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Abstract

the density of BST- and LLT-based thin films.

Barium-strontium titanate (BST) BagSry4TiOs and lanthanum-lithium titanate (LLT) LagsLiosTiO3 nanopowders and
thin films have been obtained via the modified Pechini route. Polyesterification and complexation processes of gel
formation have been examined. Hypothetical models of coordinative polymers formed in sol-gel system have been
suggested. It has been shown that BST and LLT solid solutions form in one step at relatively low temperature. X-ray
diffraction confirms that the final products, which are single phases and have cubic shape, are formed at 600 and
700 °C for BST and LLT respectively. It has been found that use of thermal shock as pretreatment allows to increase
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Background

Titanates of alkaline, alkaline earth, and rare earth ele-
ments with perovskite structure are widely used in
modern technology and a range of materials with a set
of functional properties is based on them. A great at-
tention attract barium-strontium titanate (BST)-based
dielectrics [1, 2] and lanthanum-lithium titanate-based
ionic conductors [3, 4].

Ba;_,Sr, TiO3 (BST) solid solutions are promising
candidates for applications in electro-optical devices,
MEMs, tunable microwave devices, and multilayer ca-
pacitors (MLCCs) [5, 6].

Among the ionic conductors, LagsLig5sTiO3 (lanthanum-
lithium titanate (LLT)) with defect perovskite structure
attracts a great interest. A high lithium-ionic conduction
of LLT allows to involve them in the development of
electrochemical energy source components [4].

The conventional technique for Ba;_,Sr,TiO; and
LagsLig5TiO3 preparation involves reaction in the solid
phase at temperatures around 1000 +°C [5, 6]. This
method however does not allow to achieve single phase
and sufficient chemical homogeneity that could impair
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functional properties of materials [7, 8]. Besides, high
calcination temperature leads to uncontrolled particle
growth, and therefore, high temperature is required for
their sintering [9]. In the case of LagysLip5TiO3, high
temperature of sintering results in lithium evaporation
and stoichiometry deviation [10]. At the same time,
phase and chemical homogeneity of these materials
could be improved by using Pechini method [11, 12].
Pechini method allows to produce gels which could be
used for producing thin films of materials based of BST
and LLT. BST thin films are very promising for micro-
wave tunable applications due to the low tuning voltages
and the relatively low production cost [8]. In the case
of LLT-based materials, thin film production gives pos-
sibilities to develop miniaturized batteries for different
technical and medical applications [13, 14].

Pechini method are widely used for synthesis of BST
and LLT materials. However, there are only a few re-
search works [15, 16], devoted to the study of chemical
processes and phase transformations in the chain: initial
reagents—solution system (metal containing polymeric
gel)—precursor—final material [11, 17, 18]. Besides, there
are not enough information about optimal thin film
deposition and annealing conditions to high film quality
achievement.

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-017-2123-8&domain=pdf
mailto:kobyljanska_s@ukr.net
http://creativecommons.org/licenses/by/4.0/

Suslov et al. Nanoscale Research Letters (2017) 12:350

The present work concerns the study of polymerization
and complexation processes accompanying BST and LLT
sol-gel solution formation, BST and LLT thin film pro-
duction via the chemical solution deposition method as
well as the impact of heat treatment on the thin film
microstructure and density.

Methods

The BaCO; (99.99% Merck), SrCO5 (99.999%, Cerac),
Li,CO3 (99.99% Merck), La,O3 (99.999%, Cerac), diiso-
propoxytitanium bis(acetylacetonate) solution (~75% in
isopropanol) (purum, Sigma-Aldrich), citric acid (CA)
(anhydrous, 99%, Merck), ethyleneglycole (EG) (99%
Sigma-Aldrich), and acetic (99-100%) and nitric (60%)
acids (both Merck) were chosen as started reagents.
Citric acid was dissolved in ethylene glycol in 1:4 molar
ratios and boiled for 1 h. In the case of BST predeter-
mined stoichiometric amounts of diisopropoxytitanium
bis(acetylacetonate) solution and solution of barium,
strontium acetates in acetic acid were added to it under
vigorous stirring. The barium, strontium, and magne-
sium acetates were prepared by dissolving weighed
amounts of BaCOj3; and SrCOj in glacial acetic acid. In
the case of LLT predetermined stoichiometric amounts
of titanium [B-dicetonate solution and solutions of lithium
and lanthanum nitrates in the nitric acid were added to
the polymeric gel. Lanthanum and lithium nitrates were
prepared by dissolving of lanthanum oxide and lithium
carbonate in nitric acid.

BST and LLT thin films were deposited on the a-Al,O5
polycrystalline substrates by spin-coating method. The
method of spin-coating involves depositing a small puddle
of previously prepared sol-gel solution onto the center of
a substrate and then spinning the substrate at high speed.
Under the influence of centrifugal force, gel evenly cover
the surface of the substrate. Application installation was
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carried out by SCI-20 (Novocontrol Technologies GmbH
& Co, KG) with the speed of rotation 3600 rpm. BST and
LLT thin films were deposited in three layers with heat
treatment between each layer. Heat treatment has been
carried out in two ways. In the first case, BST and LLT
green films have been dried at 150-200 °C for 30 min. In
the second case, thermal shock has been applied: BST and
LLT green films have been placed in a furnace preheated
to 600 °C for 30 min. This procedure was repeated before
each subsequent thin film layer deposition. After pretreat-
ment, films have been sintered in the temperature range
600-1000 °C with heating rate of 5 °C/min and then
furnace-cooled.

Phase composition of BST and LLT thin films was in-
vestigated by X-ray diffractometer DRON 4M (CuK,
radiation, SiO, calibration standard, step-scan mode
with a step size of 0.02°, and a counting time per data
point of 6 s).

SEM analysis was carried out in a JEOL JXA 840A
with magnification x50,000, x60,000, x120,000.

The 13C-NMR spectra were recorded on a Bruker
AVANCE 400 instrument. NMR spectra was performed
with solutions placed in quartz cuvette (d =1 mm). As
external standard, tetrametylsylan ((CH3),Si) was used.

Infrared spectra were measured at room temperature on
a SPECTRUM 100 PERKIN ELMER spectrometer in the
range 400-4000 cm ™. Spectra were filmed with a thin
layer of solution deposited between two plates of KBr.

Result and Discussion

Polymeric Gel Formation

According to the *C-NMR spectra (Fig. 1, curve 3),
interaction between citric acid and ethyleneglycol results
in formation of the three types of polyesters: the two
types of linear polyesters (Fig. 2, products 1 and 2) and
branched polyester (Fig. 2, product 3). The existence of
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Fig. 1 13C-NMR spectra of the polymer matrix (1) and polymer matrix with metal ions: Ti4+ (2), La3+ (3), Ba2+ (4), Sr2+ (5), Li+ (6)




Suslov et al. Nanoscale Research Letters (2017) 12:350

3500 3000 2500 2000 1500 1000 4
v, cm

Fig. 2 FT-IR-spectra of polymeric matrix (1) and polymeric matrix
with metal ions: Tid+ (2), La3+ (3), Ba2+ (4), Sr4+ (5), Li + (6)

such polymers arising from presence of the signals of
the central (174.00) and terminal (171.28) carboxyl
groups which are not involved in condensation reaction
((Fig. 1, curve 1), signals at 177.27 and 175.26 ppm in
the ">*CNMR spectra, are due to the terminal and central
ester groups of the citric polyester, respectively [11]. It is
suggested that in formed polymeric gel not involved in
polyesterification reaction, carboxyl groups are present.
Therefore, a few types of metal (La®** and Ti**) com-
plexes are possible to be formed: with terminal carboxyl
groups, central carboxyl groups, and their mixture.

Polymeric La** and Ti** Complexes Formation

In the ">*C-NMR spectrum of the Ti** (in both BST and
LLT solution systems) polymeric solutions, the shifted
peaks from 174.00 to 173.82 ppm (Fig. 1) for the ter-
minal free carboxyl groups indicate the formation of the
Ti** polyester complex, whereas Ti** ions are coordina-
tive bounded with terminal carboxyl groups. Carboxyl
groups coordination was confirmed by FT-IR spectra
(Fig. 2). In the FT-IR spectra of the polymeric gel with
Ti** ions, the splitted bands in the region 1605 and
1400 cm™" correspond to stretching vibrations of coordi-
nated carboxyl groups [19]. Given the fact that the
typical coordination number of the Ti** is 6 [20], the co-
ordinative surround of the Ti** cannot be saturated only
with carboxyl groups of the polymeric gel citric frag-
ments because of the steric features of the latests. In our
opinion, the most suitable ligand to fill the coordination
surroundings is the acetylacetone, which molecules are
present in the initial Ti** acetylacetonate. Therefore, the
hypothetical structure of possible polymeric complex
fragment of Ti** is shown in Fig. 2a. In the case of La**
addition into polymer matrix, the appearance of new
peak 173.18 ppm in the **C-NMR spectrum has been in-
dicated (Fig. 1, curve 3). These peaks can be attributed
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to coordination La®>" with both carboxyl and ester groups.
In the FT-IR spectra, strong band at 1580 cm™* confirms
the coordination La** with carboxyl groups and suggests
the high ionicity of this metal-ligand bond [21]. These
facts suggest different coordination behavior of the Ti**
and La®* cations [21].

Ba”*, Sr**, and Li* behavior

In the *C-NMR spectra (Fig. 1) of the polymeric gel
after barium and strontium acetates and lithium nitrate
addition, changes of the free carboxyl groups’ positions
of the peaks have not been detected. Moreover, any ap-
preciable changes in the IR spectra of the polymeric gel
after barium and strontium acetates and lithium nitrate
addition have not been observed too. These facts suggest
the barium, strontium, and lithium ions not be involved
in complex formation (Fig. 3).

Therefore, in the BST and LLT solid solutions by
Pechini method preparation, only Ti*" and La®** form
polymeric complexes, while the Ba**, Sr**, and Li* are
not included in the polymeric complex. However, this
fact does not lead to the polymeric gel instability: any
precipitation or turbidity of both BST and LLT poly-
meric gel systems have not been detected.

BST and LLT in Thin Film Form Formation

X-ray diffraction patterns of BST and LLT thin films, ob-
tained in the temperature range 500—700 °C respectively,
are showed in Fig. 4. According to these data, there have
not been found secondary phases in sintered films.
Moreover, any intermediate phases during sintering in
the all temperature range have not been detected. There-
fore, both of BST and LLT perovskite phase formation
occurs in one step. Eventually, this fact contributes to
the BST and LLT thin films with high chemical and
phase homogeneity achievement. Obtained thin films
can be satisfy described as a cubic with lattice parameter
a=3.965 A and tetragonal with lattice parameters a =
5482 A and ¢ =7.746 A for BST and LLT respectively.

Fig. 3 Hypothetical structure of the heterometalic La3+ (a) and
Ti4+ (b)—polymeric complex fragments derived from 13C-NMR
and FT-IR spectra
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Fig. 4 X-ray diffraction patterns of a-Al203 substrate (1) and the thin
films after heat treatment at different temperatures. a BST: 2—500,
3—600, and 4—900 °C. b LLT: 2—500, 3—700, and 4—900 °C
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Heat Treatment Effect on the BST and LLT Thin Film
Microstructure

The heat treatment of films are much more complicated
than of ceramic with the same composition. The green
tape of thin films contain more than 95% organic com-
pounds (polymeric complexes and EG as a solvent). The
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heat treatment of thick films should be carried out in
several stages, where the first stage is necessary to re-
move organic components (annealing or pretreatment),
and the second—for sintering grains (sintering of films).
The first stage is particularly important. Annealing of
the films can be realized by two ways: slow heating at
150-200 °C or fast heating at 600 °C (thermal shock).
Sintering of films were made by slow heating rate (60 °C/h)
till 800—-1000 °C.

According to microstructural studies, a significant im-
pact on the microstructure heat treatment regimes were
found. In the case of dying at 150-200 °C, a great number
of different defects such as porous, cracks, and exfoliation
from the substrate for BST and LLT thin films have been
observed (Fig. 5a, d). These defect appearance can be at-
tributed to the deformations of the polymer component
framework—citric polyester—as a result of light boiling
components of gel (ethylene glycol, acetylacetone, and
acetic acid) evaporation and polyester concentration.

Other way was a rapid heating (thermal shock) at
500-600 °C for pyrolysis of organic components. It has
been shown that applying thermal shock allows to im-
prove the BST and LLT film microstructure significantly
(Fig. 5b, e). Microstructure quality enhancing via thermal
shock can be explained as a result of thin film structure
fixation which related with the fast organic compound de-
struction. The thickness of BST and LLT thin films were
of 450-500 and 700-750 nm respectively (Fig. 5¢).

Conclusions

Polyesterification and complexation processes accom-
panying BST and LLT sol-gel solution formation have
been studied. It has been shown that only Ti** and La®*
take part in polymeric complexes formation. Ba®*, Sr**,
and Li* are not included in polymeric complexes. Ti**

obtained via slow drying and with thermal shock usage (b, ¢, e, f)

Fig. 5 SEM-images of BST (a—c) and LLT (d—f) thin film surface (a, b, d, ) and cross sections (c, f), where thin films a (c) and d (f) have been
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and La®*" polymeric complexes hypothetical structure
have been suggested. BST and LLT phases in thin film
form have been shown to form in one step at relatively
low temperatures: 600 and 700 °C for BST and LLT re-
spectively. It have been found that use of thermal shock
in both of BST and LLT thin film production allows to
reduce the appearance of pores and cracks significantly.

Abbreviations
BST: Barium-strontium titanate; CA: Citric acid; EG: Ethyleneglycole;
LLT: Lanthanum-lithium titanate

Acknowledgements
This work was partially supported by the NATO “Science for Peace” Grant;
project NATO SfP 984091 — Tunable materials

Authors’ Contributions

AS and SK carried out the experimental work about synthesis of films and
drafted the manuscript. VT performed the NMR investigations. AS, SK, and
DD analyzed and interpreted the data. OO, BJ, and AG modified the first
version of the draft and after revision. AG supervised the work and finalized
the manuscript. All authors read and approved the final manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

V1. Vernadskii Institute of General and Inorganic Chemistry of NAS of
Ukraine, 32/34 Palladina Ave., 03680 Kyiv, Ukraine. 2G. V. Kurdyumov Institute
for Metal Physics of the N.AS. of Ukraine, Kyiv, Ukraine. *Jozef Stefan Institute,
Jamova 39, 1000, Ljubljana, Slovenia.

Received: 1 December 2016 Accepted: 3 May 2017
Published online: 12 May 2017

References
1. Fesenko EG (1972) The family of perovskite and ferroelectricity. Asomizdat,
Moscow

2. George JP, Beeckman J, WoestenborghsW SPF, Bogaerts W, Neyts K (2013)
Preferentially oriented BaTiOs thin films deposited on silicon with thin
intermediate buffer layers. Nanoscale Res Lett 8:62

3. van Schalkwijk W, Scrosati B (eds) (2002) Advances in lithium-ion batteries.
Springer, US

. Park CR (ed) (2010) Lithium-ion batteries. InTech

5. Tagantsev AK, Sherman VO, Astafiev KF (2003) Ferroelectric materials for
microwave tunable applications. J Electroceramics 11:5-66

6. Belous AG, Novitskaya GN, Polyanetskaya SV, Gornikov Y1 (1987) Investigation
into complex oxides of Layys xLis,TiO3 composition. Inorg Mater 3:470-472

7. Belous A, Yanchevskiy O, V'yunovO BO, Bohnke C, Le Berre F, Fourquet J-L
(2004) Peculiarities of LigsLagsTiOs formation during the synthesis by solid-
state reaction or precipitation from solutions. Chem Mater 16:407-417

8. Kutty TRN, Padmini P (1992) Wet chemical formation of nanoparticles
of binary perovskites through isothermal gel to crystallite conversion.
Mater Res Bull 27:945-952

9. Okazaki K (1992) Ceramic engineering for dielectrics, 4th edn. Gakkensha,
Tokyo

10. Popovici IC, Chirila E, Popescu V, Ciupina V, Prodan G (2007) Sol-gel
preparation and characterization of perovskite lanthanum lithium titanate.
J Mater Sci 42:3373-3377

11, Kakihana MJ (1996) Invited review “sol-gel” preparation of high temperature
superconducting oxides. J Sol-Gel Sci Technol 6:7-55

12. Adikary SU, Chan HLW (2003) Ferroelectric and dielectric properties of sol-gel
derived Ba,SryTiO5 thin films. Thin Solid Films 424:70-74

20.

21.

Page 5 of 5

Kiyotaka W (2004) Thin film materials technology: sputtering of compound
materials: William Andrew Pub. Springer-Verlag Berlin Heidelberg http://
www springer.com/us/book/9783642059315

Oudenhoven JFM, Baggetto L, Peter HL (2011) All-solid-state lithium-ion
microbatteries: a review of various three-dimensional concepts. Adv
Energy Mater 1:10-33

Panagiotidis P, Kefalas ET, Raptopoulou CP, Terzis A, Mavromoustakos T,
Salifoglou A (2008) Delving into the complex picture of Ti(IV)-citrate
speciation in aqueous media: synthetic, structural, and electrochemical
considerations in mononuclear Ti(IV) complexes containing variably
deprotonated citrate ligands. Inorg Chim Acta 361:2210-2224

Deng Y-F, Zhang H-L, Hong Q-M, Weng W-Z, Wan H-L, Zhou Z-H (2007)
Titanium-based mixed oxides from a series of titanium (V) citrate complexes.
J Solid State Chem 180:3152-3159

Milanova MM, Araudov MG, Getsova MM, Todorovsky DS (1998) Preparation
and characterization of solid state lanthanum-titanium citrate complexes.
J Alloys Compd 264:95-103

Todorovsky DS, Getsova MM, Wawer |, Stefanov P, Enchev V (2004) On
the chemical nature of lanthanum-titanium citric complexes, precursors
of La,Ti,O;. Mater Lett 58:3559-3563

Nakamoto K (2009) infrared and raman spectra of inorganic and
coordination compounds: Part B: applications in coordination,
organometallic, and bioinorganic chemistry. Wiley-Interscience: New York
http//eu.wiley.com/WileyCDA/WileyTitle/productCd-047174493X html
Bailar JC, Emeléus HJ, Sir NR, Trotman-Dickenson AF (eds) (1973)
Comprehensive inorganic chemistry. Pergamon Press, Oxford
Vanhoyland G, Pagnaer J, D'Haen J, Mullens S, Mullens J (2005)
Characterization and structural study of lanthanum citrate trihydrate
[La(CeHs07)(H,0),] - H,0. J Solid State Chem 178:166-171

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://www.springer.com/us/book/9783642059315
http://www.springer.com/us/book/9783642059315
http://eu.wiley.com/WileyCDA/WileyTitle/productCd-047174493X.html

	Abstract
	Background
	Methods
	Result and Discussion
	Polymeric Gel Formation
	Polymeric La3+ and Ti4+ Complexes Formation
	Ba2+, Sr2+, and Li+ behavior
	BST and LLT in Thin Film Form Formation
	Heat Treatment Effect on the BST and LLT Thin Film Microstructure

	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

