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Barium titanate particles (100-300 nm) synthesized by hydrothermal method were dispersed in
both polyvinyl alcohol (PVA) and ethylcellulose (EC) solutions. These suspensions were processed
by electrospinning. When no particles were added, homogeneous polymeric nanofibers were obtained.
Under certain conditions, polymeric suspensions of barium titanate particles were electrospun
generating polymeric fibers with BT particles. The effect of a surfactant was also assessed over the
formation of nanofibers. The BaTiO, particles synthesized by hydrothermal method were characterized
by X-Ray diffraction (XRD), field emission-scanning electron microscopy (FE-SEM), transmission
electron microscopy (TEM) and Raman spectroscopy. Fibers were characterized by scanning electron

microscopy (SEM).
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1. Introduction

Barium titanate (BaTiO, or BT) is widely used as
dielectric material in ceramics capacitors'. Among the many
crystallographic forms, the tetragonal phase is ferroelectric
and it has a high dielectric constant at about 130 °C, above
which, the unit cell transforms into a paraelectric cubic
structure??.

Material properties are affected by the different
synthesis routes. Many methods have been used to
prepare BT powders such as sol-gel*¢, hydrothermal”™ and
mechanochemical activation'’. The hydrothermal method
may give an alternative route to synthesize oxide powder
with controlled characteristics in one-step process, by means
of an aqueous systems and relatively low temperatures.
Nevertheless, BT powder synthesized under hydrothermal
conditions with good crystallinity has ultrafine particle
size and narrow size distributions''. However, BT powders
prepared by conventional hydrothermal method, often
exhibit a higher degree of tetragonality than that of BT
obtained by other aqueous chemical methods®!?. Dutta et al.
reported that barium chloride favors tetragonal phase
compared with other barium precursors® and Pinceloup et al.
studied the mechanism of BT formation starting from
titanium alcoxides dissolved in organic solvents’. Alternative
solvothermal methods have strong influence on the crystal
growth and dispersability of particles by using organic
solvents instead of water solvent'. Based on these studies,
the hydro-solvothermal may be a proper method for the
synthesis of BT particles.

On the other hand, electrospinning has been recognized
as an efficient technique to make polymeric nanofibers'. In
the last decade, materials based on organic and inorganic
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species at a nanoscale have been developed by many
researchers, among them, Shao et al. reported the preparation
of nanofibers of poly(vinyl alcohol)/silica composite',
and Bai et al. obtained composite nanofibers of PVA and
gold nanoparticles by electrospinning'®. Highly magnetic
composite nanofibers (Fe,O,/PVA) were also prepared
by this technique'”. In this work ethylcellulose was used
because of its solubility in several organic solvents, easy
burn and harmless as well as its little abrasiveness during
processing'®. Also, functional groups on the surface of BT
particles surface interact through hydrogen bonds with this
polymer. The other selected polymer was PVA. In addition,
the surfactant effect on dispersions is assessed by using
Triton, a non-ionic-surfactant.

2. Experimental Procedure

2.1. Hydrothermal Synthesis (HT)

The barium titanate synthesis was carried out according
to previous work®. Briefly, titanium isopropoxide (TIP, 97%,
Aldrich) was dissolved in absolute ethanol and stabilized
with anhydrous acetic acid (Cicarelli, 99.5%). The TIP sol
was added to a BaCl,-2H,0 (Mathson Colem & Bell, 99%)
aqueous solution with the Ba/Ti ratio equal to 1.1. The pH
was fixed at 14 by the addition of a KOH solution. The
mixture was transferred into a PTFE-lined stainless steel
vessel for hydrothermal treatment at 180 °C in a silicon oil
bath with constant stirring. After 24 hours, the reactor was
left to naturally cool to room temperature inside the oil bath.
The resulting dispersions were washed with acetic acid in
order to remove barium excess. After washing several times
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with water, powders were left overnight at 60 °C for drying.
The final product was characterized by X-ray diffraction
(XRD, PANalytical X’Pert), field-emission scanning
electron microscopy (FE-SEM, Zeiss Supra 35), Raman
spectroscopy (Renishaw in Via, 514 nm Ar-ion laser) and
transmission electron microscopy (TEM).

2.2. BT dispersions for electrospinning

The obtained BT dry powders were dispersed in
polyvinyl alcohol (PVA) and ethylcellulose solutions. A
polyvinyl alcohol (PVA 77-79 kDa, J.T. Baker, 99-99.8%)
10% wt./v solution was prepared in distilled water at
80 °C with constant stirring to promote dissolution. Once
cooled to room temperature, BT was added in 4-5.5% wt.
to the polymeric solution under vigorous stirring.
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Simultaneously, an ethylcellulose (EC, Fluka, 48-49.5%
ethoxyl groups) 13% wt./v solution was prepared in a
solvent mixture of tetrahydrofurane (THF, Anedra, 99.9%)
and N,N-dimethylformamide (DMF, Cicarelli, 99.8%) in
a 20:80 ratio. BT particles were added to this solution in
a29.5% wt./v under stirring. Both PVA and ethylcellulose
dispersions were treated with an ultrasonic probe at 300 W
and 24 kHz for 30 minutes to ensure mixing. The effect of
dispersing Triton X-100 (Aldrich) was also studied.

2.3. Electrospining procedure

A Gamma High Voltage Research (0-30 kV) power
supply was connected to a stainless steel needle attached to a
plastic syringe containing the BT-PVP or BT-EC dispersions.
The applied voltage between the needle and the metallic
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Figure 1. a) X-ray diffraction pattern of the synthesized BT powder, and b) corresponding Raman spectrum.

Figure 2. a) FE-SEM and b) TEM images of BaTiO; particles as obtained by HT synthesis.
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Figure 3. SEM images of a) PVA/HZO; voltage: 18 kV; flow rate: 0.2 mL/h; distance: 12 cm; without Triton. b) Idem with Triton.
¢) EC/THF/DMF; 13 kV; 0.5 mL/h; 10 cm without Triton. d) Idem with Triton. Notice that the electrospinning conditions for fiber forming

are different for each polymeric system.

collector was 10-20 kV with a constant distance between
them of 10-12 cm. The dispersion flow was controlled by
means of a syringe pump (AcTIVA Prestige-equipment)
which fed the mixture at rates from 0.2 to 0.5 mL/h.

3. Results and Discussions

Figure 1(a) shows the X-ray diffraction pattern of the
BT powder obtained by hydrothermal synthesis at 180 °C
for 24 hours. The characteristic split of the (200) peak is not
observed, which indicates that the material did not crystallize
in the tetragonal phase. This figure also shows the matching
with the JCPDS 075-0212 file from cubic BaTiO,. On the
other hand, the results from Raman spectroscopy shown
in Figure 1b, revealed certain degree of tetragonality. The
narrow bands at 185 cm™ [A (TO), E(LO)] and 308 cm™
[B,, E(TO +LO)], and the broad bands at 248 cm™', 518 cm!
and 714 cm™, associated with vibration modes [A (TO)],
[A,,E(TO)] and [A ,E(LO)], respectively'**, confirmed the
presence of the BT tetragonal phase. The phase purity is also
confirmed in this spectrum, in which only the characteristic
bands of BaTiO, are observed.
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Figure 4. SEM images of PVA/H,0O; voltage: 18 kV; flow rate:
0.2-0.5 mL/h; distance: 10 cm; BT content: 4,7% wt.

Figure 2 shows the FE-SEM and TEM images of the
synthesized powder. The BT particles are almost spherical
with sizes in the 100-300 nm range. However, some particles
exhibit slightly beveled edges which can be explained by
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Figure 5. SEM images of a) EC/THF/DMF 20/80; voltage: 13 kV; flow rate: 0.2-0.4 mL/h; distance: 10 cm; BT content: 29,5% wt.,

b) without BT.

the preferred formation of frame cubic growth units of BT
in a solution with 1.1:1 Ba/Ti molar ratio®'. Also, most of
particles have smooth surfaces and slight depressions, which
were originated by the particle formation mechanism after
the fusion of former smaller particles during the synthesis
process as discussed in’.

Figure 3 shows the effect of Triton on the PVA and
EC fibers (without BT particles). The surfactant had a
deleterious effect on PVA fiber forming. Among other
causes, fibers remained wet when reaching the collector.
On the other hand, Triton did not modify significantly the
EC fibers.

The addition of BT powder to PVA solution, Figure 4,
shows that particles are not uniformly distributed within
the polymeric matrix, generating few interconnected
agglomerates supported by polymer fibers.

Figure 5 (a) shows EC fibers with BT particles. Although
particles are agglomerated, they are well distributed in
the fiber mat. A higher amount of particles (29.5% wt.)

References

1. Dutta KP, Asiaie R, Akbar SA and Zhu W. Hydrothermal
Synthesis and Dielectric Properties of Tetragonal BaTiO,.
Chemistry of Materials. 1994; 6(9):1542-1548. http://dx.doi.
org/10.1021/cm00045a01 1

2. Petrovsky V, Petrovsky T, Kamlapurkar S and Dogan F.
Dielectric Constant of Barium Titanate Powders near
Curie Temperature. Journal of the American Ceramic
Society. 2008; 91(11):3590-3592. http://dx.doi.org/10.1111/
j-1551-2916.2008.02693.x

3. Avila HA, Ramajo L, Reboredo MM, Castro MS and Parra
R. Hydrothermal Synthesis of BaTiO, from Different Ti-
precursors and Microstructural and Electrical Properties of
Sintered Samples with Submicrometric Grain Size. Ceramics
International. 2011; 37(7) :2383-2390. http://dx.doi.
org/10.1016/j.ceramint.2011.03.032

4. LiB, Wang X and Li L. Synthesis and Sintering Behavior of
BaTiO, Prepared by Different Chemical Methods. Materials

was added to this system with respect to the PVA fibers.
Figure 5 (b) shows EC fibers without BT particles obtained
under the same processing conditions.

Further work is needed in order to obtain fibers with
particles not agglomerated and aligned in the fiber direction.

4. Conclusions

The hydrothermal method produced crystalline tetragonal
barium titanate as determined by Raman spectroscopy. The
powder consisted of particles with spheroidal morphology
and homogeneous size. Electrospinning is an effective
process for the formation of nanofibers of different
polymers. PVA and EC nanofibers were obtained without
and with the addition of BT particles. The addition of Triton
X-100 was deleterious for PVA fibers, whereas it did not
modify the EC fibers. Barium Titanate-Ethylcellulose fibers,
with ceramic content of about 30% wt., showed the presence
of particles dispersed in the fiber mat.

Chemistry and Physics. 2002; 78(1):292-298. http://dx.doi.
org/10.1016/S0254-0584(02)00351-6

5. Xing X, DengJ, ChenJ and Liu G. Phase Evolution of Barium
Titanate from Alkoxide Gel-derived Precursor. Journal of
Alloys and Compounds. 2004; 384(1-2):312-317. http://dx.doi.
org/10.1016/j.jallcom.2004.06.062

6. Kavian R and Saidi A. Sol-Gel derived BaTiO, Nanopowders.
Journal of Alloys and Compounds. 2009; 468(1-2):528-532.
http://dx.doi.org/10.1016/j.jallcom.2008.01.045

7. Pinceloup P, Courtois C, Vicens J, Leriche A and Thierry
B. Evidence of a Dissolution-Precipitation Mechanism in
Hydrothermal Synthesis of Barium Titanate Powders. Journal
of the European Ceramic Society. 1999; 19(6-7):973-977.
http://dx.doi.org/10.1016/S0955-2219(98)00356-2

8. Hirasawa M, Kajiyoshi K and Yanagisawa K. Hydrothermal
Soft Chemical Synthesis and Particle Morphology Control
of BaTiO, in Surfactant Solutions. Journal of the American
Ceramic Society. 2005; 88(6):1415-1420. http://dx.doi.
org/10.1111/j.1551-2916.2005.00298.x


http://dx.doi.org/10.1021/cm00045a011
http://dx.doi.org/10.1021/cm00045a011
http://dx.doi.org/10.1111/j.1551-2916.2008.02693.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02693.x
http://dx.doi.org/10.1016/j.ceramint.2011.03.032
http://dx.doi.org/10.1016/j.ceramint.2011.03.032
http://dx.doi.org/10.1016/S0254-0584(02)00351-6
http://dx.doi.org/10.1016/S0254-0584(02)00351-6
http://dx.doi.org/10.1016/j.jallcom.2004.06.062
http://dx.doi.org/10.1016/j.jallcom.2004.06.062
http://dx.doi.org/10.1016/j.jallcom.2008.01.045
http://dx.doi.org/10.1016/S0955-2219(98)00356-2
http://dx.doi.org/10.1111/j.1551-2916.2005.00298.x
http://dx.doi.org/10.1111/j.1551-2916.2005.00298.x

2013; 16(4)

10.

11.

13.

14.

15.

Dutta PK and Gregg JR. Hydrothermal Synthesis of Tetragonal
Barium Titanate. Chemistry of Materials. 1992; 4(4):843-846.
http://dx.doi.org/10.1021/cm00022a019

Xue J, Wang J and Wan D. Nanosized Barium Titanate
Powder by Mechanical Activation. Journal of the American
Ceramic Society. 2000; 83(1):232-234. http://dx.doi.
org/10.1111/j.1151-2916.2000.tb01179.x

Joshi UA, Yoon S, Baik S and Lee JS. Surfactant-Free
Hydrothermal Synthesis of Hightly Tetragonal Barium Titanate
Nanowires: A Structural Investigation. Journal of Physical
Chemistry B. 2006; 110(25):12249-12256. http://dx.doi.
org/10.1021/jp0600110

. Kubo T, Hogiri M, Kagata H and Nakahira A. Synthesis of Nano-

sized BaTiO, by the Rotary-Hydrothermal Process. Journal of
the American Ceramic Society.2009;92(S1):S172-S176. http://
dx.doi.org/10.1111/j.1551-2916.2008.02739.x

Wei X, Xu G, RenZ, Wang Y, Shen G and Han G. Synthesis of
Highly Dispersed Barium Titanate Nanoparticles by a Novel
Solvothermal Method, Journal of the American Ceramic
Society.2008;91(1):315-318. http://dx.doi.org/10.1111/j.1551-
2916.2007.02098.x

Huang ZM, Zhang YZ, Kotaki M and Ramakrishma S. A
Review on Polymer Nanofibers by Electrospinning and
Their Applications in Nanocomposites. Composites Science
and Technology. 2003; 63(15):2223-2253. http://dx.doi.
org/10.1016/S0266-3538(03)00178-7

Shao C, Kim HY, Gong J, Ding B, Lee DR and Park SJ.
Fibers Mats of Poly(vinyl alcohol)/Silica Composite Via
Electrospinning. Materials Letters. 2003; 57(9-10):1579-1584.
http://dx.doi.org/10.1016/S0167-577X(02)01036-4

Nanofibers Obtained by Electrospinning of BaTiO, Particles Dispersed in Polyvinyl Alcohol and Ethylcellulose

16.

17.

18.

19.

20.

21.

843

BailJ, LiY, Yang S, DuJ, Wang S, Zheng J et al. A Simple and
Effective Route for the Preparation of Poly(vinyl alcohol) (PVA)
Nanofibers Containing Gold Nanoparticles by Electrospinning
Method. Solid State Communications. 2008; 141(5):292-295.
http://dx.doi.org/10.1016/j.s5¢.2006.10.024

Wang S, Wang C, Zhang B, SunZ, Li Z, Jiang X et al. Preparation
of Fe,0,/PVA Nanofibers Via Combining In-situ Composite
with Electrospinning. Materials Letters. 2010; 64(1):9-11.
http://dx.doi.org/10.1016/j.matlet.2009.09.043

Sui X, Yuan J, Yuan W and Zhou M. Preparation of Cellulose
Nanofibers/Nanoparticles via Electrospray. Chemistry
Letters. 2008; 37(1):114-115. http://dx.doi.org/10.1246/
cl.2008.114

Clark 1J, Takeuchi T, Ohtori N and Sinclair DC. Hydrothermal
Synthesis and Characterization of BaTiO, Fine Powders:
Precursors, Polymorphismo and Properties. Journal of
Materials Chemistry. 1999; 9(1):83-91. http://dx.doi.
org/10.1039/a805756g

Zhu X, Wang J, Zhang Z, Zhu J, Zhou S, Liu Z et al. Atomic-
Scale Characterization of Barium Titanate Powders Formed by
the Hydrothermal Process. Journal of the American Ceramic
Society. 2008; 91(3):10021008. http://dx.doi.org/10.1111/
j-1551-2916.2007.02227 x

Zhu X, Zhang Z, Zhu J, Zhou S and Liu Z. Morphology and
atomic-scale surface structure of barium titanate nanocrystals
formed at hydrothermal conditions. Journal of Crystal
Growth.2009; 311(8):2437-2442. http://dx.doi.org/10.1016/].
jerysgro.2009.02.016


http://dx.doi.org/10.1021/cm00022a019
http://dx.doi.org/10.1111/j.1151-2916.2000.tb01179.x
http://dx.doi.org/10.1111/j.1151-2916.2000.tb01179.x
http://dx.doi.org/10.1021/jp0600110
http://dx.doi.org/10.1021/jp0600110
http://dx.doi.org/10.1111/j.1551-2916.2008.02739.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02739.x
http://dx.doi.org/10.1111/j.1551-2916.2007.02098.x
http://dx.doi.org/10.1111/j.1551-2916.2007.02098.x
http://dx.doi.org/10.1016/S0266-3538(03)00178-7
http://dx.doi.org/10.1016/S0266-3538(03)00178-7
http://dx.doi.org/10.1016/S0167-577X(02)01036-4
http://dx.doi.org/10.1016/j.ssc.2006.10.024
http://dx.doi.org/10.1016/j.matlet.2009.09.043
http://dx.doi.org/10.1246/cl.2008.114
http://dx.doi.org/10.1246/cl.2008.114
http://dx.doi.org/10.1039/a805756g
http://dx.doi.org/10.1039/a805756g
http://dx.doi.org/10.1111/j.1551-2916.2007.02227.x
http://dx.doi.org/10.1111/j.1551-2916.2007.02227.x
http://dx.doi.org/10.1016/j.jcrysgro.2009.02.016
http://dx.doi.org/10.1016/j.jcrysgro.2009.02.016

