm3̄m [2]. Different meth-
ds have been reported in the literature for the synthesis of
aTiO3 powders. This perovskite was initially prepared by con-
entional solid-state reaction between TiO2 and CaCO3 or CaO at
emperatures of approximately 1623 K [3]. However, CaTiO3 pow-
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ers obtained by this method present several problems, such as
igh-processing temperatures, inhomogeneity and contamination
y impurities with a nonuniform particle sizes distribution [4].
o minimize these problems, wet chemical methods have been
mployed to synthesize CaTiO3 powders with desired stoichiome-
ry, such as: sol–gel [5], co-precipitation [6], combustion method
7], organic–inorganic solution technique [8] and hydrothermal
rocess [9].

Recently, photoluminescence properties of disordered struc-
urally CaTiO3 have been reported in the literature [10,11].

oreover, this material can be used for applications in com-
unication systems operated by microwave frequencies (UHF

nd SHF) [12–14]. In this perovskite, the substitution of the
site (Ca2+ ion) by trivalent ions (Sm3+ or Nd3+) results in

he formation of Ca2+ vacancies, which consequently affect the
ielectric properties of the material. Generally, the obtained prod-
cts exhibit high-dielectric constant (εr) and low-dielectric loss
tan ı) [15,16]. These properties suggest a possible application of

aTiO3 as microwave dielectric ceramics, mainly in resonators
nd filters [17]. Lemanov et al. [18] measured the dielectric
roperties of CaTiO3 at low temperature and classified this per-
vskite as an incipient ferroelectric or quantum paraelectric. Wang
t al. [19] reported the ferroelectric transition in CaTiO3 using

http://www.sciencedirect.com/science/journal/13858947
mailto:laeciosc@bol.com.br
dx.doi.org/10.1016/j.cej.2008.05.017
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he first-principles calculation and considering the Ti atom dis-
laced in the [0 0 1] direction. The obtained results for these
uthors revealed that the CaTiO3 presents an incipient ferro-
lectric behavior. The literature also reports the substitution of
he Ca2+ ions by Pr3+ and Er3+ ions, which are able to improve
f optical performance in CaTiO3, such as red emission phos-
hors, strong green up conversion luminescence and blue emission
20–24].

In order to obtain well-crystallized CaTiO3 powders by the
olymeric precursor method is necessary high-heat treatment tem-
eratures for long times (≥120 min) [25]. Therefore, a possible
lternative to decrease this factor can be the use of microwave
nergy. Currently, the microwave energy has received consider-
ble attention due to their interesting advantages, such as: reduced
rocessing costs, better production quality and possibility of for-
ation of new materials or products, among others. In this case,

everal technologically important materials can be heated rapidly,
niformly, selectively, less expensively and with high control than
he conventional methods [26].

CaTiO3 powders present interesting photoluminescence (PL)
roperties at room temperature. This optical property is depen-
ent on the structural organization level, preparation method
nd heat treatment conditions [27]. Therefore, it is important to
nderstand the influence of different processing methods on the
tructural organization degree and optical properties of this mate-
ial.

In this paper, we report the synthesis of CaTiO3 powders pre-
ared by the polymeric precursor method and heat treated at
ifferent temperatures in an adapted domestic microwave oven
or 30 min and conventional furnace for 120 min. The obtained
owders were characterized by X-ray diffraction, micro-Raman
cattering, Rietveld refinement and ultraviolet–visible absorption
pectroscopy. Moreover, we show the differences between the
eating process of CaTiO3 powders by microwave radiation in
icrowave oven (MO) and thermal radiation in conventional fur-

ace (CF).

. Experimental details

.1. Synthesis of CaTiO3 powders

CaTiO3 powders were synthesized by the polymeric precur-
or method [28]. Calcium carbonate, CaCO3 (99.9% purity Aldrich),
itanium (IV) isopropoxide [Ti(OC3H7)4] (99.9% purity Aldrich),
thylene glycol, C2H6O2 (99% purity J.T. Baker) and citric acid anhy-
rous, C6H8O7 (99.5% purity Synth) were used as starting materials.
Ti(OC3H7)4] was quickly added in C6H8O7 aqueous solution to
void hydrolysis reaction of the alkoxide with air environment.
lear and homogenous titanium citrate was formed under con-
tant stirring at 353 K for several hours. In the following step,
he gravimetric procedure was realized for the correction and
etermination of the stoichiometric value correspondent to the
iO2 mass (g) into the titanium citrate. CaCO3 was dissolved and
dded in a stoichiometric quantity into the Ti citrate. After solu-
ion homogenization containing Ca2+ cations, C2H6O2 was added
o promote citrate polymerization by the polyesterification reac-
ion [29]. The citric acid/ethylene glycol mass ratio was fixed
t 60:40. The solution was slowly heated at 373 K under con-
tant stirring to allow the evaporation of water and formation
f the polymeric resin. The obtained polymeric resin was then

laced in a conventional furnace and heated treated at 623 K
or 240 min, promoting the pulverization of the polymeric resin
nd formation of the precursor powders. Finally, these disor-
ered powders were heat treated at different temperatures for
20 min with a heating rate of 274 K/min in a CF and for 30 min
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ith a heating rate of 298 K/min in an adapted domestic MO
30].

.2. Characterizations of CaTiO3 powders

In these experiments, the powders heat treated at different
emperatures in CF and MO were characterized by X-ray diffrac-
ion (XRD) recorded on a Rigaku-DMax2500PC (Japan) with Cu K�
adiation in the 2� range from 5◦ to 75◦ with 0.02◦/min. Rietveld
nalyses were performed in a step scan mode in the 2� range
rom 17◦ to 110◦, angular step of 0.02◦ and exposure time of 2 s.

icro-Raman scattering (MRS) measurements were recorded using
T-64000 Jobin-Yvon (France) triple monochromator coupled to
CCD detector. The spectra were obtained using a 514.5 nm line

f an argon ion laser, keeping their maximum output power at
mW. A 100 �m lens was used to prevent overheating of the
owders. Ultraviolet–visible (UV–vis) spectroscopies for the spec-
ral dependence of optical absorbance for the CaTiO3 powders
ere taken using a Cary 5G (Varian, USA) equipment in total

eflection mode. All measurements were performed at room tem-
erature.

. Results and discussion

.1. X-ray diffraction analyses

Fig. 1a and b show the XRD patterns of CaTiO3 powders heat
reated at different temperatures for 30 min in MO and 120 min in
F under air atmosphere, respectively.

The presence of diffraction peaks can be used to evaluate the
tructural order at long range or periodicity of the material. CaTiO3
hase was confirmed by the comparison between the XRD patterns
ith the respective Inorganic Crystal Structure Database (ICDS)
o. 06-2149 [31]. All diffraction peaks can be assigned to the
rthorhombic structure. CaTiO3 powders heat treated at several
emperatures for 30 min in MO exhibited characteristic diffraction
eaks correspondent to an ordered structure at long range (Fig. 1a).
owever, no diffraction peaks were verified for the CaTiO3 powders
eat treated at 673, 723 and 773 K for 120 min in CF. This behavior

s typical of amorphous or disordered materials (Fig. 1b). The lat-
ice parameters analyses were performed to verify the differences
n the structural organization degree at long range. The experi-
ental lattice parameters were calculated using the least square

efinement from the UNITCELL-97 program [32].
Table 1 shows the lattice parameters values for the CaTiO3 pow-

ers heat treated at different temperatures for 30 min in MO and
20 min in CF under air atmosphere.

The good agreement between the experimental lattice param-
ters values with the respective ICSD card shows that the heat
reatment evolution leads to an increase of crystallinity on the
aTiO3 powders (Table 1). All diffraction peaks were identified as
elonging to the CaTiO3 phase in agreement with the ICSD no.
6-2149. Fig. 2a and b show the lattice parameters evolution (a,
and c) of CaTiO3 powders as a function of temperature in both the

urnaces.
As can be seen in these figures, the lattice parameters of CaTiO3

owders with orthorhombic structure present small deviations as
ndicated by the error bars. The increase of temperature leads to
he formation of CaTiO3 phase in both the furnaces. Also, it was
bserved in the range from 923 to 973 K a significant change in

he c lattice parameter value, which probably can be associated
ith the presence of defects due to the structural disorder in the
aTiO3 lattice. In addition, we observed small deviations in the

attice parameters for the CaTiO3 powders heat treated in CF. A bet-
er estimative of the lattice parameters was performed by Rietveld
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ig. 1. XRD patterns of CaTiO3 powders heat treated at different temperatures for
a) 30 min in MO and (b) 120 min in CF, both under air atmosphere.

efinement for the CaTiO3 powders heat treated at 973 K for 30 min
n MO and 120 min in CF.

The average crystallite sizes were estimated by the Scherrer’s

quation using the full width at half maximum (FWHM) of the most
ntense peak (1 2 1). As reported in the literature [33], the Scherrer’s
quation (Eq. (1)) is described as follows:

= 0.9�

B cos �
(1)

d

i
a
[

able 1
ata obtained by XRD analyses of CaTiO3 powders heat treated in different furnaces

emperature (K) Time (min) a lattice parameter (Å) b la

73 30 5.366(8) 5.42
23 30 5.379(6) 5.44
73 30 5.392(8) 5.46
23 30 5.382(5) 5.47
73 30 5.384(3) 5.47
23 30 5.409(8) 5.49
73 30 5.398(9) 5.49
73 120 5.380(3) 5.42
23 120 5.364(2) 5.44
23 120 5.370(4) 5.41
73 120 5.382(9) 5.46

CSD no. 06-2149 5.3796(1) 5.44
ig. 2. a, b and c lattice parameters as a function of temperature for the CaTiO3

owders processed in different furnaces: (a) MO for 30 min and (b) CF for 120 min.
he vertical bars show the standard mean error.

here D is the average crystallite size or particle size, � the X-
ay wavelength (0.1540593 nm), � the Bragg angle and B is the
WHM.

Fig. 3a and b shows the obtained results for the average crystal-
ite sizes of CaTiO3 powders heat treated at different temperatures
or 30 min in MO and 120 min in CF under air atmosphere. These
ata are listed in Table 1.
As can be seen, the increase of temperature promotes an increase
n the average crystallite size or particle size. This behavior can be
ssociated with the aggregates production and nuclei formation
34].

ttice parameter (Å) c lattice parameter (Å) Particle size (nm)

9(4) 7.631(9) 21.22
5(6) 7.615(2) 22.37
9(1) 7.440(4) 22.42
1(8) 7.434(2) 23.06
2(8) 7.441(2) 23.61
7(1) 7.507(1) 25.51
4(5) 7.652(5) 27.30
0(8) 7.611(6) 23.48
6(4) 7.613(9) 25.37
8(8) 7.434(4) 26.06
3(4) 7.641(1) 28.11

23(3) 7.6401(5) –
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.2. Rietveld refinement analyses

Fig. 4a and b shows the Rietveld analyses [35] of crystalline
aTiO3 powders heat treated at 973 K for 30 min in MO and 2 h

n CF under air atmosphere, respectively.
These analyses were performed with the FULLPROF program

36], assuming Pbnm space group for an orthorhombic distorted
erovskite-type structure. We utilize the pseudo-Voigt function
s described by Finger et al. [37], in order to fit the several
arameters to the data point: one scale factor, one zero shifting,
our background, three cell parameters, five shape and width of
he peaks, one global thermal factor and two asymmetric fac-
ors. A typical example of these analyses is shown in Fig. 4a
nd b, which present the experimental and calculated XRD pat-
erns obtained by the refinements of CaTiO3 phase. The strain
nisotropy broadening was corrected by the phenomenological
odel described by Stephens [38]. Fig. 4 shows the good agree-
ent between the calculated and observed X-ray patterns for

he CaTiO3 powders heat treated at 973 K for 30 min in MO
nd 973 K for 120 min in CF. The good agreement between the

efined crystallographic data and structural parameters are listed
n Table 2.

ig. 3. Average crystallite sizes as a function of heat treatment of CaTiO3 powders:
a) 30 min in MO and (b) 120 min in CF. The vertical bars show the standard mean
rror.
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ig. 4. Rietveld analyses for crystalline CaTiO3 powders heat treated at 973 K for
0 min in (a) MO and for 120 min in (b) CF, both under air atmosphere.

.3. Micro-Raman scattering analyses

Fig. 5a and b show the MR spectra of CaTiO3 powders heat
reated at different temperatures for 30 min in MO and 120 min
n CF under air atmosphere, respectively.

The structural order–disorder degree at short range was
valuated by micro-Raman scattering spectroscopy. There are
4 Raman-active modes for orthorhombic structure with space
roup Pbnm (ZB = 4) with four molecular units in the prim-
tive cell, which can be described by the representation

Raman,Pbnm = 7Ag + 5B1g + 7B2g + 5B3g. The nine Raman modes
bserved in the range from 145 to 815 cm−1 are attributed to the
rthorhombic structure, in agreement with the literature [39–45].
able 3 presents the positions of nine Raman modes (P1–P9) for
he CaTiO3 powders heat treated at 973 K for 30 min in (a) MO
nd 120 min in (b) CF. In this table also are shown a compara-
ive between the Raman modes obtained in this work with those
eported in the literature by different methods. P1 Raman mode
s related to the CaTiO lattice mode. P , P , P , P and P are
3 2 3 4 5 6
ttributed to the O–Ti–O bending modes. P7 and P8 are ascribed
o the torsional mode and P9 is assigned to the Ti–O symmetric
tretching vibration. All CaTiO3 powders heat treated at differ-
nt temperatures for 30 min with microwave radiation exhibited a
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Table 2
Lattice parameters, R-factors and positional parameters obtained from the Rietveld
analyses of CaTiO3 powders heat treated in different furnaces (ICDS no. 06-2149)

Refined parameters Units Results

Temperature, 973 K; time, 30 min; microwave ovena

a Å 5.3914(0)
b Å 5.4425(4)
c Å 7.6526(4)
xCa – 0.0053
yCa – 0.03283
zCa – 0.25
BCa – 0.2089
F(occup)Ca – 0.5
xTi – 0
yTi – 0.5
zTi – 0
BTi – 0.2089
F(occup)Ti – 0.5
xO1 – 0.58805
yO1 – −0.01377
zO1 – 0.25
BO1 – 0.2089
F(occup)O1 – 0.5
xO2 – 0.28822
yO2 – 0.28826
zO2 – 0.03134
BO2 – 0.2089
F(occup)O2 – 1

Temperature, 973 K; time, 120 min; conventional furnaceb

c Å 5.3924(7)
a Å 5.4454(3)
b Å 7.6548(8)
xCa – 0.00641
yCa – 0.03378
zCa – 0.25
BCa – 0.16514
F(occup)Ca – 0.5
xTi – 0
yTi – 0.5
zTi – 0
BTi – 0.16514
F(occup)Ti – 0.5
xO1 – 0.58399
yO1 – −0.01492
zO1 – 0.25
BO1 – 0.16514
F(occup)O1 – 0.5
xO2 – 0.28855
yO2 – 0.28920
zO2 – 0.03369
BO2 – 0.16514
F(occup)O2 – 1

a RBragg = 4.601, Rp = 6.95, Rwp = 9.41, Rexp = 5.25 and �2 = 3.21 (MO).
b RBragg = 4.120, Rp = 8.15, Rwp = 10.5, Rexp = 6.29, �2 = 2.80 (CF).
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Table 3
Data obtained by MRS spectra analyses of CaTiO3 powders heat treated in different furnac

Method Temperature (K) Time (min) P1 P2 P3

LMT 1073 – 155 180 226
SSR 1873 2880 153 178 222
– – – 154 181 225
SSR 1323 4320 154 181 225
SSR 1523 1080 – 175 224
SSR 1923 240 – 183 227
– – – 155 181 226
PPM 973 30 158 184 228
PPM 973 120 157 183 227

LMT = liquid mix technique; SSR = solid-state reaction; PPM = polymeric precursor method
ig. 5. MRS spectra of CaTiO3 powders heat treated at different temperatures for
0 min in (a) MO and 120 min in (b) CF, both under air atmosphere. The zoom in
ig. 5(a) shows the 600–700 cm−1 region.

igh-structural organization degree, as can be seen in MRS spectra
Fig. 5a).

However, some Raman modes are not well defined for the

aTiO3 powders heat treated at 673, 723 and 773 K. The vertical
rrow indicates the presence of a peak at 494.5 cm−1, which is
ssigned to the Ti–O torsional (bending or internal vibration of the
xygen cage) mode. This result is similar to the reported by Bal-
chandran and Eror [39]. The two horizontal arrows presented in

es in comparison with other methods reported in the literature

P4 P5 P6 P7 P8 P9 Reference

247 286 337 471 495 – [39]
244 281 333 467 490 – [40]
246 284 300 469 493 – [41]
246 286 335 470 494 – [42]
244 286 336 471 492 677 [43]
247 288 339 470 494 641 [44]
248 290 340 470 496 – [45]
249 287 340 471 497 637 This work
248 287 339 470 496 640 This work

; Pn = peak number (cm−1).
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Table 4
Data obtained by UV–vis spectra for CaTiO3 powders heat treated in different fur-
naces in comparison with others methods reported in the literature

Method Temperature (K) Time (min) Optical band gap (eV) Reference

CPP 873 300 3.55 [48]
HT 770 – 3.5 [49]
PPM 873 120 3.48 [50]
CSS 1673 720 3.3 [51]
– – – 3.70 [52]
PPM 673 30 2.58 This work
PPM 723 30 3.29 This work
PPM 773 30 3.32 This work
PPM 823 30 3.34 This work
PPM 873 30 3.35 This work
PPM 923 30 3.38 This work
PPM 973 30 3.41 This work
PPM 773 120 2.82 This work
PPM 823 120 3.35 This work
PPM 873 120 3.37 This work
PPM 923 120 3.39 This work
P
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PM 973 120 3.42 This work

PP = complex polymer precursor; HT = hydrothermal; PPM = polymeric precursor
ethod; CSS = conventional solid state.

he inset zoom of Fig. 5a show two small peaks, suggesting the
imultaneous presence of [TiO6] and [TiO5] clusters, which can be
bserved by X-ray absorption near-edge structure [46]. The incom-
lete organization of the CaTiO3 lattice can be attributed to the
efects in the covalent bond due to the oxygen vacancies (VO

••)
etween the clusters [TiO6–TiO5·VO

••]. The formation of Ti–O bond
as observed after heat treatment at 823 K for 30 min, when the
aTiO3 lattice is more ordered. The peak localized at 641 cm−1 is
ssigned to the Ti–O symmetric stretching vibration, suggesting the
resence of a system more organized when heat treated from 873
o 973 K for 120 min in FC and 30 min in MO. The Raman-active

odes were not detected for the CaTiO3 powders heat treated at
73, 723 and 773 K for 120 min in CF, evidencing a disordered struc-
ure behavior. However, Raman-active modes were only observed
or the CaTiO3 powders heat treated from 873 to 973 K for 120 min,
onfirming the structural order at short range (Fig. 5b).

.4. Ultraviolet–visible absorption spectroscopy analyses

Fig. 6 shows the UV–vis spectra for the CaTiO3 powders heat
reated at different temperatures for 30 min in MO and 120 min
n CF under air atmosphere. The optical band gap values obtained
hrough the linear fitting of tails from the UV–vis spectra are shown
n Fig. 6a–d and listed in Table 4.

The exponential optical absorption edge and optical band gap
re controlled by the structural order–disorder degree in the CaTiO3
attice. According to Wood and Tauc [47], the optical band gap
nergy is related to the absorbance and photon energy by Eq. (2):

�˛ ∝ (h� − Eopt
g )

2
(2)

here ˛ is the absorbance, h the Planck constant, � the frequency,
nd Eopt

g is the optical band gap energy.
The increase of optical band gap value can be ascribed to the

eduction of defects or impurities that give rise to the intermedi-
ry energy levels into the band gap of disordered CaTiO3 powders.
he CaTiO3 powders heat treated from 673 to 773 K for 30 min in
O and 773 K for 120 min presented a similar spectral dependence

ehavior as observed in disordered or amorphous semiconductors,

uch as silicon and insulators (Fig. 6a and d). However, this disorder
egree can be reduced by the increase of heat treatment temper-
ture in both processing methods (MO and CF). CaTiO3 powders
eat treated from 823 to 873 K for 30 min in MO and 120 min in
F (Fig. 6c–e) revealed a structural order–disorder in the lattice,

l
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ring Journal 143 (2008) 299–307

hich can be associated with the presence of defects into the band
ap. In addition, CaTiO3 powders heat treated from 923 to 973 K
resented typical band gap values of ordered or crystalline mate-
ials. The high-optical band gap values for CaTiO3 powders can be
bserved in the absorbance curves presented in Fig. 6c and e and
nset Fig. 6e. As can be seen in Fig. 6f, the progressive heat treatment
romotes a reduction on the structural disorder and increase the

nclination angle of the dashed line or tail, decreasing the deviations
erified by the error bars.

It was observed that the optical absorption measurements were
xtremely sensitive to the changes in the lattice or variations on
he structural order–disorder degree. Table 4 shows a compara-
ive between the optical band gap values of CaTiO3 obtained in this
ork with those reported in the literature by different methods.
s can be seen in this table, the optical band gap is dependent of

he preparation method and structural order degree of the lattice
48–52]. In disordered CaTiO3 powders processed in MO and CF, the
bsorbance measurements suggest a nonuniform band gap with a
ail of localized states between the valence band and conduction
and. Our results show that the defects in the lattice of CaTiO3
owders processed in low temperatures (623, 723 and 773 K) can be
esponsible by the differences between the optical band gap values.

.5. CaTiO3 powders processed in domestic microwave oven and
onventional furnace

CaTiO3 powders heat treated at 673, 723 and 773 K for 30 min in
O showed a rapid structural organization than the powders heat

reated under the same temperature conditions for 120 min in CF. It
as observed a different optical absorption behavior on the CaTiO3
owders processed by microwave radiation. Fig. 7 shows a sim-
le schematic representation of the heating process by domestic
icrowave oven and conventional furnace.
Fig. 7(a) presents a digital photo of an adapted domestic

icrowave oven used in the processing of CaTiO3 powders at differ-
nt temperatures for 30 min. In the interior part of this equipment,
he processing of CaTiO3 powders occurs by means of microwave
adiation. These powders were placed within an alumina crucible
ith thick walls and high density to prevent overheating and con-

amination of the samples. This crucible was positioned on a silicon
arbide (SiC) tablet fixed on an alumina refractory in the inte-
ior part of the adapted domestic microwave oven. The thick walls
f the crucible were able to reduce drastically the heat trans-
erred by thermal conduction from the SiC for the powders. The
emperature of CaTiO3 powders was measured through a ther-

ocouple coated with alumina. This thermocouple was placed in
irect contact with these powders to ensure the reliability of the
easurements. More details in ref [30] on the adapted domestic
icrowave oven employed in this work. The obtained results by
RD, MRS and UV–vis confirm that the CaTiO3 powders processed

n MO presents a rapid structural organization compare to the pro-
essed in CF. This behavior can be related with the heating process
n MO, which occurs from the interior to the surface for the CaTiO3
owders (Fig. 7(b) and (c)). The microwave energy is transformed

n heat through the interaction between molecules and atoms with
he electromagnetic field. This interaction results in an internal and
olumetric heating of the powders, promoting the formation of
emperature gradients and heat flows [53]. In particular, the chemi-
al method employed for the synthesis of CaTiO3 powders presents
esidual organic compounds arising from the citric acid and ethy-

ene glycol. These organic compounds when pulverized generate
morphous carbon powders, which are able to absorb rapidly the
icrowaves (2.45 GHz frequency) and consequently to increase the

emperature at approximately 1556 K in just 1 min in a MO system
perating at 1 kW [54]. Therefore, we believe that this behavior can
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Fig. 6. UV–vis absorbance spectra for the CaTiO3 powders heat treated in the range from (a) 673 to 773 K for 30 min in MO, (b) 823–873 K in MO, (c) 923–973 K, (d) 673–823 K
for 120 min and (e) 873–973 K for 120 min under air atmosphere. Inset shown in Fig. 6(e) shows the CaTiO3 powders heat treated at 973 K for 120 min in CF under air
atmosphere. The dashed lines correspond to the respective tails. (f) Optical band gap evolution with the increase of temperature for CaTiO3 processed in different furnaces
(MO and CF). The vertical bars show the standard mean error.
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ig. 7. (a) Adapted domestic microwave oven for processing of CaTiO3 powders. (b)
c) Direction and interaction of the heat flow in the heating of CaTiO3 powders in
esistances, CaTiO3 powders, refractory. (f) Direction and interaction of the heat flow

ignificantly contribute with a rapid formation kinetic of CaTiO3
hase. In addition, MO system employed in this work was operated
ith a maximum power of 900 W. According to the literature [55],

he rapid phase formation can also be related with the TiO2, which
s able to absorb partially the microwave radiation. In contrast, CaO
hows a poor coupling with the microwave radiation, i.e., this oxide
s considered a semitransparent material for this energy type. In
eneral, few materials are completely transparent or absorbent of
icrowave energy [56]. Our obtained results can also be explained

y the formation of carbon monoxide (gaseous product) during the
rocessing, which could provide a reductive atmosphere around
f the sample. In this case, Ti4+ is partially reduced to Ti3+, result-
ng in a strong interaction with the microwaves [57,58]. As can be
een in Fig. 7(c), the heat flow in the heating process occurs in
arge part on the interior of the powders than on the surface. This

echanism probably can be responsible by the rapid heating of
aTiO3 powders. Recently, the literature reported the crystalliza-
ion of CaBi4Ti4O15 thin films by a domestic microwave oven for
73 K at few minutes [59].

Fig. 7(d) illustrates a digital photo of a commercial conventional
urnace used in the processing of CaTiO3 powders at different tem-
eratures for 120 min. This processing occurs in the interior part of
he furnace through the thermal energy. In this case, the electrical
esistances provide the thermal energy transferred to the powders
Fig. 7(e)). Fig. 7(f) shows the heating process of CaTiO3 powders by
F. Heating process in CF begins from the surface to the interior of

aTiO3 powders. The characterizations performed by XRD, MRS and
V–vis showed that the CaTiO3 powders processed at 673, 723 and
73 K for 120 min exhibit a structural disorder. Possibly, this behav-
or is associated to the transference of heat by thermal radiation,
eating mainly the surface of the material. In this case, the CaTiO3

C
t
t
o
a

r of microwave oven: magnetron, CaTiO3 powders, susceptor of SiC and refractory.
d) Commercial conventional furnace. (e) Interior of conventional furnace: electric
e heating of CaTiO3 powders in CF.

attice no presents a complete internal organization. When occurs
he increase of processing time and heat treatment temperature,
he thermal energy is transferred to the interior of the material,
hich contributes significantly for the structural organization of

he CaTiO3 lattice.

. Conclusions

CaTiO3 powders prepared by the polymeric precursor method
ere processed in CF and MO. XRD, Rietveld refinement and MRS

nalyses confirmed that CaTiO3 powders processed in both fur-
aces are free of deleterious phases. Small variations in the lattice
arameters were observed on the crystalline CaTiO3 powders pro-
essed in CF and MO heat treated at 973 K. Rietveld analyses
onfirmed that the powders crystallize in an orthorhombic struc-
ure with space group Pbmn at room temperature. XRD results
uggested that the crystallization process of CaTiO3 powders pro-
essed in CF begins at 823 K while in MO occurs at 823 K. MRS
nalyses revealed that CaTiO3 powders heat treated in the range
rom 673 to 773 K exhibit a structural disorder at short range.
owever, these powders processed in MO under the same tem-
erature conditions revealed a structural order–disorder. UV–vis
pectra indicated the presence of localized energy levels into the
ptical band gap of disordered CaTiO3 powders processed in CF
nd MO. These energy levels decrease when occurs an increase of
tructural order degree in the lattice. The structural evolution of

aTiO3 powders processed in CF and MO was observed through
he optical band gap values, which are sensitive to the changes in
he lattice. Finally, the use of microwave energy in the processing
f CaTiO3 powders prepared by the polymeric precursor method is
ble to promote a rapid structural organization of the lattice. The
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rocessing of CaTiO3 powders by MO presented many advantages
ompare to the CF, including the high-reaction kinetics and rapid
tructural organization at low temperatures (673, 723 and 773 K).
RD patterns, Rietveld, MRS and UV–vis measurements revealed

hat CaTiO3 powders heat treated at 973 K for 120 min in CF present
high-structural order degree.
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