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Abstract: BaTisOq; has been widely researched due to its unique microwave
properties. Conventionally, it is challenging to obtain this compound as a
single phase. The BaTisO;; was synthesized via a co-precipitation technique
using an aqueous solution of titanium(IV)(triethanolaminato) isopropoxide,
barium nitrate and ammonia as precursors, which are stable in aqueous media.
The phase evolution, purity, and structure were identified by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) spectroscopy analysis. The desired BaTisO;; structure was obtained by
calcination at 900 °C. Furthermore, the structure was characterized by TGA,
FT-IR and Raman studies. The study showed that the particles were between
80 and 120 nm in size and the average crystallite size was determined from the
Scherrer formula as 68.1 nm at 900 °C.

Keywords: barium titanium oxide system; organic titanate; co-precipitation;
X-ray diffraction.

INTRODUCTION

Electronic components and other ceramic substrates have been investigated
intensively due to the rapid growth of high-frequency wireless communication
technology.! Low-temperature co-firing ceramic (LTCC) technology is of great
interest today to manufacture miniaturized multilayer devices with diverse func-
tions.2 By utilizing this technology, multi-chip packages have been successfully
synthesized using a single sheet to construct and integrate the appropriate elec-
tronic components and devices in a compact multi-layered ceramic architecture.
After laminating, the sintering temperature should be chosen to be below 1000
°C to use low resistance conductors, such as gold and silver. In this way, rapid
signal transmission between modules with high conductivity and energy loss is
minimized. LTCC materials are generally preferred for applications such as dual-
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band baluns, bandpass filters, power distribution networks, point-to-point trans-
ceivers (passive elements) and voltage-controlled oscillators, dielectric resonator
oscillators, amplifiers and singly balanced mixers.3 To date, many LTCC mat-
erials have been developed and intensively applied, including BiNbO4, MTiO3
(M = Mg, Zn, Ca), BaO-TiO,, ZnNb,Og, BaO—R,03TiO; (R =Nd, Sm) and
Lij 4y yNby 3 Tiy44,03, etc.2 Among these, compounds in the binary system of
BaO-TiO; have been accurately reported to undoubtedly possess excellent mic-
rowave properties. BaTisO11 has been researched for use in microwave applic-
ations considering its superior properties.*~/ Zhou and co-workers reported that
BaTi5Oq; synthesized at 1100 °C with CuO addition showed excellent micro-
wave dielectric properties. BaTisO1; exhibited a dielectric constant (&) of 41.2, a
Of of 47430 GHz (Q is the quality factor and f'is the resonant frequency) and a
temperature coefficient (zf) of 36 ppm °C-1.8 Sintering of BaTisO1 ceramic with
4 wt. % Ba—ZnO and B;03 (BZB glass) at 900 °C was also reported, and these
ceramics demonstrated excellent dielectric properties, that is & = 35.36 and Of =
= 28095 GHz.? As wireless communication systems require an LTCC that has
been sintered at temperatures below 1000 °C, BaTisO1; could be enthusiastically
recommended as a suitable material candidate for application in microwave cer-
amic components.

BaTisO1 was first synthesized by Tillmanns, but the preparation method
was not a single-phase process.!9 Afterwards, BaTisO;; was obtained by a solid-
-state reaction in the 1970s as an intermediate.!! A single-phase BaTisO;
structure could be prepared by chemical processes, such as co-precipitation, sol—
—gel, hydrothermal, and alkoxide-derived powder sintering.6-12-15 BaTisO;; was
synthesized at calcination temperatures between 700 and 1100 °C by using alko-
xide and sol-gel methods.®-16:17 On the other hand, single-phase synthesis stu-
dies in powder form are currently under investigation using different ways. High-
-quality powder of BaTisO1; was obtained by co-precipitation using BaCl, and
TiCly as the starting materials.!® In most cases, these kinds of Ti precursors are
moisture sensitive and must be protected from rapid hydrolysis.

In the present study, BaTisO1; powder was synthesized in an aqueous sol-
ution by co-precipitation processing. The starting materials are stable in an aque-
ous environment and could be efficiently prepared on an industrial scale. It also
offers the possibility to work with low temperatures (at 900 °C) and commer-
cially available inexpensive starting materials.

EXPERIMENTAL
Materials and method

Barium nitrate (>99 % purity, Sigma Aldrich), titanium (triethanolaminato) isopropoxide
solution (80 wt. % in isopropanol, Sigma Aldrich), nitric acid (HNOj3, 65 wt. % and NHj,
25 wt. %, Isolab) were used as the starting materials. The obtained calcined powders were
characterized by X-ray diffraction (XRD) on a PANalytical Empyrean diffractometer with Cu
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Ka radiation (1 = 1.5406 A) with a scan speed of 0.05° s°!, in the 26 range from 10 to 80°.
Match! version 3 crystal impact was used for phase identification and composition.!® The
X-ray pattern of the sample calcined at 900 °C was analyzed by the Rietveld refinement pro-
gram FULLPROF using the data obtained at 1° min"! scan rate in the 20-70° 26 range.?? The
crystal structure was pictured by the VESTA program.2! FTIR spectra of the samples were
recorded on Spectrum BX Perkin Elmer FT-IR spectrometer using KBr pellets. Spectragryph
Software for optical spectroscopy Version 1.2.13 was used to create multi-spectrum plots.?2
For Raman analysis, Renishaw Invia Raman System equipped with a Leica model confocal
microscope and an Argon-ion laser light source (532 nm) and 50X objective was used. Ther-
mogravimetric analysis was performed on a SII 7300 Perkin Elmer thermal analyzer under
flowing N, at 2.5 mL min'! from 25 to 1200 °C at a heating rate of 5 °C min"!. Scanning elec-
tron microscopy (SEM) was used to analyze the morphology of the synthesized BaTisO;;
structure. SEM images were taken by a Zeiss Gemini 500 microscope. The average particle
diameters were measured from each SEM image. Energy-dispersive X-ray spectroscopy
(EDX) was used to ascertain the chemical composition of the material.

Preparation of BaTisO,;

The BaTisO;; powders were prepared by a simple co-precipitation process. A barium
nitrate solution was prepared by dissolving Ba(NOj3), (4 mmol, 0.1054 g) in 20 mL ultrapure
water. This solution was then added to an organic titanate mixture (20 mmol, 6.328 g, tita-
nium (triethanolaminato) isopropoxide solution) in 80 mL of 1M HNOj aqueous solution. The
concentrations of Ba?* and Ti*" in the solution were 0.04 and 0.2 M, respectively. The mix-
ture was stirred at room temperature for 1 h to obtain a pellucid solution (pH 1). The pH of the
solution was adjusted to 9 by adding an aqueous 1 M ammonia solution. After precipitation
was complete, the suspension was further stirred at 50 °C for 2 h. The suspension was first
cooled to room temperature then kept in a deep-freezer (about —20 °C) for 1 h. The precipitate
was filtered and washed with a small amount of cold ultrapure water and dried at 80 °C in a
vacuum oven. The resultant material was first calcined for 4 h at different temperatures ran-
ging from 700 to 1000 °C at a heating rate of 5 °C min™! in an alumina crucible. The synthesis
route of the co-precipitation method is given in Fig. 1.

Ba(NO3); solution
pellucid solution

E
6 Colling in the Filtering
Precipitating agent freezer washing

NH;3 A
O o]

S S
o - =30 % d
s
4 B TV

refined crystal structure of BaTisOyq, BaTisOj1 nanopowder

vacuum oven
at so’c

Fig. 1. Representation of the key steps of BaTisO; synthesis via the proposed co-precipitation
method.
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RESULTS AND DISCUSSION
Synthesis of BaTisOy;

Preparation of large amounts of barium titanium oxide systems requires eco-
nomic, air-stable starting precursors, high yields, aqueous media, and excellent
reproducibility. The BaTisOq; system is challenging to prepare and is often syn-
thesized as an intermediate product.!! For this purpose, to obtain BaTisO11, a
simple synthetic route has been developed in an aqueous medium. The proposed
reaction mechanism for the preparation of BaTisO;; by the co-precipitation
method is shown in Egs. (1)—(7):

CoH9NO4Ti + 4HNO3(aq) — Ti(NO3)4(aq) + C3H70H + CgH sNO3 (1)

H,0 2 —
2+ — 4+ — + -
Ba (aq) +2NO3 (aq) +5T1 (aq) +20NO3 (aq) +22NH4(aq) +220H (aq) (3)
l co-precipitation
Ba(OH) () +STi(OH) 45 +22NO3 (o) 22NHj o) (4)
{ filtration
{ heat-treatment
BaO ) +11H,0 ) +5TiOy) (6)
l

The mechanism for the co-precipitation reaction has been proposed consider-
ing similar studies using organic titanate.!4.23 Under acidic conditions, it may be
regarded as that 2-propanol and triethanolamine are formed by the addition of
1 M HNOs to the titanium (triethanolaminato) isopropoxide solution in the first
step (Eq. (1)). In the second step, precipitation was realized by addition of
ammonia to the barium nitrate and acidic titanate solution. Ammonia (1 M) was
added until pH 9 for complete precipitation as represented in Eq. (3). In the
solution, the concentration of Ba2* was 0.04 M while that of Ti4" was 0.2 M
before ammonia addition. The first species precipitated in the solution is a water-
insoluble titanium hydroxide. Barium hydroxide is strongly basic and soluble in
water. Using the cooling process for precipitation allowed the formation of
barium hydroxide. Similar observations were detected in the precipitation react-
ion with 1 M NaOH using barium acetate and dihydroxybis(ammoniumlactato)
titanium. 14

After filtering, washing, and drying processes, the precipitate was calcined to
different temperatures. The proposed mechanism is based on the XRD analysis of
samples obtained from the calcination process and represented in Eq. (5)—(7).
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XRD profile at 800 °C indicates that trace amounts of BaTiO3 and TiO, form-
ation. TiOj synthesis from titanium (triethanolaminato) isopropoxide solution in
acidic media was reported by Kong et al.23 At temperatures below 800 °C, it
could be assumed that BaO and TiO,, as well as BaTiO3, are formed. In the next
step, the BaTi5O1 structure was obtained from BaTiO3 and TiO; at 900 °C.

XRD analysis and rietveld refinement

The XRD powder patterns of the BaTisOq; precursors calcined at different
temperatures are presented in Fig. 2. The XRD profiles show that the BaTisOq;
structure started to form at 800 °C. In the sample calcined at 700 °C, the organic
residues were not separated, and the structure of the barium titanium oxide sys-
tem was not formed (Supplementary material to this paper, Fig. S-1). In the
sample calcined at 800 °C, a three-phase mixture of BaTisO1; (64.6 wt. %,
JCPDS No. 35-0805), TiO, (18.0 wt. %, JCPDS No. 21-1272) and BaTiO3 (17.4
wt. %, JCPDS No. 79-2263) was observed. At 900 °C, BaTisO1; as a single-
-phase was formed. Song and co-workers reported similar observations. In the
study, BaTisO1; was prepared from the precursors BaTiO3 and TiO,.25 The
powder XRD pattern of the dried sample calcined at 1000 °C indicated partial
decomposition of BaTisO1; giving a mixture of BaTisO11 (65.7 wt. %), BaTigOg
(8.1 wt. %, JCPDS No. 34-0070) and BasTij3030 (26.2 wt. %, JCPDS No.
35-0750). In studies related to BaTisOq; synthesis, it was observed that the struc-
ture began to deteriorate, and second or third phases emerged. Javadpour et al.24
reported the decomposition of BaTi5Oq; into BayTigO5¢ and TiO;. Additionally,
Tangjuank et al. and Song et al.25 reported second and third phase formation.

+BaTisO0
*BasTi130s0

. .
e ® .
e e oo .
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1000 °C
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Fig. 2. Powder XRD patterns of dried samples calcined for 4 h at different temperatures.
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Song and co-workers reported that in the temperature range below 900 °C, both
BaTis0q and BaTizOg increased with calcination temperature and above 900 °C,
the BaTisOq content started to decrease, and the BaTi4Og content increased.2>

The XRD results also showed well-defined diffraction peaks, and the major
peaks were identified a monoclinic phase, indicating that BaTisO;1 powders can
be prepared by a simple co-precipitation method and heat treatment at 900 °C.

Since the single-phase BaTisO;1 was obtained by calcination at 900 °C, this
sample was chosen for Rietveld refinement (Fig. 3). The refinement parameters
and the unit cell parameters are very compatible with data obtained by Tillmans
et al.19 The model provides a good fit between the observed and calculated X-ray
diffraction profiles. A summary of the refinement and unit cell parameters for the
BaTisO;1 powder is interpreted in Table I, while atomic positions are given in
Table II. The R factors show a reliable structural model. In the Rietveld refine-
ment, the pseudo-Voigt function was used with standard Debye—Scherrer geo-
metry to describe the peak shape. Since site occupancies obtained from the Riet-
veld refinement of BaTisO;; give Baj 17Tig 785017973 as the composition, it
could wrongly be concluded that the oxygen content is increased by almost 70 %.
This is actually a consequence of the great difference between the X-ray scatter-
ing powers of Ba and O atoms and hence this increase should not be considered
as a real one.

~— experimental data
— calculated

§i
| Bragg-position

Intensity, a.u.

(1 T O 00 NP T R 1

20 30 40 50 60 70
26/ degree
Fig. 3. Rietveld refinement of BaTisOy;.

The refined crystal structure of BaTisOp is shown in Fig. 4. The unit cell
contains four twelve-fold coordinated barium ions. Their bonding to the Ti octa-
hedrons is realized through shared oxygen atoms. Twenty Ti4" are ideally placed
in the center of the octahedron formed by oxygen ions. The average crystallite
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size estimated by the Scherrer formula was 68.1 nm at 900 °C, using the (140)
diffraction peak.

TABLE L. Structure refinement parameters and crystal data for BaTisO;

Formula: BaTisOq,

Formula weight: 552.66 g/mol

T=298K

2 =1.54060 A

Monoclinic crystal system, Space group — P 1 2;/n 1 (#14)
Unit cell parameters: a = 7.6670(3) A; b = 14.0410(3) A; ¢ = 7.5325(3) A; = 98.3710(2)°
Volume = 802.25 (1) A3

Z=4

Calculated Density = 4.588 g cm™

26 range = 10.0078-79.9922°; 26 step = 0.0131°

1% =2.60 %; Rp = 5.59 %; RBrage =572 %

R, =12.7 %; Ryp = 13.9 %; Rexp, = 8.59 %

TABLE II. Atomic positions for BaTisOy; calcined at 900 °C for 4 h

Atom Wyckoff position X y z Occupancy
Ba 4e 0.220 (3) 0.086 (3) 0.204 (3) 1.171 (3)
O1 4e 0.989 (3) 0.265 (3) 0.005 (3) 1.189 (2)
02 4e 0.120 (3) 0.410 (3) 0.797 (3) 2.129 (2)
03 4e 0.375(3) 0.246 (3) 0.132 (3) 1.076 (2)
04 4e 0.241 (3) 0.232 (3) 0.713 (3) 3.098 (2)
05 4e 0.421 (3) 0.399 (3) 0.953 (3) 1.033 (2)
06 4e 0.783 (3) 0.429 (3) 0.061 (3) 2.039 (2)
o7 4e 0.157 (3) 0.402 (3) 0.194 (3) 1.487 (2)
08 4e 0.075 (3) 0.249 (3) 0.385(3) 1.119 (2)
09 4e 0.343 (3) 0.431 (3) 0.539 (3) 1.168 (2)
o10 4e 0.516 (3) 0.412 (4) 0.273 (3) 0.789 (2)
O11 4e 0.92 (3) 0.429 (3) 0.388 (3) 2.846 (1)
Til 4e 0.193 (3) 0.320 (4) 0.959 (3) 1.269 (2)
Ti2 4e 0.223 (3) 1.000 (3) 0.760 (3) 0.737 (2)
Ti3 4e 0.348 (3) 0.337 (4) 0.377 (3) 1.139 (2)
Ti4 4e 0.565 (3) 0.331 (4) 0.089 (3) 0.787 (2)
Ti5 4e 0.97 (3) 0.334 (4) 0.255(3) 0.853 (2)

Fig. 4. Refined crystal structure of
monoclinic BaTisOy;.

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



422 AKTAS

TGA-DTG Analysis

The presented curves corresponding to the TGA and DTG analyses are given
in Fig. 5. The first weight loss between 50 to 200 °C was attributed to the desorp-
tion of adsorbed water and light volatiles, such as 2-propanol, with a total loss of
about 15 wt. %. The second weight loss up to 410 °C was due to dehydration and
destruction of small organic residuals, which were also observed in the FT-IR
spectrum of powder dried at 80 °C. The mass is almost stable above 410 °C. Fin-
ally, between 900 and 1000 °C, the powder weight remained at about 78 wt. % of

the sample.
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Fig. 5. TGA and DTG curves of the as-prepared BaTisO;; powders dried at 80 °C.

FT-IR and Raman analysis

The phase identification of BaTisO;; powders synthesized by the homo-
genous precipitation technique was further analyzed by FT-IR and Raman spec-
troscopy. The obtained FT-IR data was found to be consistent with the litera-
ture.® The IR spectra of the as-prepared and dried BaTi;O;; powder calcined at
different temperatures are shown in Fig. 6. The absorption peaks at 3819 (O-H
stretching), 3443 (N-H asymmetric stretching), 1959 (C-H bending), 1628 (N-H
bending), 1349 (NO3~ asymmetric stretching) and 1093 cm~! (NO3~ symmetric
stretching) for the as-prepared sample at 80 °C correspond to the vibration modes
of the functional groups of the starting precursors. After calcination of the dried
powder, these characteristic peaks disappeared. At 800 °C, the peaks appear at
663, 556, 472 and 442 cm!. These new bands below 800 cm™! support the form-
ation of the BaTisOq1 structure. The FTIR spectra of the BaTisO1; system have
characteristic absorption peaks between 800400 ¢cm!, and these are used to
identify the phase formation.6-18
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Fig. 6. FT-IR spectra of BaTisO;; calcined at different temperatures of as prepared precipitate
dried at: 1) 80, 2) 800, 3) 900 and 4) 1000 °C.

The room temperature Raman spectrum of BaTisOq; obtained at 900 °C is
showm in Fig. 7. The BaTisO;; sample prepared at 900 °C for 4 h showed
characteristic peaks at 140, 194, 219, 243, 262, 294, 310, 343, 415, 487, 541,
590, 673, 747 and 835 cm™!, which confirmed that the material was pure. The
analysis also indicated that the results agreed with those of Lu et al.16, Javadpour
et al.?* and Alvarez—Docio et al.* The Raman characterization for the thermally
treated sample at 900 °C confirmed the formation of the BaTisO1; phase.
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Fig. 7. Raman spectrum of the BaTi;O; synthesized by co-precipitation at 900 °C.

SEM and EDX analysis

The morphologies of the BaTisO1; nanoparticles were studied by scanning
electron microscopy. SEM micrographs of particles at 900 °C are shown in Fig. 8.

As seen in the SEM images, the synthesized BaTisOj1 grains were in almost
round shape and agglomerated. The particle sizes determined from the SEM
images were between 80—120 nm. EDX analysis of particles calcined at 900 °C is
given in Fig. 9 and confirmed the accuracy of the elemental composition. These
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results demonstrate that the simple co-precipitation method is relatively useful
for producing fine particles.

-

Fig. 8. SEM micrographs of BaTis;O1; particles at 900 °C (A, B). Detected grain sizes from
selected points (B: 84.92, 88.79, 93.04, 118.8 nm).

Ti

W% Atomic %

0 K 3149 64.19

Ba K 2435 574

Ti K 44.16 30.06

0.0 13 26 39 52 6.5 78 9.1 104 117 13.0
Energy, keV

Fig. 9. EDX analysis of particles calcined at 900 °C.

Comparison of results with literature data

The synthesis processes of BaTisOp; are summarized in Table III (also
corresponding literature are included for comparison).

In the present study, BaTisO;; of 80—120 nm particle size was synthesized
from Ba(NOs); and an organic titanate precursor. By comparing with other
methods, this synthesis process demonstrated many advantageous properties such
as low calcination temperature, lack of a minor second phase, and using eco-
nomically inexpensive air-sensitive precursors. It could be considered for pos-
sible applications in LTCC systems due to its co-fired properties under 1000 °C
by using electrodes such as Ag, Cu without high process temperatures, leading to
energy consumption.
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TABLE III. Experimental conditions for BaTisOq; prepared by various methods

Method Precursors Conditions Morphology Reference
Co-precipitation ~ Ba(NOs), 4 h, 900 °C 80-120 nm In the present study
organic titanate (particle size)
Co-precipitation BaCly; TiCl; 4 h, 1100 °C 600 nm (particle size) Tangjuank et al. '8
Hydrothermal =~ Ba(CH3;COO), 20 h, 280 °C 2065 nm Liu et al.'*
CgHgN,OgTi (particle size)
Alkoxide Ba and 48h,1120°C 1 pm (grain size) Fukui et al.!2
Ti-isopropoxide
Solid-state? BaCO; 10 days r.t. aging 40-200 nm Alvarez—Docio et
TiOCl, 1 min, 1000 °C (grain size) al?
Citrate Route Ba(NOs3), 4 h, 1100 °C 30-50 nm Choy et al.26
TiCly (particle size)

Formation of BaTiO;, BaTi O, intermediates

CONCLUSIONS

In the present study, BaTisO1; nano powders were successfully synthesized
by the co-precipitation method using commercially available, low-cost, and
stable organic titanate complex of triethanolamine. This is also an advantageous
feature when compared with other preferred synthesis methods. The reaction
process is an effective method to synthesize the BaTisO1; structure for applic-
ations on low-temperature co-fired ceramics.

By using this newly developed secure method, a simple aqueous synthesis
pathway was improved, and single-phase BaTisO;1 powder was produced at 900
°C. TGA-DTG, FT-IR, and XRD analyses also confirmed that the nano powders
were obtained at 900 °C. The average crystallite particle size was 68 nm, as det-
ermined by XRD. SEM analyses showed that these particles were agglomerated,
almost round in shape, and with a size of 80—120 nm.
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Additional data are available electronically at the pages of journal website: https://
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HU3BO[J
CHUHTE3A BaTis044 KOITPEUUITUTALTJOM ITIOMORY CTABUJIHOI' OPTAHCKOT
TUTAHATHOT ITPEKYPCOPA

PELIN SOZEN AKTAS

Manisa Celal Bayar University, Faculty of Arts & Sciences, Department of Chemistry, Sehit Prof. Dr. [lhan
Varank Campus 45140 Muradiye-Manisa, Turkey

BaTisO04; ce nmocra ucnutyje 3axBasbyjyhu AHENEeKTPUYHUM CBOjCTBUMA@ W NPUMEHH Yy
MUKpoTalacHUM ypehajuma. MehyTHM, KOHBEHIIMOHAJIHHUM IOCTYIIIMMa Ce TEIIKO MOXe
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nobutu jegHodasHu BaTisOq4. Y oBoM pany je BaTisOq4 cUHTETHCAaH METOAOM KONpELWIH-
Tauuje kopuirhewem BOZEeHMX pacTBopa TUTaH(IV)(TpueraHoaMUHATO)-U30MIPONOKCH/A,
dapujym-HMTpaTa 1 aMOHHjaKa Kao IPeKypcopa KOju Cy CTadWIHU Y BOJEHOj cpefuHu. ®asHe
TpaHcdopMmalvje TOKOM ’Kapewa Ha Pa3IuuuTHM Temieparypama, (asHH cacTaB JOOHjeHUX
[IPaxoBa U CTPYKTypa Cy UCITUTHBAHU PEHATEHCKOM OudPaKIMOHOM aHanu3oM (XRD), ckeHH-
pajyhom enexrpoHckoM mukpockonujom (SEM) eHepreTckom IHUCHEP3UBHOM CIIEKTPOCKO-
nujom (EDX). XKemena BaTisO44 cTpykTypa jenodujena xanuunanujom Ha 900 °C. Takobe, 3a
KapakTepu3auujy cy kopuurheHe W TepMmorpaBumeTpujcka aHamusa (TGA), uHdpaupBeHa
cnekrpockonuja ca ®ypujeosom Tpancopmanujom (FT-IR) u Pamancka crnexkrpockonyja.
Y1BpheHo je na cy uectune mpaxa nodujenor kanguHandjom Ha 900 °C usmehy 80 u 120 nm u
Ila je IpoceyvHa BelUYrHa KpUcTanuTa fodujeHa kopuurhewem [llepepose popmysne 68,1 nm.

(ITpumsmeHo 6. jyna 2020, pesugupano 10. ¢pedpyapa, npuxsaheHno 17. dedpyapa 2021)
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