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Abstract
Electrospinning technique was employed for the synthesis of diff@i®, samples, starting from

titanium oxysulfate anditanium nbutoxide (TNBT) as precursors. The electrospun fibers, obtained

after optimization of starting solutions, were either calcined in air at 450 °C or treated in 50 mbar of
pure oxygen at 450 °C. The main goal was to obtain Til@rs constituted by crystallites with size
lower than 10 nm (size largely reported in literature for this kind of synthesis) in the anatase form.
Before thermal treatment, the morphology of the rBb&as characterized by Scanning Electron
Microscopy (SEM); after thermal treatment Bi@orphological and structural properties were
determined by Transmission Electron Microscopy (TEM) as well as by high resolutieh THW

and XRay Diffraction (XRD).

TiO, prepared with TNBT precursor and treated in oxygen at 450 °C gave the best results in terms
of crystalline phase (pure anatase) and particle size (about 5 nm). MoreovEEMIRnalysis of

the fibers obtained from TNBT before thermal treatnrenealel that the precursaerystallization
occurred already at room temperature during the electrospinning process, giving rise to nucleation
germs for the subsequegrowth of TiG crystallites during the thermal treatmern the contrary,
samples prepared slectrospray and by simple solvent evaporation at room temperature of the
solution with the same TNBT precursor did not give the same promising results in terms of

crystalline phase and particle size.
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1. Introduction

Titanium dioxide (TiQ) is a versdle transitionmetal oxide widely investigated as a useful
material in a wide range of applications including solar ¢&ll®], photocatalysts for air and water
purification [3-5], gas sensorf6-8] and biocompatible coatings for biomaterifs 10]. The most
common crystalline forms of Tiare anatase and rutile, both showing a tetragonal crystalline
structure. For the solar cell and phatatalysis applications, only the anatase ;T&hibits high

activity. However, the high rate of recombination of photduced electron and hole pairs limits its
photcactivity, which strongly depends on physicleemical parameters such as particle size and
surface area as well as overall morphology. To further impte@roperties of Ti@and to expand
potential applications, lowimensional nanostructures with controllable crystalline phases, such as
nanoparticles, nanofibers, nanostructured thin films or coatings and nanotubes have been
extensively studied. In pactlar, TiO, microtubes constituted by defined nanoscale particles have
attracted considerable attentidri-16].

Electrospinning represents a relatively simple and versatile method for generating porous fiber mats
with interconnective pores and high specific gfE4. In a typical process, a polymer solution or

melt is injected from a small noozle under the influence of an electric field as strong as several
kV/cm. The built up of electrostatic charges on the surface of a liquid droplet induces the formation
of a jet, which is subsequently stretched to form a continuous ultrathin fiber. In the continuous
feeding mode, numerous copies of fibers can be formed within a period of time as short as a few
seconds.

Until the early 2000s, electrospinning was mainly sggplto pure organic polymers. In the last
fifteen years, electrospinning of solutions containing precursors of ceramics followed by high

temperature pyrolysis was adopted to obtain ceramic nanofib@®l]. In paticular, in the last



few years, electrospinning synthesis of titania have demonstrated that the fibers obtained after
calcination are pokgrystalline with crystallite size in the range-30 nm[12, 13, 15, 225].

In the present work, different precursors and different thermal treatments on electrospun fibers were
tested to obtain polgrystalline TiQ fibers with crystallite size lower than 10 nm in the anatase
form. Before thermal treatment, the morphology bé tfibers was characterized by Scanning
Electron Microscopy (SEM); after thermal treatment Ji@orphological and structural properties

were determined by Transmission Electron Microscopy (TEM) and High Resolution Transmission

Electron Microscopy (HRTEM) as well as by XRay Diffraction (XRD).

2. Experimental

2.1. Synthesi®f the samples

Solutions for electrospinning were prepared ustitgnium(lV) oxysulfate (TiOSQO,, Sigma

Aldrich) or titanium (IV) nbutoxide (TNBT, Sigm&Aldrich) as prectsors. In the first case, an
aqueous solution containing polyvinylpyrrolidone (PVP, 1300000 uma, Siddmeh) and
TiOSO, precursor was prepared and loaded into a syringe equipped with a BD Precisionglige needle
(size 27 gauge) made of stainless steel@mhected to a high voltage supply (GLASSMAN High
Voltage, EL) capable of generating DC voltaggsto 30 kV. As-electrospun fibers were collected

on a drum collector (length: 120 mm, diame®@&®: mn), covered with an aluminum foil. During
electrospinninga positive voltage of 30 kV was applied betwdenneedle and thellectorwith a
working distance of 14 cnilhe feeding rate for the polymprecursor solution was controlled
using a syringe pump (Biological Instruments, KD Scientific) and was sét @tmin. The
electrospinning process was conducted in air at room temperature PRP).and TiOSQ
concentrations were optimized in order to obtain well defined fibrous structure as evidenced by

SEM analysis (vide infra)Based on the results of a prewoscreeningPVP concentrations



betweenl3 and 25% an®VP/TiOSQ weightratio ranging between 2/1 and 3/1 were tested
reported inTable 1.

Table 1. List of the solutions used for the optimization of the electrospinning process with 7iOSO
precursor

Solution n° 1 2 3 4 5 6 7
PVP wt.% 13 14 15 18 20 22 25
PVP/TIOSO4 (w/w) 2/1 2.5/1 3/1 3/1 3/1 3/1 3/1

As for the TNBT precursor, a solution was prepared by mixing two parts of ethanol, one part of
TNBT and two parts of acetic acid, which is added abifize the solution by controlling the
hydrolysis reactions of the sgkl precursofll, 26] A secondsolution with PVP (130000 uma)

in ethanolwas preparedAlso in this case the PVP concentration was optithizg checking the
solutions reported in Table 2 in order to obtain well defined fibrous structure as evidenced by SEM
analysis (vide infra).

Table 2. List of the solutions used for the optimization of the electrospinning process with TNBT precursor

Solution n°® 1 2 3 4 5

PVP wt.% 7 10 15 18 20

Equal volumes of the two solutions were mixed just before the loading in the syringe for the
electrospinning process, in air, at RT with a feeding rate adlifin, a voltage of 30 kV and a
working distance of 14m.

For each precursor only the sample with the best fiber morphology underwent two different thermal
treatments to burn the organic component: (i) calcination in air at 450 °C for 3 hours; (ii) thermal
treatment in 50 mbar of pure oxygen at 450 °C foloGrf, changing oxygen every hour. In this
way four TiQ, samples were prepared: two with TiOS@ecursor, named TiOSair (calcination in

air) and TiOSOx (thermal treatment iny)Oand two with TNBT precursor, named TNBTair

(calcination in air) and TNBTOxfermal treatment in £).



For comparison purposes, the solution containing TNBT precursor was also used for preparing
samples by electrospray technique and by simple evaporation of the solvent at RT. To prepare the
sample by electrospray technique the sapearatus employed for the electrospinning procedure

was used. In this case, PVP with a lower molecular weight (30000 uma) was used in order to obtain

droplets instead of fibers.

2.2. Characterization techniques

Thermaoagravimetric analysis (TGA) dfhe electrespun samples wagserformed by a TGA Q500
TAlnstrument, using a temperature ramp of 10 °C/min up to 800 °C in air.

Morphological characterization of the samples was performed by: (i) Scanning Electron
Microscopy (SEM) using a Leica Stereoscan 410 micras¢@xford Instruments), operating at 15
kV. All the polymercontaining samples were gold sputtered prior to examination; (i) Transmission
Electron Microscopy (TEM) and High Resolution (HREM usinga side entry Jeol JEM 3010
(300 kV) microscope equippegith a LaBs filament. For analysesif not differently specifiedthe
synthesizedamples were deposited on a copper grid, coated with a porous carbon film. All digital
micrographs were acquired by an Ultrascan 1000 camera and the images were procEsdad by
digital micrograph. A statistically representative numberciyfstalliteswas counted in order to
obtain the patrticle size distributipwherethe mean particle diameter{Jdwas calculated as,d=
«dini/sn, where nwas the number of particles of diameter d

Structural characterization of the samples after thermal treatment was carried autQxiord
Diffraction Gemini-R Ultra diffractometer(Cu-K, radiation, f=1.5418 A) equipped with an
Enhanced Ultra collimator, a fotgircle Kappa geometry goniometer and a RUBY CCD collector.
This instrument, suitable for XRD measurement on single crystals, was adapted to work with
powders: the advantage is the very low amount of sample necessary faueateameasurd.he
crystallite size of TiQwas calculatetby applying the Scherrer's formula using the (101) diffraction

peak for anatase and the (110) diffraction peak for rutile in the XRD patterns.



3. Results andDiscussion

3.1  Fiber synthesis optimizatio

The purpose of this work has been to use a polymer as tenipiathe productionof titania
nanoparticlesWith this aim we selected PVP as the base polymer because of its good solubility in
alcohols and water and because of its compatibility with ot@anc and inorganic titania
precursors even when its molecular weight is as high as 1300080

In Figure 1 SEM images of the as prepared samples obtained by electrospinning of solutions with
TiOSQ, precursor are shown. Solutions 1, 2 and 3 (see Taldevd the same morphology, which

is reported in Fig.1A for solution 2: an high amount of beads is observed, indicating a too low
solution viscosity. Images in section B and C related to the electrospinning of solutions 4 and 5,
respectively, show the prasce of quite defined fibers, even if some fiber adhesion is still present.
Solutions 6 and 7 allow to obtain well defined fibers as reported in image of section D for solution
7. This last sample was chosen for the subsequent thermal treatments iniaipareoxygen at

450 °C for obtaining Ti@specimens.

In Figure 2 SEM images of the as prepared samples obtained by electrospinning of solutions with
TNBT precursor are shown. The results obtained with solutions 1 and 2 (see Table 2) is the same
and is eported in section A for solution 2: the presence of beads enlightens the too low viscosity of
the solution. The increase of PVP concentration increases the solution viscosity, causing the
decrease of beads amount with solution 3 (image in section B)hamnd disappearance with
solutions 4 and 5 (see image in section C related to solution 5). The sample with well defined fibers
obtained with solution 5 was chosen for the subsequent thermal treatments.

It is worth of note that with TiOSOprecursor the besibtained fibers (Fig. 1D) are wider (the

diameters have size in the range betweerdinsand 7.03m) than in the case of TNBT precursor,



that guaranteed fibers with homogeneous diameter <dmO0(Fig. 2C). This is likely due to
differencesin viscosity anl condudivity between the two precursor solutions.

The TG analysis performed in air on the two samples chosen for undergoing thermal treatments
shows that for both of them the weight loss associated to the polymer volatilization ends at about
450 °C (Figire 3). For this reason, the temperature of 450 °C was chosen for carrying out

calcination and thermal treatment in 50 mbar of pure oxygen.

3.2  Characterization of Ti@samples obtained by electrospinning

After thermal treatments four samples were obtaifé@Sair, TIOSOx, TNBTair and TNBTOX,

whose diffraction patterns are reported in Figure 4. TiOSair is constituted mainly by anatase with
small amount of rutile phase (curve a). The mean crystallite size of anatase is calculated to be about
11 nm. The diffration pattern of TIOSOXx (curve b) reveals a very low crystallinity of the sample
with the presence of a very broad and weak peak at 25.3° related to the main (101) reflection of
anatase. Moreover, at angles lower than 20° a very broad peak assignaldentr@mous phase is
detected. As a matter of fact, the TIOSOx sample appears black, revealing the presence of a
significant amount o€arbonaceous residues. This result puts in evidencéhthitermal treatment

at 450 °C with low @ pressure is nosufficient to efficiently burn the organic component when
using TiIOSQ, as precursor.With thermal treatmentsn pure oxygenat higher temperatures a
relevant amount of rutile is obtained@his phase is umsired for photeatalysis and solar cell
applications

As for samples prepared with TNBT precursor, the diffraction pattern of TNBTair4Fegirve c)

shows the presence of both anatase and rutile phiEsesnean crystallite size of anatase (using the
(101) peak at 25.3°) and rutile (using the (110) pedk7at®) is calculated to be about 11 and 14

nm, respectively. The pattern of TNBTOX (Fig. 4, curve d) reveals a particularly interesting sample,

constituted by only anatase with a mean crystallite size of about 5 nm.



TEM and HRTEM measurements were penfoed on this last sample and two representative
images are reported in Figure 5 sections A and B. The images reveal that the fibrous nature of the
sample is maintained after the thermal treatment even if the fibers appear fragmented due to the
lower mecharaal resistance of the oxide with respect to thelastrospun materialhe analysis of

the fiber diameter distribution, obtained by sampling 54 fibers, is reported in Figure 6A: the range
of fiber diameter is 3230 nm with a mean value of 79.0 nm anstandard deviation of 50.2 nm,
evidencing a the presence of fibers with different diameter. Howaveryell evident that the Ti©

fibers are constituted by naparticles whose crystalline nature is enlightened by diffraction fringes
present in the HRFEM image Figure 5B and by diffraction spots in the Fourier Transform of the
image Figure 5. The analysis put in evidence spacwig3.52, 2.37and 1.88nm related tahe

(101), (103) and (20@)lanes of tetragonal anata$8001-0562).

Particle sizdistribution,obtained by sampling 250 particles,reported irFigure 6B.The sample

is highly homogeneous, being the size distribution narrow with an average diamgter 3dt nm

and a standard deviation of 1.1 nim,full agreement with the resuttbtained on the basis of the

XRD pattern.

It is worth of note that differently from the case of TiQS@e thermal treatment in low oxygen
pressure of the sample obtained from TNBT precursor allows to burn all the organic fraction
already at 450 °C, oltang pure anatase with particularly small particle sizes. IndB&@ is
thermally degraded, predominantly, by the release of the pyrrolidone side group and the subsequent
decomposition of polyenic sequencg®7]. In inert atmosphere those polyenic sequences,
undergoing to condensation reaction, may lead to the formation of a certain amount of
carbonaceous residue. However, if the degradation is camiteid the presence of oxygethe

residue volatilizes completely through a theroxidative mechanism. Results show that this
reaction occur obviously in the case of TiOSAir and TNBTair, where the amount of oxygen is
sufficient to produce the complete valiaation of the organic fraction &350 °C. This also happens

in the case of TNBDx, where despite the low partial pressure ofthe volatilization of the



organic phase is complete. However, in the case of @O®e formation of a carbonaceous
residueprevails It must be considered thatarganic salts and acids are known to increase the char
yields of degrading polymerpromotingdehydration reactiong8]. The presence of an acid salt

like TiOSO4, may enhance thdormation of charat the pointthat it is impossible to béhermo
oxidizedin the lowpressure condition employed.

In order to deepen the comprehension of the mechanism for the formation,afari@particles,
HR-TEM analysis of the fibers before the thermal treatment was performed. For this purpose, fiber
deposition was performed directiy@ TEM copper grid. In Figuré an image of the not calcined
fibers directly electrospun on the grid is shown. The related Fourier Transform is also reported as
inset. Even if the sample has mainly an amorphous nature, some crystalline regions areasresent
confirmed by the spots detected in the Fourier Transform of the acquired images. The distances of
these spots from the transmitted beam can be related {st@abiometric TiQ phases, such as
Ti,O3 (JCPDS 0010-0063), T§Os (JCPDS 08011-0217) andTi;O;3 (JCPDS 0€018-1403).1t is
necessary to underline that the sample is stable tinelelectron beamexcluding the hypothesis of

the formation of sustoichiometric TiQ phases during the HREM analysis.This finding is of

pivotal importance becaagvidence that the precursonystallization occurs already at RT during

the electrospinning process is given. The early crystallization can provide nucleation germs for the
subsequengrowth of TiQ, crystallites during the thermalreatmentin oxygen This phenomenon,

which is generally not observed when using other preparation techniques, might be favored by the
stretching effect to which the precursor solutionusually subjected during electrospinning.
Reasonably, the formation & high amount of ndeation germs, as evidenced BR-TEM
measurements, along with low oxygen pressure can justify the formation of particles smaller than

those obtained in the other cases under study.

3.3 Samples prepared by electrospray and solvent evaporation



In order to demuostrate theuniquenes®f the electrospinning technique for obtaining 7Mith

very small crystallite size in anatase form, other two samples were prepared by electrospray
technique and by simple solvent evaporation at RT using the solution 5 of Tdbkehauld be
considered that in order to obtain droplets with electrospray, a lower molecular weight PVP (30.000
uma) was employed. In FiguBSEM image of the sample prepared by electrospray is reported,
evidencing the formation of droplets in a widegarof diameters (0.42 dm).

The samples prepared by electrospray and solvent evaporation were treated at 450 °C in 50 mbar of
oxygen, i.e. the thermal treatment that allowed to obtain the bess@iple in terms of crystalline

phase (pure anatase) apdrticle size (about 5 nm) by electrospinning. However, for these two
samples the thermal treatment was not sufficient to burn the entire organic frizctiese last two

cases, the samples have a lower specific area rendering more difficult theooxjtacess, as

much of the organic fraction to be ablate is located in the bulk in which the oxygen must tiffuse.
order to obtain white sample, it was necessary to treat the electrospray sample at 650 °C and that
obtained by simple solvent evaporatian700 °C. This causes the formation of high amount of

rutile phase with crystallite size of about 20 nm, as evidenced by XRD patterns repéiitpded.

4. Conclusions

In the present work, polgrystalline TiQ fibers were synthesized through electraspng
technique. In particular, titanium(IV) oxysulfate (TiOgQndtitanium(IV) n-butoxide TNBT)

were used as precursors along with polyvinylpyrrolidone (PVP) for preparing solutions for
electrospinning. Precursors and PVP concentrations were optitoizgatain well defined fibers.

Both calcination in air and thermal treatment in 50 mbar of pure oxygen at 450 °C were performed
for obtaining TiQ samples.

Among the synthesized TyOsamples, that prepared with TNBT precursor and treated in low

oxygen presure at 450 °C gives the best results in terms of crystalline phase and particle size: XRD



pattern shows the presence of only anatase with a mean crystallite size of about 5 nm, in agreement
with HR-TEM measurements. In particular, HFEM analysis of theilbers obtained from TNBT

before thermal treatmemiuts in evidence that the precursorystallization occurs already at RT
during the electrospinning process, giving nucleation germs for the subsemaerih of TiG
crystallites during the thermal treatme It is worth of note that the treatment in low oxygen
pressure along with the formation of a high amount of nucleation germs allows to obtain particles
smaller than those obtained in the other cases under study.

The results obtained on samples prepanedlectrospinning were compared with those collected on
samples synthesized by electrospray technique and by simple solvent evaporation at RT using
TNBT precursor and thermal treatment in low oxygen pressure. The need of electrospinning
technique for obiaing TiO, with very small crystallite size in anatase form was demonstrated. As a
matter of fact, for samples obtained by electrospray and solvent evaporation the organic fraction
was burn only at 65000 °C, producing Ti@with high amount of rutile phasand crystallite size

of about 20 nm.
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Figures and Captions

Figure 1 - SEM images othe as prepareshmplesbtainedby electrospinning of solutia® (A), 4
(B), 5 (C) and 7 (Dyvith TIOSQ, precursorinstrumental magnification: 1000X.

Figure 2 - SEM images of the as preparsgmples obtained by electrospinning of solutions 23A),
(B) and5 (C) with TNBT precursornstrumental magnification: 1000X.

Figure 3 - TGA curves obtained with a temperature ramp of 10 °C/min for the sanpkpared

with solution 7containing TiOSQ@ precursoi(a) and solutiorb containing TNBT precursor (b)
Figure 4 - XRD patterns of TiOSair (a), TIOSOx (b), TNBTair (c) and TNBTOXx (d).

Figure 5 - TEM (A) and HRTEM (B) images of TNBTOxInstrumental magnification: 50000X
and 300000X, respectivelinsetC: Fourier Transform of the HREM image in (B).

Figure 6 - Fiber diameter distribution (A) and particle sidistribution (B) for TNBTOx sample.

(n.f. = number ofibers; n.p. = number of particles

Figure 7 - HR-TEM image of the TNBT sample beforthermal treatment.Instrumental
magnification:250000X.

Figure 8 - SEM image of the as prepared sample obtained by electrospray of solution 5 with TNBT
precursor and PVP of 30000 untgstrumental magnification: 5000X.

Figure 9 - XRD patterns ofthe TiQ, samples obtained by electrospray (a) and by solvent
evaporation (b).
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