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Abstract

The preparation of homogeneous SrTiO; nanofibers has been difficult and there are few publications in this field.
In this research, consistent structures of strontium titanate ceramic fibers were obtained using an easy sol-gel and
electrospinning methodology, giving an alternative for preparing ceramics in the form of fibrillar membranes. Two
sol-gel solutions starting from Strontium nitrate and titanium tetraisopropoxyde were prepared and then mixed and
homogenized with polyvinylpyrrolidone polymeric solution. The green fibers obtained from the ceramic precursors
had a diameter of 140 to 180 nm. At 1000 °C the shape of fibers was preserved, with mean diameter of 103£39 nm.
Based on the thermal analysis, the phase transition from tetragonal titanium oxide to the perovskite structure of
strontium titanate was determined to take place at 800 °C. By infrared spectroscopy, Raman spectroscopy and X-ray
diffraction analysis, it was determined that ceramic fibers at 1200 °C had a perovskite structure characteristic of

strontium titanate.
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I. Introduction

Strontium titanate is a ceramic material, of the perovskite
family, with semiconductor properties attributed to ti-
tanium oxide and amplified by addition of strontium 1.
Consequently, strontium titanate is used in the fabrication
of electronic components. Since 1955 this ceramic is em-
ployed as gemstone 2. However, the use of strontium ti-
tanate for manufacturing electronic components such as
optical sensors, RAM, and transistors just gained atten-
tion at early 2000. Demand of strontium titanate has in-
creased considerably. However, common processes used
for obtaining this ceramic, for instance, Vermeuil method
and mechanical milling, are slow and expensive. The first
method (Vermeuil) requires high temperatures to obtain
crystals, while by using the second (mechanical milling)
ceramic powders are obtained 1-2. Therefore, addition-
al processes, such as pressing and sintering, are applied
to these powders. Furthermore, the fabrication of diverse
or complex structures requires further processing (extrac-
tion, preparation of slurries, drying and firing), increasing
production costs.

As a result, the development of new synthesis and pro-
cessing routes have gained interest. An important tech-
nique for the fabrication of advanced ceramic materials is
the sol-gel process. This method improves the consolida-
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tion of green bodies at room temperature, reducing costs
and processing times. Recently, there has been an intense
research effort on electrospinning of ceramics, however,
we were not able to find many reports on the synthesis
of homogenous strontium titanate nanofibers by electro-
spinning 2-8. Perovskite fibers with a general formula of
ABOj, such as SrTiO; have wide applications in various
tields. Among them, SrTiO5 is of greatinterest in the fields
of substrates for thin film growth, water splitting cataly-
sis, electronic devices and photocatalytic degradation of
organic pollutants 1-2,9-11,

Electrospinning is a simple and useful method for the
fabrication of complex structures consisting of continu-
ous fibers. Moreover, electrospinning is a simple and ver-
satile technique, which can be used to obtain fibers with
diameters down to tens of nanometers. Long, thin, solid
fibers can be generated as the electrified jet is continuously
stretched by electrostatic forces 2-8,12-15 The morpholo-
gy of electrospun fibers can be controlled by adjusting ex-
perimental parameters, such as the precursor solution con-
centration (viscosity), the type of spinneret, voltage and
spinneret-collector distance. In this work, the preparation
of precursor fibers by electrospinning of metal-organic so-
lutions is reported. Processing parameters such as voltage,
feedingrate, and needle-collector distance were optimized
to obtain continuous fibers without defects. Furthermore,
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as-spun samples were treated thermally to obtain dense
strontium titanate fibers.

II. Materials and Methods

Sol-gel was prepared by dissolving 0.2 g of Strontium
nitrate St(NO3), (Alfa Aesar 99%) and 3 mL of Acetic
acid (Alfa Aesar) in deionized water. This solution was
stirred magnetically for 1 h. Next, 0.6 mL of Titanium
tetraisopropoxyde Cq,H,504Ti (Sigma Aldrich 97%)
were added dropwise and the solution (final Sr:Ti molar
ratio was 1:1) was stirred for 1 h. Simultaneously, 3 mL
of a 10% Polyvinyl pyrrolidone PVP (Alfa Aesar Mw
1,300,000) solution were prepared using ethanol (Jalmek
99.5%) as solvent. This solution was added to sol-gel and
homogenized for 1 h. Two precursor solutions of 0.3 M
concentration were used in electrospinning. The M1 sam-
ple was used as prepared, while the M2 was used after
aging for 24 h. The precursor solutions were transferred
to a 10 mL glass syringe (Fortuna ® Optima ®) with a
steel needle and placed in a KD Scientific 230 injection
pump. Needle-collector distance of 10 cm was used dur-
ing electrospinning process. Feeding rate was 12 pL/min,
while voltage was 9 kV. Fibers were collected on a ro-
tating drum covered with aluminum foil. Environmental
parameters during electrospinning process were 21°C
and 30% for Temperature and Relative Humidity, respec-
tively. Characterization of as-spun fibers was carried out
by Fourier Transformed Infrared Spectroscopy with a
Bruker Alpha Platinum ATR instrument by Attenuated
Total Reflection technique, with 40 scans and resolution
of 4cm-! Morphology, diameters and Energy dispersive
X-ray spectroscopy (EDX) were determined by Scanning
Electron Microscopy with an instrument JEOL JSM-6010
PLUS/LA. Thermogravimetric analysis (TGA), Differen-
tial Thermal Analysis (DTA), and Differential Scanning
Calorimetry (DSC) were carried out with a SDT Q600
V20.9 build 20 instrument using a 10 K/min heating rate.
The thermal treatment applied to as-spun samples for ob-
taining dense ceramic fibers consisted in four different
stages at 800, 1000, 1200 and 1400 °C. The treated samples
were characterized by FTIR, SEM, Raman spectroscopy
using a 532 nm laser scanning an area of 5 um, and crys-
talline phases were identified by XRD with a X’Pert PRO
PANalytical diffractometer (CuKaq, 35 kV, 25 mA) with
scanning range from 20 to 80° and 2°/min scan speed.

III. Results and Discussion

(1) Preparation of precursor solutions

Different issues were observed during the preparation of
precursor solutions. Strontium nitrate is partially soluble
in acetic acid and ethanol, so it was necessary to add wa-
ter to obtain the precursor solutions. This step differs from
Macaraiget al. 1. However, the amount of water that can be
used is limited, because titanium tetraisopropoxide might
form gels. This issue was overcome by dissolving stron-
tium nitrate in water before addition of acetic acid. After
this, the time required for preparation and homogeniza-
tion decreased. The use of strong acid improved hydrol-
ysis of alcoxides, as reported by Llano et al. 9. The dis-
solution of titanium tetraisopropoxide was faster than us-

ing acetic acid. However, concentrated hydrochloric acid
reacted with PVP and caused its peptization, as described
by Yoshida and Prasad 10. Diluted acid was used to avoid
polymer peptization, but the resulting sol-gel was not suit-
able for electrospinning. A 0.25 M was prepared, accord-
ing to works reported by Macaraig et al. 1, to improve the
structure of green fibers, yet not important changes were
observed. As a result, a solution of higher concentration
was chosen. 0.3 M was selected as the maximum concentra-
tion because solubility of strontium titanate in water is low
and precipitates may form, as reported by Wang ez al. 11.
Concerning this issue, it has been previously reported that
precursor concentration is a crucial parameter for the effi-
cient preparation of fibers by electrospinning and sol-gel
because it affects viscosity and surface tension. In the spe-
cific case of ceramics, it has been observed that character-
istics like diameter, grain growth rate, and sinterability are
influenced by concentration values. The effects of concen-
tration on fibrous morphology are caused by the accumu-
lation of higher electric charge once voltage was applied
due to the abundance of solutes 1215,

Fig. 1 shows SEM images of as-spun fibers prepared us-
ing precursor solution M1. In the image at 5,000X (fig.
1a), beads with irregular shape were observed. These de-
fects are generated by the increase in viscosity due to poly-
merization of ceramic precursor during sol-gel process. At
20,000X (fig. 1b), it was observed that the obtained sam-
ples consisted in continuous, uniform, non-aligned fibers,
with smooth surface and mean diameter of 140£35 nm.
EDX of samples obtained from M1 is presented in Fig. 1c.
Titanium and Strontium were present in very low propor-
tions because in this stage the precursor fibers are com-
posed mainly by polymer. EDX showed that Carbon and
Oxygen represented 61.73 and 24.60 wt%, respectively,
followed by Nitrogen (12.30 wt%). By contrast, Titanium
(1.32 wt%) and Strontium (0.05%) are present in the low-
est proportions. Signals at 1.8 and 14.14 keV correspond
to Sr atoms, while 0.45 and 4.50 keV signals belong to Ti-
tanium. Oxygen, Carbon, and Nitrogen are identified by
the signals at 0.52, 0.27 and 0.29 keV, respectively.

Fig. 2 shows samples obtained from solution M2 aged for
24 h. Clear beads of irregular shape are present in the image
at 5,000X (fig. 2a). The spherical defects observed in SEM
images were caused by instability of Taylor cone during
electrospinning 8. Another factor influencing the forma-
tion of defects is relative humidity. High percentages of en-
vironmental humidity inhibit evaporation of solvents dur-
ing the migration of precursor solution from needle tip to
collector 12. Furthermore, this parameter affects viscosi-
ty by increasing attraction between molecules. The third
factor that influenced structure and morphology of fibers
and defects is voltage. It was observed that at high volt-
ages the imperfections tend to elongate, while atlow values
defects are spherical 13. Fig. 2-b (20,000X) shows aligned
continuous fibers with mean diameter of 180£59 nm. EDX
of as-spun fibers obtained from solution M2 is shown in
Fig.2-c. In this sample, presence of peaks correspond-
ing to titanium and strontium is small, because the fibers
were composed mainly of polymer (PVP). According to
this analysis, Carbon and Oxygen represent 77.23 wt%
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Fig. 2: SEM images of as-spun green fibers obtained from M2 aged 24 h: a) 5,000X, b) 20,000X, c¢) EDX spectrum and d) Histogram.
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and 22.11 wt%, respectively. By contrast, Titanium corre-
sponded to only 0.66 wt% and strontium 0.03 wt%. Sig-
nals detected at 0.45 keV and 4.50 keV correspond to Ti-
tanium, whereas those at 0.52 keV and 0.27 keV represent
Oxygen and Carbon, respectively.

IV. Infrared Spectroscopy

Fig. 3 shows infrared spectra of as-spun green fibers M1
and M2. As observed, there are no differences between the
spectra of the two samples. At 25 °C the spectra show ab-
sorption bands related to functional groups in the PVP, a
hydroxyl stretching band of H,O is present at 3420 cm-1,
followed by C-H stretching bands at 2900 cm-1. Most
characteristic PVP bands are observed in the fingerprint
zone in the range from 1200 to 1700 cm-1. In this zone,
the stretching of carbonyl (C=0) bonds can be observed
at 1655 cm~1, while scissoring bands of methyl groups
are present at 1441, 1415 and 1379 cm~1, the characteris-
tic vibration of the C=0O group appears at 1291 cm~1, and
650 cm~! corresponds to the nitrogen of the tertiary amine
in PVP, while scissoring bending vibration of N-H bonds
is observed at 1550 cm-1. Asymmetric stretching of C-N
and C-C bonds is represented by bands placed at 1450
and 1238 cm-1, respectively. The band at 823 cm-! repre-
sents symmetric stretching of C-H bonds. All these bonds
and functional groups belong to the polymer used in the
fabrication of as-spun fibers. Inorganic species are ob-
served inthe zone between 500—800 cm1. Sr-O asymmet-
ric stretching is located at 745 cm-1. Asymmetric stretch-
ing of Ti-O-Ti and Ti-O bonds is represented by vibra-
tion bands at 680 and 560 cm-1, respectively 16-17. Vibra-
tion bands corresponding to PVP and inorganic species are
showninTable 1. As observed in the image, bands generat-
ed by hydroxyl groups (OH) are present in both samples.
These signals are caused by the water used in the prepa-
ration of the precursor sol-gel. PVP bands show the same
intensities because the concentration used was constant.

Table 1: Characteristic infrared vibration bands of PVP
and inorganic species.

Wavenumber (cm-1) Bonds
1640 C=0V;
1550 NH, 5
1450 C— N—CV,
1238 C—CV,
823 C—HYV,
745 Sr— OV,
680 Ti— O — Ti V
560 Ti— OV,

dscissoring bending; V,  asymmetric stretching; V sym-
metric stretching
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Fig. 3: Infrared spectra of as-spun green fibers obtained using solu-
tions M1 and M2. Characteristic bands of strontium titanate can be
observed.

V. Thermal Analyses

Thermogravimetric analysis (TGA) of fibers obtained
from solution M1 is shown in Fig. 4. The first weight loss
of 18% occurs from 20-200 °C and is caused by the elim-
ination of structural water. Thermal decomposition of
organic matter and generation of CO, took place between
350 and 480 °C with weightloss of 43%, with an inflection
point at 425 °C. The maximum weight loss is observed at
640 °C, which represents the elimination of N, and the
complete thermal decomposition of organic material, cor-
responding to a weight loss of 50%. The analysis reveals
that after heat treatment under a temperature of 900 °C,
the composite loses up to 50% of its weight. Weight does
not vary greatly from 640 to 1100 °C. However, after this
point sample gains 30% of weight until 1400 °C. The final
mass, representing 73% of the original value, is caused
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Fig.4: TGA (black) and DSC (blue) thermogram of as-spun fibers
obtained from MI.
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by oxidation of the ceramic material. In Fig. 4, the results
obtained by DSC are shown. Structural water was lost
between 200 and 300 °C, while decomposition of organ-
ic material was observed at 400 —480 °C with an inflection
point at 425 °C. Elimination of N, is represented by the
zone at 560 — 640 °C, with a minimum at 600 °C 1618, Sin-
tering of the ceramic material is observed as an endother-
mic peak around 1343 °C.

VI. Thermal Treatment

Fig. 5 shows infrared spectra, in the interval from
800-400cm-1, of samples treated at four different tem-
peratures. The sample obtained from solution M2 was
characterized because this precursor solution allowed a
better electrospinning and gives uniform fibers after ther-
mal treatment since the aging of the solution increases the
resistance of the fibers. The bands at 745, 680, and 540 cm-!
correspond to Sr-O v, Ti-O-Ti v, and Ti-O v, bonds,
respectively. Those bands are characteristic of Strontium
titanate 17-19. Sr-O and Ti-O-Ti bands are overlapped,
while a weak band at 560 cm! is observed at 800°C. At
1000 and 1200 °C, intensity of the band representing Ti-O
increased. By contrast, Ti-O bands are lost at 1400 °C.
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Fig.5: Amplification of infrared spectra of M2 sample treated at
different temperatures, in the range from 800—400cm-!: 800°C
(black), 1000 °C (red), 1200 °C (blue), and 1400 °C (green).

VII. Raman Spectroscopy

Fig. 6 shows Raman spectra of samples obtained from
solution M2, after thermal treatment at 800, 1000, and
1200°C. Bands between 85 and 139 cm-! correspond to
TO¢, while TO; and LO/ are represented at 240 cm-1 20,
Furthermore, LO3 and TOy, are represented by bands at
440cm! and 610cm-1, respectively. The later values are
different from previous works 29, in which LO3 and TO,
were observed at 480 cm™! and 550 cm-!. The shift in Ra-
man bands canbe attributed to TiO, impurities in samples.
This ceramic presents Raman bands located at 447 cm-!
and 612 cm1, according to Ohsaka ez al. 21. Bands shape
and intensity are influenced by type of laser used. A Stokes
shift can be generated by a 325 nm laser, causing the shift
and increment of Raman bands 22. The observed bands

are characteristic of strontium titanate with Perovskite
structure 20. Bandslocated between 80— 125 cm1 are over-
lapped because definition increases due to exposition time.
All these bands are present in the spectra, which demon-
strates that chemical bonds were not affected by the treat-
ment at three different temperatures.
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Fig. 6: Raman spectra of M2 sample treated thermally at 800, 1000
and 1200°C.

VIII. X-Ray Diffraction

X ray diffraction patterns of samples obtained from so-
lution M2 after the thermal treatment at 800, 1000 and
1200°C are shown in Fig.7. At a higher temperature of
600 °C, maximum of the organic material was removed
from the fibers according TGA and DSC analysis. Stron-
tium titanate characteristic peaks are observed at 23, 32,
40, 47, 58, 69 and 77°, which represent the planes (100),
(110), (111), (200), (210), (220), and (310), respective-
ly. 23-24, At 800 °C, the characteristic planes of perovskite
structure are observed 25. However, planes correspond-
ing to two different TiO, phases are observed, as reported
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Fig.7: XRD pattern of Strontium titanate fibers at 800 °C (black),
1000 °C (red) and 1200 °C (blue).
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by Malgahies et al. 26. At 800°C, small anatase planes
(101), (200), (105), (204), (220) are observed at 26, 48, 53,
64, and 71°, respectively [JCP:01-089-4921]. By con-
trast, rutile phase [JCP:03-065-0191] is identified by
crystallographic peaks at 27.7, 36.2, 41.7, 54.7, 56.9 and
69.2°, representing the planes (110), (101), (111), (211),
(220), and (301), according to previous reports 2728, At
1000 °C the perovskite structure characteristic of stron-
tium titanate was present in a high proportion.

However, the peaks of tetragonal TiO, (anatase) lost in-
tensity as temperature increased indicating the transition
to rutile and a greater incorporation of Ti to SrTiO3. Only
a small peak of anatase is observed at 1200 °C. In compar-
ison, intensity and definition of rutile peaks increased in
samples treated at 1000 °C because this crystalline phase
is more stable at high temperatures. However, at 1200 °C
only small peaks of both TiO, polymorph are observed
together with well-defined and intense strontium titanate
peaks 27-28,

Fig. 8 shows SEM images of sample obtained from so-
lution M2 after treating at 800 °C. At 10,000X, it was ob-
served that fibers were not aligned, and some white beads
were present (fig. 8a). The image at 50,000X (fig. 8b) shows
continuous fibers with smooth surface. Mean diameter de-
creased to 95£25 nm due to the thermal decomposition of
PVP and keeps constant along the fiber. EDX of fibers ob-
tained from M2 treated at 800 °C is shown in Fig. 8c.

In contrast with non-treated samples, weight percentage
attributed by metal elements was higher. Strontium and

SEl 206V WD11mmSS30
c.

x50,000 0.5pm

Titanium represented 1.90 wt% and 5.34 wt%, respective-
ly, while Oxygen corresponded to 22.24 wt%. Nitrogen
was not detected because of polymer decomposition. The
high Carbon percentage detected (70.53 wt%) was caused
by the tape used for mounting the sample. Signalsat 1.8 and
14.14 keV correspond to strontium, while titanium is de-
tected at 0.45 and 4.50 keV. Oxygen and carbon are placed
at 0.52 and 0.27 keV, respectively.

Fig. 9 shows fibers obtained from solution M2 and treat-
ed at 1000°C. Mean diameter increased to 103+39 nm,
compared to previous stage. Sintering centers with smooth
surface and round shape are observed at 5,000X (fig. 9a).
These defects grew from the beads present at 800 °C. In the
image at 10,000X, it was observed that some fibers were
broken (fig. 9b). The strontium titanate fibers maintain its
characteristic morphology at 1000 °C. By contrast, mor-
phology was affected when samples were treated at higher
temperatures. Therefore, 1000 °C was selected as the op-
timal temperature for the fabrication of dense strontium
titanate fibers.

Fig. 10 shows samples obtained from solution M2 and
treated at 1200 °C. Sintering process started at this temper-
ature and fibrous morphology was affected, as observed at
5,000X (fig. 10a). In some areas, particles and agglomera-
tions are present. However, grain growth was slower com-
pared to previous temperature. At 10,000X (fig. 10c), con-
tinuous fibers with smooth surface and mean diameter of
137443 nm were observed.
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Fig. 8: SEM images of Strontium titanate fibers after thermal treatment at 800 °C: a) 10,000X; b) 50,000X, c) EDX spectrum and d) Histogram.
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Fig. 11: SEM images of Strontium titanate samples after thermal treatment at 1400 °C: a) 1,000X, b) 2,000X, c) 5,000X and d) 20,000X.

Fig. 11 shows samples after thermal treatmentat 1400 °C.
As observed in the image, fibrous morphology was lost.
Instead, ceramic particles with mean diameter of 6071384
nm were obtained due to sintering process and grain
growth 14, A strontium titanate film began to form due
to grain growth and sintering processes. Hexagonal struc-
tures were observed, which are characteristic of strontium
titanate particles, as reported by Dong et al. 2°.

In addition, it was observed that strontium titanate
samples treated at 1400 °C presented higher mechanical
strength that the samples treated at lower temperatures.
As demonstrated by XRD, the proportion of titania crys-
talline phases decreases with temperature, while strontium
titanate increased. Therefore, at 1400 °C sample was com-
posed completely of this ceramic. The biggest particles
present in the image were formed by sintering of smaller
grains.

IX. Conclusions

An alternative methodology was obtained for the syn-
thesis of strontium titanate fibers, which combines the
sol-gel and electrospinning technique to produce a fib-
rillar ceramic composite. A mean diameter of 103£39 nm
was obtained using a 0.30 M precursor solution. Precur-
sor concentration influenced morphology and stability
of samples, as homogenous and smooth fibers were ob-

tained from more concentrated solutions. The character-
istic bands of strontium titanate of perovskite structure
were identified in Infrared and Raman spectroscopy. The
presence of tetragonal titania and strontium titanate was
demonstrated at 800 °C by thermal analyses and X-ray
diffraction. At 1200 °C, tetragonal TiO, decreased and
pure and crystalline strontium titanate was observed.
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