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Abstract

In this paper, the amorphous barium titanate precursor was prepared by the peroxo-hydroxide method and post-treated by various drying
procedures, such as: room temperature drying, room temperature vacuum drying and vacuum drying at 50 °C. The objective in the latter two
treatments was to increase the Ti—~O—-Ba bonds of the precursor. The post-treated precursors were compared with the untreated (i.e., ‘wet’)
precursor. Also, a barium titanate precursor was prepared by an alkoxide route. Afterwards, the precursors were hydrothermally treated at 200 °C in
a 10 M NaOH solution. Vacuum drying of the precursor seemingly promoted the formation of Ti—O-Ti bonds in the hydrothermal end-product. The
low Ba:Ti ratio (0.66) of the alkoxide-route prepared precursor lead to a multi-phase hydrothermal product with BaTiO; as the main phase. In
contrast, phase pure BaTiO3, i.e. without BaCO; contamination, was obtained for the precursor which was dried at room temperature. Cube-shaped
and highly crystalline BaTiO; particles were observed by electron microscopy for the hydrothermally treated peroxo-hydroxide-route prepared

precursor.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

A large number of studies on the preparation of barium
titanate (BaTiO3) have been carried out since the discovery of
its ferroelectric properties in 1940s. BaTiO; is widely utilized
in the manufacture of multilayer capacitors, and electro-optic
devices because of its high dielectric permittivity. Barium
titanate ceramics are also used in other applications, which
include sensors and thermistors with positive temperature
coefficient of resistivity (PTCR effect) [1-3].

Hydrothermal synthesis has several advantages over methods
like coprecipitation, sol-gel, and solid-state reactions [4-6].
Hydrothermal processes have attracted extensive interest due to
various advantages. Particle morphology, phase composition and
surface chemical properties are some advantages of this
technique. Hydrothermal processes are under great interest for
the production of ceramic powders with varying morphologies
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and sizes [5,7-10]. One of the main issues in the synthesis of
BaTiO; is the problem of carbonate formation during the
synthesis and/or due to process conditions. Electrical and other
important properties of BaTiOj; are largely affected by carbonates.
High temperature (>1100 °C) sintering of ceramic materials is
necessary for industrial applications. However, impurities such as
alkali metals and carbonates are highly detrimental for further
industrial applications. Especially carbonates cause, what is
called in literature, bloating effect during high temperature
sintering of BaTiO; whereby intergranular pores are formed
which reduce the density and integrity of the material.

Carbonates are present as barium carbonate (BaCOs).
Different procedures were suggested for removing BaCO; such
as high temperature treatments and diluted acid washing. Each
treatment has its down side. The high temperature treatments
intend the removal of BaCOj3; by decomposition into BaO and
CO, above 800 °C, however, coarsening and agglomeration is
the result of the temperature treatment. Diluted acid washing of
BaTiO; is also effective in the removal of BaCOs3, but the
disadvantage of this method is the leaching of barium ions from
the surface of the ceramic material [11].
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The development of superconducting magnets with strong
magnetic field equipment made possible the investigation of
alignment or texturing of ceramic materials with feeble
diamagnetic susceptibilities, such as BaTiO; [12], ZnO
[13,14], TiO, [15,16], BiyTi30;, [12,17] and o-Al,O3 [18,19].
One of the requirements for alignment in a strong magnetic field
of such materials is the particle size. Micron-sized or submicron-
sized non-agglomerated particles are believed to aid the
alignment process and hence increase the material’s properties
by the formation of near single-crystal like properties [13].

The research reported here is the synthesis of carbonate-free
submicron BaTiO; by a facile hydrothermal synthesis. An
amorphous peroxo-precursor was prepared for the hydrother-
mal synthesis at 200 °C for 24 h in a 10 M NaOH solution. The
precursor was pre-treated: (a) dried at room temperature,
henceforth just called dried; (b) RT (room temperature) vacuum
dried, and (c¢) vacuum dried at 50 °C. The respective
hydrothermal products were characterized by spectroscopic
and X-ray techniques. For comparison, precursor materials
were also prepared by the alkoxide route with titaniumisoprop-
oxide and barium acetate.

2. Materials and methods
2.1. Instrumental

High-pressure and high-temperature hydrothermal reactions
were performed in a stainless steel high-pressure reactor from
Berghof (Germany).

Scanning electron micrographs (SEM) of the produced
materials were obtained on a JEM-5510 with a resolution of
3.5 nm and equipped with an Inca X-ray microanalysis (EDX)
unit enabling surface morphology studies and identification of
the elements present at the surface, which was coated with gold
for optimal imaging. The samples for high-resolution
transmission electron microscopy (HRTEM) were prepared
by crushing the powder sample in ethanol and depositing it on a
holey carbon grid. HRTEM studies were performed using a
Tecnai G2 electron microscope.

FT-Raman spectroscopy measurements were performed on a
Nicolet Nexus 670 bench equipped with a InGaAs detector in a
180° reflective sampling configuration using a 1064 nm
ND:YAG laser.

The infrared spectra were measured with a Nicolet FTIR
Nexus spectrometer containing a DRIFT (diffuse reflectance
infrared Fourier-transform) cell. The samples were grounded
and ‘diluted’ (2 wt%) with KBr, as it is transparent in the mid-
infrared (400-4000 cm ™) region. Transmission IR was
measured for liquid samples which were measured by one
droplet of the liquid suspension on a KBr pellet.

TGA (thermogravimetric analysis) measurements were
performed on a TGA/SDTA 851° SF/1100 °C with a MT1
microbalance. The samples were heated in an alumina crucible
(70 w1 capacity) from 30 °C to 900 °C with a heating rate of
5°C min~ ! under O,- or N,-flow. DTG figures presented here
were weight-normalized (1 min~" vs. °C). SDTA (Single
Differential Thermal Analysis) measurements were performed

in an alumina crucible (70 pl capacity) with a perforated lid
from 30 to 900 °C with a heating rate of 5 °C min~' under O,-
or N,-flow. Corrections were made by measuring an empty
crucible at identical measuring conditions. The obtained SDTA
data were converted to a DSC-signal by the formula DSC
[mW] =K [mW °C™']. SDTA [°C] with K = (AH pew-mo)!
F peaspta and AH,eq the heat of fusion for three selected
metals (In, Ag and Al), m is the sample (metal) weight, and
Foeaspra the integral of the SDTA peak of the respective
metals. The resulting figures will be, henceforth, simply called
‘SDTA-DSC’ with the coordinate-axis normalized to the
sample size (mW g~ ' vs. °C).

Elemental analysis with electron probe microanalysis
(EPMA) was carried out on a JEOL JXA-733 apparatus.

X-ray diffraction patterns (XRD) were collected with a
PANanalytical X’Pert PRO MPD diffractometer using a Ni-
monochromator and Cu K, radiation (A = 0.1540598 nm).

2.2. Starting materials and reagents

Amorphous peroxo-precursor was prepared with the
following reagents: BaCl, (>99.0%, Fluka), TiCl; (99.9%,
Acros, Belgium), H,O, (35% solution in water, Acros,
Belgium), and NH,OH (28-30 wt%, Acros, Belgium). For
the alkoxide procedure following reagents were used:
titanium(IV)isopropoxide Ti[OCH(CHs3),]4 (97%, Sigma-
Aldrich, Belgium), barium acetate (CH3COO),Ba (ACS
reagent, 99%, Sigma—Aldrich, Belgium), ethanol (p.a., Merck),
acetylacetonate (2,4-pentadione, 99+%, Acros, Belgium),
KOH (85%, Acros, Belgium), NaOH (98.5%, Acros, Belgium).
The hydrothermal reactions were performed in a 10 M NaOH
solution (extra pure, pellets, Acros). All reactions were done in
demi(demineralised)-water.

2.3. Synthesis

The synthesis procedure for the amorphous peroxo-precursor
was adapted and modified [20]. BaCl, was dissolved in demi-
water. TiCl, was added to this solution under vigorous stirring
whereby a semi-transparent white coloured suspension was
formed. After the addition of hydrogen peroxide, the solution’s
colour (pH = 1.2) turned deep red which indicated the formation
of peroxo-complexes. This suspension was stirred for about
30 min to ensure a homogeneous mixture. Coprecipitation of
metal-hydroxides in aqueous solutions is initiated by solubility
change depending on pH [21]. Therefore, peroxo-hydroxide
barium titanate was precipitated by the addition of the basic
precipitating agent NH,OH till pH 10.1 % 0.2, accompanied by a
colour change of the suspension from deep red to non-transparent
milky pale green. After washing of the precipitated product with
demi-water via centrifugation a ‘wet’ amorphous peroxo-
precursor was obtained. The amorphous precursor was: (a)
dried, (b) RT vacuum dried, and (c) vacuum dried at 50 °C.
Afterwards, the amorphous precursors were hydrothermally
treated in a 10 M NaOH solution at 200 °C for 24 h. The
hydrothermal product was washed with demi-water and dried at
60 °C for at least 24 h.
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The alkoxide synthesis procedure is described elsewhere
[22,23]. Titanium(IV)isopropoxide was added to acetylacetonate
at a ratio of 1:1 and diluted with ethanol at a Ti:ethanol ratio of
1:10. The titaniumisopropoxide and barium acetate solutions
were mixed with a molar ratio Ba:Ti of 2. To increase the pH level
to about 12 and hence initiate condensation KOH was added to
the Ba—Ti mixture. Afterwards, the precursor was hydrother-
mally treated at 200 °C for 24 h in a 10 M NaOH solution.

3. Results and discussion
3.1. Amorphous precursor

The infrared measurements of the amorphous powders are
depicted in Fig. 1. The transmission infrared spectroscopy of the
amorphous precursor suspension (Fig. 1a) shows, as expected,
intense NH3 and carbonate bands at, respectively, ~1630 cm™!
(N-H bending vibrations) and ~1400 cm™' (C—O stretching
vibrations). After centrifugation of the suspension and washing
with demi-water, the precursor was dried, RT vacuum dried and
vacuum dried at 50 °C. The objective in these treatments was to
strengthen the Ti-O-Ba bonds and investigate the overall stability
of the precursor. The macro structure of one selected precursor in
SEM has typical gel morphology (Fig. 8a). Typical infrared
bands for barium titanate (O) are located at 573 cm ™ U717 cm™!
and 831 cm ™' in the DRIFT spectrum (Fig. le). The infrared
bands at 860 cm_l(shoulder band), 1056 cm_l, 1550 cm ™' and
1360 cm ! correspond to carbonates ([]). The region between
1360 and 1620 cm ™" (Fig. la—d) is believed to be the result of the
complex interaction between —CO and —N-H [24]. Different
complexes such as ammonium-carbonate, -bicarbonate, -
carbamate, and diammonium carbondioxide are possible.
Therefore the multiple v(CO) stretching vibrations seen in
Fig. 1 can be attributed to these various ammonium carbonate
complexes. The vacuum treatment of the precursor resulted in a
decrease of the band at ~1620 cm ™' which can be assigned to the
N-H bending vibration of NH,*. The carbonate band at
~1360 cm ™' is strongly present in all samples.

Beside the band at 900-1000 cm™ ! Raman shift, which are
attributed to ammonium carbonate complexes [25], neither
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Fig. 1. Transmission infrared spectroscopy of: (a) untreated (‘wet’) precursor.
DRIFT spectra of the amorphous precursor: (b and e) dried, (c) vacuum dried,
(d) vacuum dried at 50 °C.
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Fig. 2. X-ray diffractions of: (a) dried precursor, (b) vacuum dried precursor, (c)
hydrothermal product of the dried precursor, (d) hydrothermal product of the
untreated (‘wet’) precursor.

crystalline BaTiO3; (100-800 cmfl) nor other crystalline
materials are observed in the Raman spectra (not shown).
However, X-ray diffraction measurements (Fig. 2a and b) of the
amorphous precursor show diffraction patterns of BaCO3; (JCPDS
# 01-071-4900) on top of broad lines of the amorphous phase.
BaCOs is a well-known contamination in BaTiO5 [11,26]. BaCOs
formation can be explained by the presence of carbonates in the
precursor material and the reaction thereof with Ba>* in solution.

The peroxo-hydroxide method has been investigated
extensively in literature [20,27]. The composition of the
precursor material can be described either as a peroxo-hydrous
oxide such as BaZrO,(0),-6H,0 [28], or as a peroxo-hydroxide
with the general formula Ba,M,05(OH)g, with M = Ti, Zr or
Zr,Tip—yy [29]. The average Ba:Ti ratio of the precursors
investigated here has been determined as 1.01 £ 0.05 by
EPMA. The excess barium is most likely due to BaCOj3 as
detected by DRIFT, XRD and Raman spectroscopy.

DTG measurements of an amorphous precursor (Fig. 3a)
show three steps in the region 25-1000 °C: 25-200 °C due to
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Fig. 3. DTG (a) & SDTA-DSC (b) of the dried precursor.
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H,0, ~400 °C and ~600 °C due to hydroxyl groups, and
>800 °C due to BaCOj3. Although the precursor composition
might be given as Ba,Ti,Os(OH)g [20], as stated earlier, there is
no conclusive answer to its exact nature.

SDTA-DSC measurement of the precursor material shows
(Fig. 3b) an exothermic maximum in the region 650-700 °C
which indicates the crystallization the amorphous precursor
into BaTiOs. The crystallization temperature is comparable and
even lower than those reported in literature [30-33]. The
slightly exothermic band at about ~450 °C can be attributed to
peroxide and hydroxyl condensation to H,O [26,34]. The
endothermic minimum is characteristic for the evaporation of
H,O0, also seen in the DTG curve (Fig. 3a).

For comparison, an amorphous precursor was also prepared
by the alkoxide route. Titaniumisopropoxide and barium
acetate were used as, respectively, titanium and barium source.
1 M of a mineralizer (KOH) was added in order to initiate
precipitation. The initial Ba:Ti ratio was also varied: 1.1 and 2.
The precipitated precursor was washed with demi-H,O after
stirring for 2 h at room temperature.

The Ba:Ti ratios of the precursor materials prepared by the
alkoxide-route were determined to be 0.66 + 0.04 (EPMA)
which are far from the ideal stoichiometry for barium titanate
formation. The hydrothermal products of the peroxo-hydroxide
precursor and the alkoxide-precursor are discussed in the
following section.

3.2. Hydrothermal treatment

The peroxo-precursors were hydrothermally treated in a
10 M NaOH solution at 200 °C for 24 h. The feedstock
concentration was adjusted to 0.05 M (Ba + Ti). The precursors
with different post-treatments (dried, RT vacuum dried and
vacuum dried at 50 °C) and the untreated (‘wet’) precursor
were hydrothermally processed. After centrifugation and
washing with demi-H,O (three times) the obtained hydro-
thermal product was dried at room temperature.

Highly crystalline BaTiOj; is observed in the Raman spectra
(Fig. 4a—d). The spectra are nearly similar except for the broad
BaCO; band at 1060 cm ™' Raman shift for the sample prepared
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+Ba,TiO,
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Fig. 4. Raman spectra of the hydrothermal products prepared from precursor:

(a) untreated (‘wet’), (b) dried, (c) vacuum dried, (d) vacuum dried at 50 °C, (e)
alkoxide-precursor.
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Fig. 5. DRIFT spectra of the hydrothermal products prepared from precursor: (a)
untreated (‘wet’), (b) dried, (c) 0.04 M and (d) 0.1 M acetic acid washing of (a).

from the untreated precursor (Fig. 4a). This difference is clearly
observed in the respective DRIFT spectra (Fig. 5a-b). In the
region 1300-1800 cm ! several bands of carbonates (v(C-0))
[35,36] are observed for the untreated precursor (Fig. 5a) while
the same region is almost flattened for the dried precursor
(Fig. 5b). X-ray diffraction pattern of the latter (Fig. 2c) reveals
only BaTiO3 which is partially tetragonal determined by the
splitting of the ~45° 20 diffraction line (JCPDS # 05-0626 for
tetragonal barium titanate). It must be noted that X-ray
diffraction techniques are not accurate for low concentrations,
i.e. less than 5%.

Infrared (DRIFT) and Raman spectroscopy, with detection
limits of 2% and lower, provide a better means for detecting
other phases next to the BaTiO; main phase. The bands
assigned with ¢ symbol in the Raman spectra (Fig. 4d) could
be attributed to layered titanates [37,38]. Layered titanate bands
partially overlap with those of BaTiO; and are most intense in
the case of the hydrothermal product prepared from the
precursor which was vacuum dried at 50 °C (Fig. 4d).
Increasing the vacuum drying temperature (50 °C) promoted
the formation of Ti—O-Ti bonds which could have resulted in
these layered titanates. However, the latter was not detected by
X-ray diffraction which, again, could be due to the limitations
of XRD for very low concentrations.

Both in Raman (Fig. 4a) and DRIFT (Fig. 5a) spectra
carbonates are observed for the hydrothermal product prepared
from the untreated precursor. A simple drying of the precursor
has resulted in a carbonate-free hydrothermal product (see
Figs. 4b and 5b). The DRIFT spectrum in Fig. 5a shows only
H,O vibrational bands (1800-1400 cm™'). Similar results have
been obtained for the vacuum treated precursors and the
respective hydrothermal products (not shown).

The hydrothermal product prepared from the untreated
precursor was washed with 0.04 M and 0.1 M acetic acid
solutions in order to remove barium carbonate from the
hydrothermally prepared BaTiOs. Acetic acid was chosen in
order to track the acetate anion with DRIFT. The use of HCI, for
example, might leave unwanted C1™ ions, which are harder to
detect with DRIFT and Raman spectroscopy. As can be seen in
the DRIFT-spectra (Fig. Sc—d), the acetic acid washing is only
partially successful in removing the carbonates. Furthermore, it



M. Ozen et al./Ceramics International 38 (2012) 619625 623

is more likely that H3CCOO™ anions from the acetic acid will
be adsorbed on the surface of BaTiO3. Acid washing will also
cause Ba* leaching [39] from the BaTiOj3 surface resulting in
an amorphous Ti-rich region.

The Raman spectrum of the hydrothermally treated
alkoxide-precursor in a 10 M NaOH solution at 200 °C is
shown in Fig. 4e. Multi-phase product is obtained from this
precursor. TiO, and Ba,TiO, phases have been detected
alongside the BaTiO; main phase. From these results, it can be
concluded that the alkoxide-precursor with its poor properties
(see Section 3.1) resulted in a poor hydrothermal product in
comparison to the peroxo-hydroxide precursor material.
Similar results for the alkoxide-precursor and the respective
hydrothermal product have been reported in literature [40].

Two broad areas are observed in the SDTA-DSC figure
(Fig. 6b) of the hydrothermal product prepared from the room
temperature dried precursor. The broad endothermic area from
30 to 350 °C is most likely due to the overlap of H,O
evaporation, tetragonal to cubic phase transition of BaTiOj3, and
hydroxyl (OH™)/proton (H") diffusion [41]. However, the broad
exothermic area between 450 and 800 °C is harder to assign.
Crystallization of unreacted amorphous precursor is not in
order here, because if this were the case no exothermic signals
should have been observed in SDTA-DSC for the same sample
calcined at 550 °C, 950 °C, and 1400 °C. The same analogy can
be followed for OH™/H* diffusion which should not be present
after calcination at 550 °C, 950 °C, and 1400 °C (Fig. 7-0,).
One possible explanation is the uptake of oxygen by the defect
perovskite BaTiO5. According to Hennings et al. [26] oxygen
vacancies are created by the evaporation of H,O. When
comparing SDTA-DSC measured under O,- and N,-flow
(Fig. 7), the differences are clearly observed in the temperature
region 400-800 °C. Thus, the exothermic band cannot be
attributed solely to hydroxyl or proton diffusion. It is more
likely that the same process (oxygen uptake) takes place in each
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Fig. 6. DTG (a) & SDTA-DSC (b) of the hydrothermal product prepared from
the dried precursor.
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Fig. 7. SDTA-DSC of BaTiOj sintered at 1400 °C under O, and N, flow.

of the samples. The respective DTG figure shows (Fig. 6a) a
very small relative weight loss per minute (1 min™') at
~400 °C. The combined effect of OH /H" diffusion (weight
loss) and O,-uptake (weight increase) might very well explain
this small effect in DTG. Since the oxygen determination by X-
ray techniques, such as EDX and EPMA, is not highly accurate,
oxygen vacancies cannot be determined correctly by these
elemental analysis techniques.

Scanning electron image of the hydrothermal product
prepared with the dried precursor is given in Fig. 8b. Distinct
cube-shaped particles are observed in SEM. EDX analysis of
several spots on a particle and on several particles resulted in a
Ba:Ti ratio close to unity. Certain amounts of sodium
(~1 wt%), due to the use of a 10 M NaOH solution during

Fig. 8. Scanning electron micrograph: dried precursor (a), and the respective
hydrothermal product (b).
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the hydrothermal reaction, has also been detected, but not
continuously. The low amounts, if any present, makes the
detection of sodium very difficult. High resolution transmission
electron measurement (not shown) of a single particle confirms
the highly crystalline and defect-free nature of BaTiOs.

4. Conclusion

The amorphous peroxo-precursor study showed that it has a
very good stability, in comparison with the precursor prepared
by the alkoxide route. XRD confirmed the amorphous character
of the peroxo-precursor, however, with some degree of
witherite BaCO; formed especially for the vacuum treated
precursors. The region of 1360-1620 cm™' in the infrared
spectrum is believed to be the result of the complex interaction
between —C-O and —N-H which have reacted into various
ammonium carbonates. These complexes are believed to have
been incorporated in the hydrothermal product prepared from
the untreated ‘wet’ precursor. Washing of the hydrothermal
product with acetic acid was only partially successful in
removing carbonates. Remnants of the acetate anion were
detected by DRIFT. Additional steps, such as calcination, are
needed to remove the organic groups. However, a simple drying
step of the precursor resulted in the removal of carbonates.
Cube-shaped and highly crystalline BaTiO3 was observed by
electron microscopy and X-ray powder diffraction techniques
for the hydrothermal product prepared from the dried precursor.

Literature data are not in full agreement of the composition
of the precursor material prepared by the peroxo-method.
Hydrous oxide or peroxo-hydroxide [Ba,Ti,O5(OH)e] has been
suggested as the composition of the precursor. The crystal-
lization of the amorphous precursor into BaTiOj3 occurred at a
temperature of 650-700 °C (TGA/SDTA-DSC) which is
comparable and even lower than values presented in literature.
Comparison of SDTA-DSC measurements under O,- and N»-
flow showed a significant decrease of the exothermic area under
inert atmosphere which confirmed the oxygen defect nature of
the hydrothermally produced BaTiOj3.
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