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In this paper, the effect of the precipitation conditions and phase compo-
sition of the precursor on the mechanism of decomposition of intermediate
compounds and the characteristics of the final product is shown. The stoi-
chiometric barium titanate can be obtained from pure oxalate under con-
centration of 1.5 M and pH = 1. When composition is deviated from the
stoichiometry, the final temperature of organic-precursor decomposition is
increased above 720°C due to the multiphase-system formation. The crys-
tallites formed during the thermal decomposition of precursors based on a
multiphase system have smaller sizes (< 26 nm) compared to the decompo-
sition product of pure oxalate (32—34 nm) due to the hydroxide and car-
bonate formation. At a concentration of 1.5 M, the decomposition of bari-
um titanyl oxalate occurs due to the formation of intermediate oxycar-
bonates, rather than due to the oxidation of the precursor to barium car-
bonate and titanium dioxide. Applying nonisothermal mode for the calci-
nation of the stoichiometric barium titanate allows the domination of the
nucleation over the crystal growth resulting in the formation of monodis-
perse barium titanate with the crystallite and particle sizes of 22 nm and
25 nm, respectively. We suggest that the obtained results can be useful
for the facile preparation of nanocrystalline stoichiometric barium titan-
ate particles with desirable composition and size.

Y mamiit po6oTi MOKa3aHO BILJIMB YMOB OCAAKeHHA Ta (PasoBOT'0 CKJIAAY IIpe-
Kypcopa Ha MeXaHi3M PO3KJAJaHHA IPOMIKHUX CIIOJYK i XapaKTepPUCTUKU
KinmeBoro npoaykry. Crexiomerpuunuit Turanatr Bapito MokHaA omep:kaTu 3
YKUCTOrO OKcaJiaTy 3a KoHmeHTparii y 1.5 M i pH 1. 3a Bigxunay ckaamgy Bif
crexiomerpii KiHIleBa TeMIeparypa PO3KJagaHHA OPTaHiYHOrO IpPeKypcopa
spocrae Buiie 720°C zaBaAKu yTBOpeHHIO OaraTodasuoi cuctemu. Kpucra-
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JiTH, 0 YTBOPIOIOTHCA MiJ Yac TePMIiUYHOTO PO3KJAZAaHHSA HPEKYpPCoOpiB Ha
OCHOBi GaraTodasHol cucTeMu, MAlOTh MEHIIN po3Mipu (< 26 HM) HOpPiBHAHO
3 TIPOAYKTOM PO3KJIaJaHHA YUCTOTO oKcajary (32—34 mM) 3a paxXyHOK YTBO-
PeHHS TiApoKcuAy Ta KapboHary. 3a KoHIeHTpamii y 1.5 M poskimagaHHsa
TUTaHiJoKcanaTy Bapiio BimOyBaeThcs 3a paXyHOK YTBOPEHHS NPOMIiMKHUX
OKCHUKApOOHATiB, a He 3a pPaXyHOK OKHMCHEHHS IIONepeJHHKa M0 KapboHATy
Bapiro Ta miokcuay Turany. 3acTocyBaHHS Hei30TepMiuHOTO pesKMMY BHUIMIA-
JIy CTE€XiOMEeTPUUYHOrO TUTAHATY Bapilo YMOXKJIMBIIIOE NOCATTH IOMiHYBaHHSA
3apPOAKOYTBOPEHHS HAJ, POCTOM KPUCTaNy, IO JAa€ 3MOTY OJep:KaTu MOHO-
OUCIepCHUII TuUTaHAT Bapiiro 3 po3mMipoM KpuCTajaiTy Ta YaCTHMHOK y 22 HM
Ta 25 HM BigmoBigHOo. Mu mpumycKaeMo, IO Ofep:KaHi pe3yJabTaTH MOKYThb
OyTH KOPUCHUMMU [IJIsI IPOCTOTO OJepP KaHHs HAHOKPHCTAJIIUYHUX CTexiomer-
PUYHUX YACTHHOK THUTaHATY Bapiio 6a:kaHOro cKJaay Ta po3Mipy.

Key words: barium titanate, stoichiometry, precipitation, nanoparticle,
thermal decomposition, crystallization.
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1. INTRODUCTION

Barium titanate (BaTiO;) has unique ferroelectric and dielectric
properties and is widely used in capacitors [1]. The application of
nanoscale BaTiO; particles makes it possible to obtain high-density
ceramics and, therefore, improves the product properties. Moreover,
reducing the particle size of BaTiO; in the polymer composite per-
mits an increase in the permittivity value [1]. Also, to obtain a thin
ceramic BaTiO; dielectric layer, high stoichiometry (Ba/Ti ratio in
the range of 0.99-1.01), crystallinity, and dispersion characteristics
in the suspension are required [2]. Thus, the control of the stoichi-
ometry, size, and structure of the nanoparticle, which forms the
ceramic material, presents a special field for the research. Such
regulation of the particle characteristic may be realized through the
selection of the appropriate synthesis method as well as thorough
tuning of the synthesis parameters.

Among the existing methods of the preparation of BaTiO; nano-
particles as the high-temperature solid-state [3], sol-gel [4-6],
hydrothermal [7, 8] ones, the most convenient chemical method in
terms of the high-yield and low-cost production of stoichiometric
nanopowder with a narrow size distribution, minimization of
secondary phases, the ability to obtain a wide diversity of
nanopowders under standard conditions, is the oxalate method (or
Pechini method) [9-12], which include the step of deposition of the
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organic metal-based complex from colloidal solutions, and the sub-
sequent step of thermal decomposition of the obtained precursor to
the final product.

The main characteristics of the precipitated barium titanyl oxa-
late are stoichiometry (Ba/Ti= 1), which allows the minimization of
the secondary phases and obtaining the pure barium titanate. An-
other demand is the amorphous nature of the precursor, which fa-
cilitates the solid-phase diffusion in the next step of compound
thermolysis and allows the adjustment of the final particle size.
However, little attention is paid to the phase composition of the
precipitated complex, its effect on the thermal decomposition of
this compound, and the characteristics of the final product.

The literature data regarding the effect of the pH of the reaction
medium on the phase of the precipitated precursor are contradictory
(Fig. 1). Despite the possibility of the complete precipitation of
metals with the pure perovskite formation at pH above 5-7 [13],
the oxalate technique suggests precipitation of oxalate complex at
lower pH which is more attractive in terms of high yield and sim-
pler realization. According to the calculation of the equilibrium
constants and solubility products [14], the optimal pH value at a
concentration above 0.02 M for complete deposition of stable bari-
um titanyl oxalate is 4—5 due to the formation of the stable com-
plex Ba?' ions with the oxalate ions under pH above 4, while the
complex TiO(C;0,),® is formed in the pH range of 1-5 [14]. Howev-
er, the data regarding the pH region for the high precursor stoichi-
ometry is varied from pH= 2.5 [15] to pH above 3 [14]. When pH is
below 1, the mixtures of metal oxalates are deposited, as well as
TiO*  ions, which compete with TiO(C,0,),> ions. The compound
TiO(OH), is continued to precipitate at pH above 3 [16], while
TiOH(C,0,) and TiOH(OH), are formed when oxalate ions are in ex-
cess. When pH increases above 5, BaTiO(C,0,), becomes unstable,
and the mixture of TiO(OH),, Ti(OH),, TiO(C,0,),(OH),, TiO,, BaCO,
as well as jelly-like BaTiO(OH),C,0,H,0, which requires a higher
decomposition temperature, are formed. At such high pH, ions Ba*

low stoichiometry

BaTiO(OH)Q(}JonszO
i
TOCH), ———————————
BaC,O0,
TioC,0, —— —
2 3 4 5 6 7 8 9 PH

—_

Fig. 1. Illustrative scheme of the phases precipitated at various pH.
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are leached, leading to the formation of a Ti-enriched complex [14,
16]. pH diagram exhibit the predominance of the precipitation of
the TiOC,0,, TiO(C,0,),>” and TiO(OH),, when pH increase from 1 to
3—4 and above 5, respectively [17]. The BaTiO; obtained under the
modified oxalate method with pH control and O, flowing shows that
nanopowder obtained at pH 3 instead of 1 results in the precipita-
tion of a mixture of carbonates and oxalates instead of pure oxalate
complex, and allows the formation of a single phase of BaTiO; al-
ready at 650—-720°C [18]. The typical mechanism of destruction of
the precipitated BaTiO(C,0,),;nH,O is described in the line of the
papers, where the intermediates are supposed to be presented as
BaTiO(C,0,)CO;, a mixture of BaO and TiOC,0,[19], BaTiO4(CO),
[20].

Therefore, despite the existed data regarding the possible struc-
ture formation at the different pH, the determination/prediction of
the complex and its impact on the thermal decomposition behaviour
require further studies. To study the impact of the precipitation
condition on the thermal decomposition of the precursor and char-
acteristics of the obtained product, the synthesis was carried out in
the concentrations range of 0.1-1.5 M and pH of 1-6.

2. MATERIALS AND METHODS

BaTiO; nanopowder was obtained by the thermal decomposition of
the predeposited (Ba, Ti)-based oxalate complex. Titanium tetra-
chloride (TiCl,), barium chloride (BaCl,), ammonia solution (NH,OH,
25%), oxalic acid (H,C,0,), distilled water (H,0), and ethanol
(C,H,OH) were used as starting reagents. To prevent particle
growth by the mechanism of Ostwald ripening, precipitation has
proceeded under standard conditions. The process was carried out in
the concentration range of 0.1-1.5 M and the solution pH of 1-6
under constant stirring. Firstly, a solution of oxalic acid in ethanol
was prepared. An aqueous solution of TiOCl, was added dropwise to
a solution of oxalic acid in alcohol with a constant stirring at 200
rpm using a magnetic stirrer ‘RCT basic’ (IKA), resulting in the
formation of the complex TiO(C,0,),. A solution of BaCl, was added
dropwise in order to precipitate the barium titanyl oxalate complex
BaTiO(C,0,),-4H,0. To prevent the dissolution of the precipitate at
low pH and to support the complete precipitation of the complex
BaTiO(C,0,),-4H,0, pH was maintained in the range of 4-6 by a
dropwise adding of the solution of ammonia NH,OH. The final sus-
pension was stirred for 1 h at room temperature and subsequent ag-
ing for 20 min for the peptization. The obtained precipitate was de-
canted using a Buchner funnel, washed with a chlorine solution,
and finally washed with ethanol in order to dehydrate the precursor
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and to reduce the agglomeration degree. The obtained precipitate
was dried at 100°C for 12 h, cooled down in a desiccator, and
grounded out in an agate mortar until a homogeneous state.

The determination of the precursor stoichiometry was performed
by x-ray fluorescence analysis using x-ray spectrometer Rigaku
Primini. Differential thermal analysis of the oxalate precursors was
performed at a heating rate of 10°C/min in the air using the Deri-
vatograph (Q-1000). X-ray phase analysis was performed using the
diffractometer DRON-3M in CukK, radiation with a nickel filter.
The crystallite size of the precursors was evaluated by Scherrer’s
formula using data for (101) reflection. The BaTiO; particle size
was evaluated based on the data obtained from the field-emission
scanning electron microscopy (FESEM) (Zeiss ULTRA plus).

3. RESULTS AND DISCUSSION

The stoichiometric compound (Ba/Ti= 1.00) was obtained at highest
concentration (1.5 M) at lowest pH (1) (Fig. 2, Table 1). The Ba/Ti
ratio is increased when pH is increased (at C = 0.5 M) while the con-
centration is decreased (Fig. 2). Therefore, the optimal pH and C
for obtaining stoichiometric BaTiO; are of 4.3 and 1.2 M, respec-
tively.

The deviation from the stoichiometry at low concentration and
high pH can be explained by the decrease in the stabilization of Ti**
ions by chlorine ions, while the hydrolysis of Ba and Ti ions is facil-
itated, leading to the shifting of the equilibrium to the formation of

Ba/Ti
C=05 | o8s PH=-4.5
. 1.06
= 1.04] -
1.02]
. 0.98 ——————2rre o
0.06]02040.6081.0121.41.6
0.94 C, M
0.92]
090
0.88-
0.86
. 0.84]
—0.827
6

stoichiometry line

Fig. 2. Dependence of Ba/Ti ratio on the solution pH and reagent concen-
tration. The blue and red colours depict BaTiO; content above or below
90%, respectively.
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TABLE 1. The precipitation condition and characteristics of the obtained
products.

pH ‘ C, M ‘ Ba/Ti ‘ T, °C ‘ L, nm ‘ Particle size, nm Phase

1 0.5 0.83 740 22 28 BaTiO;+ TiO,am

4 0.5 0.96 720 24 35 BaTiO; + TiO,am

1 1.5 1.00 720 34 45 BaTiO,

1 1.5 1.00 720 (n.i.) 22 25 BaTiO,

4.5 1 1.01 770 32 55 BaTiO,

5 0.25 1.03 26 — BaTiO; + BaCO4
4.5 0.5 1.04 967 26 45 BaTiO; + BaCO,
4.5 1.5 1.05 890 33 75 BaTiO,

6 0.5 1.05 — — BaTiO; + BaCO4
4.5 0.75 1.05 25 — BaTiO; + BaCO,

5 0.5 1.06 >1000 26 — BaTiO; + BaCO,
4.5 0.25 1.07 22 — BaTiO; + BaCO,

the hydroxide of Ti and Ba ions rather than oxalate complex. This
leads to the formation of the secondary phase and precursors with
composition deviated from BaTiO(C,0,),.

Therefore, at a pH of 4.5, the increase in the reagent concentra-
tion from 0.25 M to 1.5 M naturally leads to the shifting in the
chemical equilibrium towards the formation of the titanium barium
oxalate complex, which, in turn, determines the high stoichiometry
of the deposited compounds.

X-ray diffraction analysis of thermally decomposed precursors at
a heating rate of 10°C/min showed that the formation of the pure
BaTiO; phase can be achieved in the Ti/Ba ratio range of 0.96-1.01
(Fig. 3), at high concentration and low pH. The deviation from this
range leads to the formation of the BaCO; phase or amorphous TiO,.

The weight loss curves of the samples 1-1.5, 1-0.5, and 4-0.5
(Fig. 4) with 4 clear regions is consistent with the typical stages of
the barium titanyl oxalate decomposition. The TG curves at the
whole temperature range, as well as DTA curves at temperatures
above 400°C for the mentioned samples are similar indicating the
precipitation of the complex with the close structure and the simi-
lar decomposition mechanism. Other samples are decomposed at
higher temperatures (above 770°C), and the decomposition process
includes more than 4 stages, indicating the complexity of the de-
composition processes of the system due to the presence of hydro-
and carbo-groups.
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Fig. 3. X-ray diffraction pattern of BaTiO; nanopowder. The Miller’s in-
dexes correspond to the cubic BaTiO, phase.
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Fig. 4. TG/DT/DTG curves of the samples. Dash lines present the decom-
position steps.

At a temperature range of 100-200°C, the dehydration process of
the precursor (endothermic peak at 150°C, Fig. 4) is occurred, ac-
companied by a weight loss of 8-11% (Fig. 3, Table 2). At the next
stage (temperature range of 200—400°C), depending on the precipi-
tate composition, the organic complex destruction has occurred with
the release of H,O (endothermic peak at 300-380°C), CO, and CO,
(exothermic peaks at 330 and 350°C). The weight loss of this pro-
cess is varied in the range of 13—-21%. The weight loss of 5% is
well consistent with a value of CO, evolved during the gradual de-
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TABLE 2. Weight loss during thermogravimetric analysis.

Temperature range, °C| 5-0.5 [4.5-0.5 | 4.5-1 [4.5-1.5 [4-0.5[1-1.5[1-0.5

100-200 9 12 12 12 11 11 13
200-400 13 14 18 16 21 21 20
400-600 9 9 10 11 10 8 7
600-1000 2 3 4 4 4 6 6

2 2 1 2 — — —

Total weight loss, % 36 40 45 45 46 46 46
Water amount 1.9 2.5 2.8 2.8 25 2.5 3.2

Final decomposition

temperature, °C >1000 970 770 890 720 720 740

composition of BaTiO(C,0,), through the formation of the interme-
diate oxycarbonate [21-23]. At the followed step, the exothermic
reactions of the crystallization of Ba,Ti,0,CO; as well as CO, de-
sorption from the surface take place, followed by a weight loss of
8-11%.

The final stage is the formation of BaTiO, starting at a tempera-
ture of 600°C due to endothermic reactions of barium carbonate with
titanium dioxide as well as decomposition of Ba,Ti,0,CO; where the
weight loss is of 5—6% . Above 720-740°C, no effects or weight loss
are observed for samples 1-1.5, 1-0.5, and 4-0.5, indicating the
completeness of the crystallization BaTiO; for the given samples. At
the same time, other samples need temperatures higher than 770°C
to complete the BaTiO; crystallization. The total weight loss of each
sample in the temperature range of 100-1000°C is 36—46%.

Samples precipitated at the highest C, i.e., 1.5 M (1-1.5 and 4.5-
1.5) show a strong single exothermic peak at 350°C, referred to the
CO and CO, liberation (CO > CO,), and the oxidation of CO to CO,.
Together with a high weight-loss value, this may indicate the prior-
ity of the decomposition of barium titanyl oxalate through the for-
mation of intermediated oxycarbonates (rather than the oxidation of
the precursor to BaCO; and TiO,) [22]. The higher exothermic peak
of the hydroxo-complex (4.5-1.5, 4.5-1, 4.5-0.5, 5-0.5) appeared
at 450°C as compared to the low threshold of the oxalate complex
(1-1.5, 1-0.5 and 4-0.5) means the extending of the gas evolution
process.

When the concentration is decreased below 1 M (sample 4.5-0.5,
4.5-1), the single peak at 350°C is split into 2 exothermic peaks at
330°C and 380°C while the endothermic peak at 300—-380°C has ap-
peared that points to the formation of a hydroxooxalate complex
with chemical formulae BaC,0,Ti(OH),(C,0,),-,/, or BaC,0,TiO,(OH),,.
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DTG analysis exhibit the release of more oxalate in a sample ob-
tained at pH 4, while more hydroxide in the mixture complexes is
obtained at pH =4.5-5.

When pH is reached value 5 (C=0.5 M), only the endothermic
peak at 300—350°C is visible meaning the formation of the hydrox-
ide complex BaC,0,TiO,(OH),,,. Thus, samples contain different
amounts of hydroxide groups in the structure, which, in turn, de-
termines the crystallization mechanism, total weight loss, and
amount of water adsorbed at the surface (Table 3).

Thus, the TG, DTG, and DT analysis suggest various structures
of the precipitated complex (Table 4) and different schemes of the
decomposition for the samples obtained at different synthesis condi-
tions.

When OH content in the structure is increased, the crystalliza-
tion of the BaTiO; is started at a lower temperature but more ex-
tended in time as compared to the pure oxalate complex leading to
the multistep crystallization process caused by the different decom-
position temperature and activation energy of the nucleation of the
different phases. This, in turn, results in the lower temperature of
the BaTiO; crystallization from the multiphase system, and the
formation of smaller crystallite size due to the competition between
the nucleation of the different phases and crystal growth inhibition.
The crystallite size of BaTiO; exhibits a direct dependence on the
Ba/Ti and the decomposition temperature (Fig. 5).

When the concentration is reduced below 1 M at pH 4.5, the
complex structure has deviated from the stoichiometry (Ba/Ti above
1) leading to the formation of BaCO; as a secondary phase. In this
case, the crystallite size is determined predominantly by the compe-
tition between the nucleation and growth in the multiphase system
rather than the decomposition temperature. Particularly, the
formed BaCO; inhibits the BaTiO; growth and the mean crystallite
size of BaTiO; is 26 nm.

Similarly, to the crystallite size, the increase in pH or C in the
deposition process leads to an increase in the BaTiO; particle size
(Fig. 6). Thus, in the pH line 1-4-4.5 at C=0.5 M, the particle size
is 28—35—-45 nm.

When C increase in the line 0.5-1-1.5 M at pH =4.5, the particle
size is of 45—55—-75 nm.

The smallest particle size (of 28 nm) and narrowest particle size
distribution (Fig. 7) are observed for the sample obtained at the
lowest pH (1) and C (0.5 M). However, if the stoichiometric BaTiO,
1-1.5 is decomposed via non-isothermal mode [24], the size of the
crystallite and particle (sample 1-1.5 n.i.) reach a similar to non-
stoichiometric compound value, particularly 22 nm and 25 nm, re-
spectively (Table 1, Fig. 6).
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Thus, the smallest crystallite and particle size of the BaTiO; is
obtained from the oxalate complex (Fig. 8) due to the facilitation of
the product crystallization with high Cl-ion concentration, addition-
al nucleation centres from the TiO, amorphous phase at the lowest
pH (1), as well as due to the minor particle collisions at lowest C
(0.5 M).

The average size of BaTiO; crystallite and particle were almost

> 90% BaTio, < 90% BaTiO,
34 4.5-1.5
33 4.5-1 -
324 ] rad
g 3l
30 145 _ BaTi>1
8 2] s BaTiO,+ BaCO,er = Ba/Ti<1
2 28 i BaTiO, + BaCO,cr
5 27 \ Ba/Ti<1  A5-0.55-0.5
= 26 \ a/Ti < : . e
b7 \BaTiO + Ti0,am
> 231 4-0.5 \ ’ S
S o4 \
231 1-0.5 \
224 u

700 750 800 850 900 950 1000
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Fig. 5. The variations of the crystallite size with the temperature.

Fig. 6. SEM images of BaTiO; obtained from the precursor deposited at
different condition. a—4-0.5; b—1-0.5; ¢—4.5-0.5; d—4.5-1; e—1-1.5;
f—4.5-1.5; g—1-1.5.



424 0. A. KOVALENKO, O. V. SHYROKOV, V. G. KOLESNICHENKO et al.

the same at low C and pH, while, at the high values, a large differ-
ence between them is observed, meaning the formation of several
crystallites in an individual particle or the formation of an amor-
phous secondary phase at surface of BaTiO;.
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Fig. 7. Size distribution of the BaTiO; nanoparticles obtained from the
precursors deposited at different condition.
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Fig. 8. The effect of the synthesis condition on the crystallite size of the
BaTiO; (blue) and particle size (sky-blue).
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4. CONCLUSIONS

The oxalate method allows obtaining stoichiometric nanoparticles
with the desired size, which is important for controlling the proper-
ties of the final material based on such nanoparticles. It was shown
that the stoichiometric BaTiO; (Ba/Ti=1) may be obtained at C of
1.5 M and pH of 1. The formation of the multiphase system, espe-
cially, if Ba/Ti< 1, induces the formation of smaller crystallite size
as compared to the pure phase. The decomposition temperature of
the samples with Ba/Ti< 1 is of 720-740°C, while the hydroxide
and carbonate samples with Ba/Ti > 1 are decomposed at a tempera-
ture of above 770°C. At the highest C (1.5 M), the decomposition of
barium titanyl oxalate goes through the formation of intermediated
oxycarbonates rather than the oxidation of the precursor to BaCO,
and TiO,. The calcination of the stoichiometric BaTiO; via non-
isothermal mode leads to the formation of BaTiO; with crystallite
and particle sizes of 22 nm and 25 nm, respectively.
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