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Pure barium titanate BaTiO3 (BT) and BT doped with two different transition elements Fe®* and Ni** at
5 mol.% (BT5Fe and BT5Ni, respectively) as constant concentration in powder form have been prepared by sol-
gel method using barium acetate, titanium(IV) n-butoxide, iron and nickel nitrates as precursor materials. The
microstructure of BT and the influence of Fe and Ni dopants on it were investigated by X-ray diffraction and Fourier
transform infrared spectroscopy. X-ray diffraction shows that tetragonal phase is dominant for pure BT sintered
for 4 h at 800°C. Scanning electron microscopy and transmission electron microscopy were used to study surface
morphology and particle size distribution for BT5Fe and BT5Ni, respectively. The presence of hydroxyl defects
were verified by Fourier transform infrared spectroscopy for (BaTii—.Fe;O3_,/2) (BT.Fe), where 2 = 0.005, 0.01,
0.05, and 0.07 and (BaTi1—+NizO3_,/2) (BT:Ni), where = 0.005, 0.01, 0.03, 0.05, and 0.07.
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PACS: 81.20.Fw, 81.07.Bc, 81.20.Fw, 64.70.kg, 61.05.C—, 78.30.Ly, 81.10.Aj

1. Introduction

Ferroelectic BT belongs to the family of ABOj3 per-
ovskite mineral (CaTiO3) structures, in which A and B
are metals [1-6]. The total charge of the positive ions
A and B must be +6, A and B must be of quite dif-
ferent sizes; the smaller ion, with a larger charge, must
be a transition metal. For BT, Ti is a 3d transition ele-
ment and has the d orbital for electrons to form covalent
bonds with its neighbors. The radius of Ti** ion is about
0.68 A, and that of Ba2" is about 1.35 A. These ions form
nice octahedral cages, with the O%~ ions held apart [7].

Doping of ferroelectric BT and BaSrTiOg (BST) based
ceramics is of great importance in the fabrication of elec-
tric and electronic devices, where the intrinsic capability
of the perovskite structure to host ions of different size
and the large number of different dopants can be accom-
modated in the BT lattice. However, the effect of the
specific impurity on the electrical conductivity depends
on the substitution site (a trivalent ion behaves as an
acceptor when substitution occurs at the Ti site or as
a donor when it substitutes at the Ba site) as well as
on the nature of the defect/electronic charge compen-
sating defect. The ionic radius is the parameter which
mainly determines the substitution site. Acceptor impu-
rities of the first series of transition metals (Cr**(0.55 A),
Fe?*(0.64 A), Co+(0.63 A), and Ni>*(0.78 A)) are incor-
porated at the Ti**(0.68 A), as their size is incompatible
with that of Ba2(1.35 A), for the fabrication of multi-
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layer ceramic capacitors to allow for the use of cheaper
metal electrodes (i.e. Ni) [8].

In the present work, we have studied structural, mor-
phology and Fourier transform infrared (FTIR) prop-
erties of BaTiO3 and BaTiOs-doped with two different
transition elements Fe3* and Ni** (BT5Fe and BT5Ni,
respectively). The structural properties of BT powder
were examined by X-ray diffraction (XRD) and the crys-
tallite sizes were calculated using Scherrer’s formula and
FTIR. The morphology of the prepared samples was de-
tected by scanning electron microscopy (SEM).

2. Experimental procedure

2.1. Samples preparation

A sol-gel process was used to prepare pure BaTiOj
and BT doped with iron (Fe3t) (BT,Fe) and nickel
(Ni?*) (BT,Ni). Pure BT was prepared using bar-
ium acetate (Ba(CH3C0O0)2) 99% and titanium(IV)
n-butoxide ((Ti(C4H9O)4) as precursor materials. Bar-
ium acetate (Ba(CH3COO)2) (99%, Sisco Research Lab-
oratories PVT.LTD, India) was dissolved in mixture of
acetic acid (AcAc) (HAc)-H,O mixture (96%, Adwic,
Egypt) and distilled water. Titanium(IV) n-butoxide
(Ti(C4Ho0)4), (97%, Sigma-Aldrich, Germany) was dis-
solved in acetyl acetone, (AcAc, CsHgOs), (98%, Fluka,
Switzerland), then those solutions were mixed together
with the molar ratio (Ba:Ti = 1:1) to form pure BT, and
then were stirred for 1 h at room temperature (RT).

For doped samples, barium acetate solution was added
to titanium(IV) n-butoxide solution in different ratio
(Ba/Ti > 1) then the appropriate amount of dopant
solution was added to the host solution to achieve
the chemical structure (BaTi; ,Fe;O3_,/2) (BTFe) and
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TABLE I

Name and concentration of Fe3™ doped nanostructure
BT powders.

Dopant Sample Chemical Oxygen

[mol. %] abbreviations formula vacancy
x = 0.005 (0.5%) BTO0.5Fe BaTi0‘995Feo_oo502‘9975 A = 0.0025
xz = 0.01 (1%) BT1Fe BaTi0,99F60.0102‘995 A = 0.005
x = 0.03 (3%) BT3Fe BaTi0,97F60.0302,985 A =0.015
z = 0.05 (7%) BT5Fe BaTig.g5Fe.0502.975 | A =0.025
x = 0.07 (T%) BT7Fe BaTig.03Fe0.0702.065 | A = 0.035
TABLE 1II

Name and concentration of Ni?* doped nanostructure
BT powders.

Dopant Sample Chemical Oxygen
[mol. %] abbreviations formula vacancy
z = 0.005 (0.5%) BT0.5Ni  |BaTip.995Nip.00502.995|A = 0.005
x = 0.01 (1%) BT1Ni BaTio_ggNio_()lOQ_gg A =0.01
x = 0.05 (5%) BT5Ni BaTi0_95Ni0_0502_95 A =0.05
z = 0.07 (7%) BTT7Ni BaTig.93Nip.0702.93 | A = 0.07
z = 0.1 (10%) BT10Ni BaTig.gNip.102.9 A=0.1

(BaTil_0_05Nio.0503_0_05) (BTNI) for XRD and SEM
analysis, while (BaTi;_,Fe,O3_,/5) (BT;Fe), where z =
0.005, 0.01, 0.05 and 0.07 and (BaTi;_;NizO3_5/2)
(BT,Ni), where = 0.005, 0.01, 0.03, 0.05, and 0.07 for
FTIR analysis, as shown in Tables I and II both kinds
of samples were stirred for 1 h at RT. The dopant solu-
tions were prepared using iron nitrate and nickel nitrate
where they dissolved in water. The final resulted solu-
tions were dried at 300 °C for 4 h in air. The dried gel for
all samples was calcined in air for 4 h at 800°C on Muf-
fle furnace type Carbolite CWF to obtain polycrystalline
(BT, BT,Fe and BT,;Ni) powder.

2.2. Characterizations

XRD was performed on the heat-treated powder for
the doped and undoped BT in order to characterize
their crystalline structure. The crystallinity of these
samples was probed using Philips X-ray diffractometer
using monochromatic Cuk,, radiation of wavelength
A = 1.5418 A from a fixed source operated at 40 kV
and 30 mA. The crystallite size (G) is determined from
the Scherrer equation G = K\/D cosf, where K is the
Scherrer constant (0.9), A is the wavelength and D is
the full width (in radians) of the peak at half maxi-
mum (FWHM) intensity. The correction to the mea-
sured FWHM D for a sample peak was made to accom-
modate systemic instrumental broadening and utilized
peak widths Dy measured from a diffraction scan, taken
under identical conditions, from a strain-free powdered
quartz sample, with crystallite size ranging between 5
and 10 pm. The corrected sample peak widths were cal-
culated as D = (D% — D2)*/2. Micro-strain and crys-
tallite size contributions to D were separated using the
Win—Fit program, using standard samples for estimation
of instrumental broadening. The final sample crystallite
sizes G were obtained by the Fourier analysis, using the
corrected profile. The diffraction peak used was the most
intense diffraction peak, assigned to the (101) reflection
from the BT powder phase.
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Fourier transformation infrared was used to study the
structure of the samples. The FTIR absorption spectra
were measured at room temperature from wave number
4000 cm ™! to 400 cm ™! by the standard KBr pellet tech-
nique using a Fourier transform infrared spectrometer.

Microstructure and morphology for the BT5Ni was
characterized by using the electron microscope of type
JEOL transmission electron microscope (TEM) model:
JEOL 1230 made in Japan magnification power up to
600 kx Resolving power down to 0.2 nm. Accelerating
voltage 100 kV, can reach 120 kV through steps.

3. Results and discussion

3.1. XRD patterns of BT5Fe and BT5Ni

Figure 1 a and b shows the XRD performed at RT for
the BT5Fe and BT5Ni powders, calcined in air for 4 h at
800°C. As can be seen in Fig. 1, the XRD data show no
structure difference in both samples. Only the diffraction
pattern of tetragonal BT was observed, indicating that
they are crystallized in a tetragonal perovskite structure.
The XRD data for both samples are completely matched
with the tetragonal JCPDS file number 81-2201 [9]. No
Bragg peak of other phases or FeO or NiO was found.
Very weak line corresponding to the residual barium car-
bonate phase (BaCO3) appeared at 20° equal to about
24° in the two figures.
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Fig. 1. XRD patterns of BTxNi calcined in air for 4 h
at 800 °C.

The figure shows sharp peaks corresponding to tetrag-
onal BT. Therefore, it appears that Fe?t and Ni?* atoms
have been incorporated into the BT matrix, and sec-
ondary phases are absent, which indicates that Fe3* and
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Ni2* ions replace the Ti** ions in the B site of the per-
ovskite structure ABQO3 due to its similar ionic radius,
(the ionic radius of Fe?*, Ni?*, and Ti** are 0.64, 0.78,
and 0.68 A, respectively) [10].
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Fig. 2. The expansion of the 260° range between (a)
44.2° up to (b) 45.5°.

Figure 2a and b shows the expansion of the 26° ranging
between 42.2° and 45.5°. The splitting of the character-
istic peak at 26 equal to about 45.4° appeared for both
samples BT5Fe and BT5Ni, indicating the presence of
the single tetragonal BT phase for both of them.

3.2. Scanning electron microscope of pure BT
and doped ones BT5Fe and BT5Ni

SEM was used to study the surface morphology for the
prepared powders. Figure 3a—c shows the SEM images
for the pure and doped samples, BT, BT5Fe, and BT5Ni,
calcined at 800°C for 4 h. As seen from SEM images all
samples have high degree of crystallinity, homogeneous
distribution shapes and particle size due to the high cal-
cined temperature. The particles in all samples tend to
aggregate in cluster due to its small size. On the other
hand, in both dopants ions content there was induced a
reduction in the grain size giving rise to nanograin sizes
formation and an increase in the density of the doped
samples and in the volume ratio of the grain boundary
region.

Figures 4 and 5 show the FTIR absorption spectra of
nanostructure pure BT sample and BT doped with dif-
ferent concentrations of both of Fe>* and Ni%* ions BT
(0.5, 1, 3, 5, and 7)Fe and BT (0.5, 1, 3, 5, and 7)Ni, cal-
cined for 4 h at 800°C. It is well known that two kinds of
OH- groups, such as a surface adsorbed OH— and a lat-
tice OH- group can be observed in BT. The broad low-
-intensity peak with the maximum around 3450 cm™!
has been assigned to O—H stretching modes of surface
adsorbed water corresponding to the stretching vibra-
tions of weakly bound water interacting with its environ-
ment via hydrogen bonding and to stretching vibrations
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Fig. 3. SEM micrographs of BT (a), BT5Fe (b), and
BT5Ni (c) samples calcined at 800 °C for 4 h.

of hydrogen-bonded OH groups. The peaks at 2921.5 and
2853 cm ! were assigned to the CH; and CH, symmet-
ric, respectively. The 1642 cm™! peak was due to the
deformation mode of absorbed H2O molecules, assigned
to the bending vibration [11-13].
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Fig. 4. FTIR spectra of nanostructure BT doped with
Fe®" calcined at 800 °C for 4 h.

FTIR for pure BT sample shows that two strong peaks
around 554 cm™! and 520 cm ™! appeared, the former
was assigned to TiOg stretching vibration that connected
to the barium ion, which confirms that TiOg octahedral
has been formed, while the later was assigned to Ti-O
stretching vibration along the polar axis of spontaneous
polarization in BT with tetragonal phase [16, 17].

FTIR spectra for BT doped with different concentra-
tions of Fe3* and Ni?T ions have the same trend discussed
for the pure sample in the previous paragraph. It was
found that there are no new peaks appeared for the two
dopants transition elements. The only change appeared
in the band for Ti-O stretching vibration along the po-
lar axis of spontaneous polarization at 520 cm ™~ for pure
BT. The mentioned band was shifted to 523, 541, 527,
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Fig. 5. FTIR spectra of nanostructure BT doped with
Ni** calcined at 800°C for 4 h.

537, and 528 cm~! for BT0.5Fe, BT1Fe, BT3Fe, BT5Fe
and BT7Fe respectively and shifted to 525, 532, 537, 539,
and 527 cm~! for BT0.5Ni, BT1Ni, BT3Ni, BT5Ni and
BT7Ni, respectively which confirm that Fe3™ and Ni?*
ions completely substitute the Ti** ions in the B site of
the perovskite structure ABOj3 as confirmed by the XRD
obtained data.

Fig. 6. TEM micrographs of BT5Ni sample calcined at
800 °C for 4 h.

Figure 6 shows the representative TEM micrograph of
BT5Ni calcined in air for 4 h at 800°C, it indicated that
the doped sample is assigned to tetragonal perovskite
phase. In addition, some degree of agglomerates were
found in the clusters consisted of many small grains.
The picture confirmed that BT5Ni powder is in good
crystalline structure and has a bimodal size unit cell dis-
tribution with large particles 45.5 nm and smaller one
14 nm. This result refers to that the crystallite size ob-
tained from TEM is in nanoscale as confirmed from XRD
data.

4. Conclusion

Nanostructure pure BT and doped with Fe3* and Ni?*
ions BTzFe and BTxNi were successfully prepared by
sol—gel technique. In addition a well defined perovskite
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phase with nanocrystallite sizes for BT5Fe and BT5Ni
equal to 46 and 35 nm, respectively, were achieved from
XRD study. The TEM confirmed the nanoscale presence
in BT5Ni sample.

Two kinds of OH- groups, such as a surface ad-
sorbed OH- and a lattice OH— group can be observed in
pure BT. The broad low-intensity peak with the max-
imum around 3450 ¢cm~! has been assigned to O-H
stretching modes of surface adsorbed water. The peaks
at 2921.5 and 2853 cm ! were assigned to the CH3 sym-
metric and CHy symmetric, respectively. FTIR spectra
for BT doped with transition elements have the same
trend discussed for the pure sample. It was found that
there are no new peaks appearing for the dopants (Fe3*
and Ni?*) and the only change appeared in the band for
Ti-O stretching vibration at 520 cm™! for pure BT, in
which it was shifted to 523, 541, 527, 537, and 528 cm ™!
for BT0.5Fe, BT1Fe, BT3Fe, BT5Fe, and BT7Fe respec-
tively, and shifted to 525, 532, 537, 539, and 527 cm™!
for BT0.5Ni, BT1Ni, BT3Ni, BT5Ni, and BT7Ni, respec-
tively, confirming that Fe3T and Ni?* ions completely
substitute Ti** ions in the B site of the perovskite struc-
ture ABOs3.
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