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Abstract: Barium titanate nanocrystallites were synthesized by a hydrothermal technique from barium chlo-
ride and tetrabutyl titanate. Single-crystalline cubic perovskite BaTiO3 consisting of spherical particles with
diameters ranging from 10 to 30 nm was easily achieved by this route. In order to study the influence of the syn-
thesis process on the morphology and the optical properties, barium titanate was also prepared by a solid-state
reaction. In this case, only the tetragonal phase which crystallizes above 900°C was observed. High-temperature
X-ray diffraction measurements were performed to investigate the crystallization temperatures as well as the
particle sizes via the Scherrer formula. The lattice vibrations were evidenced by infrared spectroscopy. Eu®"
was used as a structural probe, and the luminescence properties recorded from BaTiOsz:Eu®Tand elaborated
by a solid-state reaction and hydrothermal process were compared. The reddish emission of the europium is
increased by the nanometric particles.
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Introduction

BaTiOg3 is one of the most widely used ferroelectric
materials, especially for the manufacture of thermis-
tors, electro-optics devices and multilayered capacitors
(MLCCs) [1,2]. Many researches are devoted to dimin-
ishing the size of BaTiOg3 crystals in order to fulfill the
requirements of nanoelectronic devices. When they are
doped with lanthanide ions, insulating materials exhibit

optical properties, which are greatly dependent on the
crystals’ size [3]. As a consequence the studies related
on the luminescence properties of newly doped nano-
structured systems with rare earth elements have been
increased as an efficient tool to investigate the insulat-
ing materials’ size [4]. In particular, barium titanate
has been studied regarding its luminescent properties
when doped with rare earth elements such as Eu?* [3],
Yb3T [4,5] and Er®* [6]. Its perovskite structure al-
lows hosting ions of a different size, and a high concen-
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tration of doping ions can be accommodated without
major difficulties. Therefore, recently there has been a
tremendous interest to prepare such materials.

The conventional solid-state reaction to synthesizing
ceramics requires a calcination step at high temperature
for enhancing the diffusivity between raw solid materi-
als,whereby resulting in the increase of grain size. To
overcome such a drawback, wet chemical routes have
been intensively investigated because they allow a bet-
ter control of the granulometric distribution and lead
to highly pure BaTiOgz nanocrystals, e.g. by using a
hydrothermal method [7-11], sol-gel process [12-16], ox-
alate route [17], micro-emulsion process [18], microwave
heating [19], polymeric precursor method [20], and ho-
mogeneous coprecipitation [21]. The hydrothermal syn-
thesis of ceramic powders is of great interest because
of the possibility to prepare pure and ultrafine parti-
cles with narrow size distribution from inexpensive and
easily accessible precursors in a single step [22]. Hence,
the synthesis can be performed at moderate tempera-
ture and pressure using a simple autoclave. Varying
the chemical process parameters, such as reagent con-
centrations, temperature, pressure, and pH, can opti-
mize the conditions of a hydrothermal reaction. Several
polymorphic varieties of BaTiO3 have already been iso-
lated: rhombohedral, orthorhombic, tetragonal, cubic,
and hexagonal [23].

It is well known that the ferroelectricity degree of
BaTiOg3 decreases when decreasing the particle size,
and disappears below a certain critical size because of
the crystallographic phase transition from tetragonal to
cubic [24]. A limit size of 50 nm has been postulated by
Ishikawa et al. [25] and Schlag et al. [26] as being crit-
ical for ferroelectric properties of BaTiO3. Few studies
have already described the preparation of Eu3t-doped
BaTiOg3 using the hydrothermal method [27,28]. In the
present work, nanocrystallites of BaTiO3:Eu®* (5 mol
%) were obtained by an original synthesis procedure
using a hydrothermal method (hm). BaTiOz:Eu** (5
mol%) powders were also synthesized by using the solid-
state reaction (ssr) for comparison. The samples were
characterized by X-ray diffraction (XRD), differential
thermal analysis (DTA), FTIR and Raman spectro-
scopies as well as scanning and transmission electron
microscopies (SEM and TEM). Furthermore, the pho-
toluminescence properties were recorded for both sam-
ples.

Experimental Section

Preparation of barium titanate powders by hy-
drothermal synthesis

Barium titanate was prepared via a hydrothermal
route according to the following procedure. All experi-
ments were carried out at room temperature under an
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inert atmosphere. BaCls (0.95 eq) and EuCl; (0.05 eq)
were dissolved in a round flask with the appropriate
amount of MeOH under vigorous magnetic stirring for
2 h. Then, metallic potassium (2.05 eq.) was added to
the reaction mixture, leading to an exothermic reaction
and the precipitation of potassium chloride. After 2 h,
1 eq. of titanium (IV) butoxide was introduced drop by
drop, with a milky solution being obtained. Thereafter,
the suspension obtained above was transferred into a
cylindrical autoclave (Teflon-lined stainless steel) filled
at 2/3 of its volume. The autoclave was put inside the
oven, and the reaction was performed for 24 h at 200°C.
After cooling down to room temperature, the insoluble
reaction products were washed several times using a so-
lution of 0.1 M HCI and water for removing the excess
ions arising from starting materials. Finally, the result-
ing BaTiO3:Eu®t powders were oven-dried at 90°C for
24 h.

Preparation of barium titanate powders by
solid-state reaction

The detail of sample preparation has been reported
in the literature [17]. BaTiO3 was obtained by firing at
high temperature a mixture of BaCOg and TiOs pow-
ders. Two steps were involved: ball milling for 2 h at
300 rpm and then a sintering at 1150°C for 4 h.

Characterization techniques

The structures of BaTiO3: Eu*T (5 mol%) powders
were determined by an automated powder diffractome-
ter (Philips Xpert Pro) using Cu-K. « radiation at 40
kV and 30 mA. The powder’s High-Temperature X-
ray diffraction (HT-XRD) data were collected at 25°C
and every 100°C during the heating/cooling steps be-
tween 100 and 1200°C. After putting the sample on a
platinum ribbon and reaching the given temperature at
10°C/min, the diffractometer was held at each tempera-
ture for 1 h prior to the data collection, and then XRD
data were collected for 50 min over the 20 range 10-
70°. The powders were analyzed by DTA and thermo
gravimetry (TG) using a Mettler Toledo TGA/SDTA
851e. The thermal cycle applied to collect DTA and
TG data consisted of heating hm- and ssr-derived pow-
ders, respectively, from room temperature to 800°C and
1000°C at 2°C/min upon a nitrogen atmosphere.

The IR transmittance spectra were recorded from
powders heat-treated at 1150°C for 4 h using an FTIR
2000 Perkin-Elmer in the range of 4000-200 cm~!. The
samples were analyzed using the KBr and polyethylene
pelleting technique for the ranges of 4000-400 cm ™! and
400-200 cm ™~ respectively. The Raman spectra of pow-
ders were recorded using a T64000 Jobin-Yvon confocal
micro-Raman Spectrometer with a 514 nm wavelength
line green laser excitation source (Coherent model 70C5
Ar't) operating at 800 mW with approximately 1 cm™~!
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resolution. SEM images of BaTiOs:Eu®* (5 mol%)
powders were obtained using a scanning electron mi-
croscope (Zeiss Model Supra-55 VP) equipped with an
Everhardt Thornley secondary electron (SE) detector
operating at 2.5 kV at high-vacuum mode. Conven-
tional Transmission Electron Microscopy (CTEM) was
performed on a Hitachi H-7650 at an acceleration volt-
age of 120 kV. BaTiOs:Eu* (5% mol) powders were
dispersed in water using an ultrasonic bath, with the
solution being directly deposited onto a carbon grid.
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The luminescence spectra were recorded with a
monochromator Jobin-Yvon HR 1000 spectrometer,
using a dye laser (continuum NDG62) pumped by a
frequency-doubled pulsed YAG:Nd3* laser (continuum
surelite I). The dye solution was prepared by mix-
ing Rhodamines 610 and 640. To achieve a resonant
pumping in the blue wavelength range, the output of
the dye laser was up-shifted to 4155 cm~! by stimu-
lated Raman scattering in a high-pressure gaseous Hy
cell.
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Fig. 1 HTXRD patterns of (a) ssr; (b) hm BaTiO3:Eu®' (5 mol%) powders.
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Result and discussion

XRD analysis

To investigate the structural characteristics of the
BaTiO3:Eu®t synthesized by a solid-state reaction, the
samples were put directly in the HTXRD chamber just
after the ball milling without 4h heat treatment at
1150°C. Figure 1(a) shows the HTXRD diffraction pat-
terns. The first scan corresponds to the pattern for
the as-synthesized BaTiO3:Eut powder at room tem-
perature, and reveals the presence of BaCO3 and TiO;
starting materials which are observed until 700°C, as
can be seen in this figure. In the following scans, be-
tween 600 and 1100°C, BaTiOj3 starts to crystallize on
the basis of the appearance of the diffraction peak at
32°. The complete crystallization of BaTiO3 powder
occurs above 1100°C. On the other hand, the XRD pat-
terns of BaTiO3z:Eu®t powders heat-treated at 1150°C
were recorded at room temperature (Fig. 2). Figure
2(a) ascribed to the ssr sample reveals a fully crystal-
lized BaTiO3 with two diffraction peaks for (0 0 2) and
(2 0 0) planes between 45 and 46°, as shown in the
top inset. This splitting is characteristic of tetragonal
BaTiO3 [29].

To evaluate the phase transformation of the bar-
ium titanate at high temperatures, the sample after
hydrothermal treatment was heat-treated from room
temperature to 1200°C in the HT-XRD chamber, and
the different recorded XRD patterns are gathered in
Fig. 1(b).

It can be noticed that the cubic structure formed af-
ter the hydrothermal treatment at 200°C for 24 hours is
stable up to 800°C. At higher temperatures from 800°C
to 1200°C, the patterns reveal a mixture of cubic and
hexagonal BaTiO3 in addition to BaTisOs.

The phases present in BaTiOs; powders after hy-
drothermal treatment were investigated by recording
the XRD pattern at room temperature. Figure 2(b)
shows well-crystallized BaTiOs with wider diffraction
peaks in comparison with those obtained for ssr pow-
ders. Figure 2(b) also displays the magnified peak sit-
uated at 20 = 45°; in this case, no splitting of the
peak was observed, which is characteristic of a cubic
perovskite structure of BaTiOs. The mean size of crys-
tallites (D) was calculated from the full-width at half
maximum (FWHM) of the XRD peaks using Scherrer’s
equation [30]:

K\
D=
B cosf

where A (nm) represents the wavelength of the Cu Ko
radiation (1.54056 A), 6 is Braggs’s angle of the selected
diffraction peak, (3 is the corrected half-width of the se-
lected diffraction peak, and K is a geometric factor (K
= 0.9 for spherical particles). Analyses of diffraction
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peaks for various samples showed that crystallite size is
approximately 20 nm.
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Fig. 2 XRD pattern of (a) ssr; (b) hm BaTiO3:Eu®t (5

mol%) powders recorded after respectively annealing for 4

h at 1150°C and hydrothermal treatment for 24 h at 200°C.
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Thermal analysis

In order to understand the synthesis process for
BaTiO3, TGA/DTA measurements were firstly per-
formed for the ssr powders and exhibit decomposition
in two steps (Fig. 3(a)). The first endothermic phe-
nomenon appearing in the range of 20-450°C is accom-
panied by a minimal loss of mass (3.5%) and can be
attributed to the decomposition of BaCO3. The next
important event from 600 to 1000°C reveals a larger loss
of mass (12.8%) associated with an endothermic phe-
nomenon, and can be ascribed to the following reaction:
BaCO3+TiOs —BaTiO3+CO;. Figure 3(b) shows the
TG curve of the hm sample, which reveals a total loss
of mass (11.9%) in two steps, which is lower than that
of the ssr powder (16.3%). The first loss (4.6%) below
200°C was attributed to the release of adsorbed water
and removing of remaining MeOH solvent. Between 200
and 800°C, the loss of mass can result from the decom-
position of remaining alkoxy groups of butoxide pre-
cursor. Several defects, such as hydroxyl ions (OH™),
protons (H*) or carbonates (CO3 ), are incorporated
into the lattice during the hydrothermal process at high
water pressure [31,32]. These defects stabilize the cu-
bic phase, and hence decrease the tetragonality of the
powder [33,34].

FT-IR characterization

The FT-IR spectrum of BaTiO3 ssr powder is pre-
sented in Fig. 4(a). Two weak bands situated at 1430
cm~! and 860 cn ! are assigned to asymmetric stretch-
ing vibrations and out-of-plane bending vibrations of
carboxylic groups respectively [35]. Besides, a weak
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Fig. 3 DTA and TGA curves of (a) ssr; (b) hm BaTiOs:
Eu®* (5 mol%) powders.
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Fig. 4 IR spectra of (a) ssr; (b) hm BaTiOs:Eu®t (5 mol%)
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absorption band at about 1021 cm ™' is attributed to
the alcoholic C-O stretching vibrations [36]. The broad
band at around 414 cm~! can be attributed to Ti-Ogy
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bending normal vibrations [37], while the one situated
at 565 cm ! is assigned to the TiOg stretching vibra-
tions connected to the barium [38]. Figure 4(b) shows
the FT-IR spectrum of BaTiO3 hm powder. This sam-
ple is characterized by a stretching band of hydroxyl
(free and bonded) groups, respectively, in the range of
3600-3100 cm~! and at 1632 cm ™! arising from bend-
ing vibrations of coordinated HyO [39]. The two strong
bands related to Ti-O bonds which are observed in the
vicinity of 600-480 and 480-350 cm~! are associated
with Ti-Orp stretching vibrations to the vertical and the
01-Ti-Oq1 bending vibrations [40] of a TiOg octahedron
in the crystalline BaTiO3 hm powder.

Raman Study

The Raman spectrum of ssr BaTiO3 samples was col-
lected at room temperature and is shown in Fig. 5(a).
From this Fig. 5(a) the Raman fundamental modes (P4
mm) expected for tetragonal BaTiO3 powders were ob-
served [41,42]. According to Kaiser et al. [43] and Asi-
aie et al. [2], the weak shoulder below 300 cm ™! belongs
to an A; (TO) phonon mode. The peak at ~307 cm~!
corresponds to an E(TO+LO) phonon mode of tetrago-
nal BaTiOg [44], and the strong band peaking at ~515
cm™ 1! is attributed to an A; (TO) phonon mode of the
tetragonal or cubic phase [45]. The weak peak at ~718
cm~! has been associated with the highest-frequency
longitudinal optical mode (LO) of A; symmetry. The
Raman spectrum reported in Fig. 5(b) for hm BaTiO3
powders reveals the same spectral features as the ssr
BaTiOg sample with vibration modes at 718, 515, 306,
and 260 cm~!, which are also observed in the case of
cubic structure. The only difference comes from the
phonon mode A1(LO) at 185 cm™!, which is unam-
biguously ascribed to the presence of the cubic BaTiO3
phase.

SEM and TEM observations

Figure 6(a) shows the SEM micrograph recorded
from ssr BaTiOz:Eut powder annealed for 4 h at

AMFO)EHO+LO)
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260 507 (, )
; 515 A1(LO) & E(LO)
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2\
é 185 260 306
k| 515
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Fig. 5 Raman spectra of (a) ssr; (b) hm BaTiOs:Eu®t (5
mol%) powders.



Nano-Micro Lett. 5(1), 57-65 (2013)/http://dx.doi.org/10.3786/nml.v5il.p57-65

200 nm  EHT=2.50 kV  Signal A=InLens " Date:
———  WD=5 mm

- . - » \ ~
200 nm  EHT=2.50 kV  Signal A=InLens
———  WD=5 mm

B 5 r T
Fig. 6 SEM micrographs of (a) ssr; (b) hm BaTiOz:Eu®"
(5 mol%) powders.

1150°C. The morphology consists of parallelogram-like
particles exhibiting a noticeable agglomeration as well
as a regular shape with an average length of about 200
nm.

The particle size and morphology of hm
BaTiO3:Eu®t samples were firstly analyzed by SEM
just after the product was washed and dried in an oven
at 90°C during 24 h. As shown in Fig. 6(b), the particle
size is too low to be determined by this technique of
electron microscopy. Thus, this sample was observed
by TEM (Fig. 7(a)), and exhibited nanoparticles of a
cubic shape. The average particle size distributions
measured by image analyzer software (Fig. 7(b)) were
statistically estimated to be 20 nm, as calculated from
XRD patterns by the Scherrer formula.

Photoluminescence analysis

Figure 8 reports the “Fy —° Dy excitation spectra
recorded at 300 K for the hm and ssr BaTiOs:Eu®t
(5 mol%) samples by monitoring the overall °Dg —7Fy
emission bands at 615.6 nm. Eu®" ions are distributed
in the Ba?* site, i.e., one site of Oh symmetry and one
site of C4v symmetry, respectively, in cubic and tetrag-
onal phases. As a result, on the basis of the site symme-
try, five and four Stark components are expected for the
"Fg —°Dy transition, respectively, for the ssr and hm
samples. This result is confirmed for ssr BaTiOz:Eu3*
(5 mol%), whereas in the case of the hm sample, the
"Fy —°Dy transition consists of a unique broad band
which has been blue-shifted.
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Fig. 7 TEM micrograph of (a) hm BaTiO3:Eu®*" (5 mol%)
powders; (b) particle size distribution.
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(dashed line) BaTiO3:Eu®" (5 mol%) powders recorded at
300 K.
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This peculiar spectral shape can be attributed to the
embedding of Eu?* ions in nano-size particles, which
implies the same optical behavior as Eu?* ions in amor-
phous powders [46]. Such an assumption is confirmed
by the emission spectra recorded at 300 K upon exci-
tation at 465.3 nm in the blue region (Fig. 9). Both
spectra exhibit the typical °Dy —"F j_o_4 transitions
of Eu?t ions, but on the emission spectrum recorded
from the ssr sample we can distinguish several Stark
components for each transition, whereas this is not pos-
sible for the spectrum related to the hm sample.

10 5
"Do—Fa\ BaTiO4:Eu 5%
b

sl () — Hydrothermal
— — Solid-state
=
\E_:/ 6 Aexe=465.3 nm
g 300 K
5]
o}
i

0 " '

640 . 660 .
A (nm)

Fig. 9 Emission spectra of (a) ssr; (b) hm (dashed line)

BaTiO3:Eu®*T (5 mol%) powders recorded at 300 K upon

excitation at 465.3 nm.

n 1 n 1 n
600 620

1
580

In this latter case, the spectrum is typical of Eu?*
ions embedded in an amorphous compound or in
nanosized crystallites. As a result, each peak of
5Dy —"Fj_¢_4 transitions is broadened and the in-
tensity ratio °Dy —7Fs / 5Dy —7F; is dramatically
increased, indicating a lowering of symmetry atanon-
local order.

Conclusion

BaTiO3:Eu*" (5 mol%) with a predominant cubic
phase was successfully prepared by an original hy-
drothermal process using a titanium alkoxide as start-
ing material. The formation of nanocrystallites was
evidenced by XRD and MET analyses. Such a fea-
ture was confirmed by the photoluminescence inves-
tigation, which has demonstrated that the Eu®* ions
are embedded in nanosized powders in comparison with
BaTiO3:Eu®* (5 mol%) samples prepared by the con-
ventional solid-state reaction. Accordingly, the inten-
sity of the °Dy —"F5 transition becomes much stronger
than the one of the °Dy —F; transition, leading to a
strong red fluorescence. Based on the theory of ther-
modynamic nucleation and growth, a short synthesizing
process and low reaction temperature, compared with
a solid-state reaction, reduce the possibility of particle
growth. Besides, by using a hydrothermal method, it
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was possible to produce monosized distribution equi-
axed BaTiO3 powders with a predominant cubic phase
of 20 nm, therefore facilitating the production of high-
performance ceramic.
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