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Nanofibrous TiO, produced using alternating field
electrospinning of titanium alkoxide precursors:
crystallization and phase development

Sarah L. Nealy,® Courtney Severino,® W. Anthony Brayer®
and Andrei Stanishevsky (2 *°

High-yield, free-surface alternating field electrospinning (AFES) was effectively used in the fabrication of
titanium oxide nanofibrous materials from the precursors based on titanium alkoxide and a blend of
polyvinylpyrrolidone and hydroxypropyl cellulose. The alkoxide/polymer mass ratio in the precursor
solution has significant effects on the precursor fiber production rate as well as the structure of resulting
TiO, nanofibers after thermal processing of precursor fibers at temperatures from 500 to 1000 °C.
Within the range of tested process parameters, the best fiber production rate of ~52 g h~! was
achieved, in terms of the mass of crystallized TiO, nanofibers, with the precursor that corresponded to
1.5:1 TiO,/polymer mass ratio. TiO, nanofibers produced by calcination at 500 °C for 3 h had 100-
500 nm diameters and were composed of anatase (20-25 nm crystallite size) with rutile content 0.1-
6.0 mol%, depending on the precursor composition. A considerable amount of anatase phase (up to
80 mol%) can be retained after thermal processing of TiO, nanofibers at 750 °C for 3 h. A nanofibrous
material composed of smooth and long, predominantly monocrystalline rutile, fibrous segments was
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Introduction

Titanium dioxide (TiO,) nanomaterials have tunable semi-
conducting properties, interesting defect chemistry, large
surface area and small particle size. TiO, nanomaterials are
increasingly used in photocatalysis, environmental remedia-
tion, sensor technology, photovoltaic structures, fuel cells,
batteries, paints, plastic additives, self-cleaning surfaces, UV
blockers in cosmetics, and many other applications.”® The
anatase polymorph of TiO, is the most commonly used crys-
talline form in such catalytic applications,”"® but the more
thermodynamically stable rutile polymorph™** and mixed-
phase'**® nano-titania also have their niche applications.
There has been growing research interest in TiO, nanofibers
as one of the types of nano-titania materials.'*™*® Several studies
have indicated that TiO, nanofibers can be increasingly more
efficient in catalysis than TiO, nanoparticles.*® For example,
when compared to TiO, nanoparticles, a 7-fold increase in
hydrogen production has been achieved with mesoporous TiO,
nanofibers.” Similarly, TiO, nanofibers showed 10 times higher
efficiency than nanoparticles in H,S oxidation.”* TiO, nanofibers
have also demonstrated a better photocatalytic activity in ethanol
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produced at 1000 °C from the precursor with 2.5 : 1 TiO,/polymer mass ratio.

oxidation than that of commercial P25 TiO, nanopowder.> The
catalytic performance of TiO, nanofibers was attributed to the
faster adsorption-desorption, efficient charge separation and
recombination processes.”***** Besides, scaffold-like porous
structure of nanofibrous assemblies prevents aggregation, which
is one of the serious limitations of nanoparticles. Further devel-
opment and evaluation of TiO,-based nanofibrous catalysts
needs to assess the capabilities for sizeable production of such
materials with tunable structures and properties.

TiO, nanofibers are mainly prepared by thermal processing
of precursor fibers fabricated by direct current (DC) electro-
spinning.”*** This simple method utilizes a static electric field
to generate the propagating liquid precursor jets that form
fibers upon drying. Usually, the precursor solution containing
titanium alkoxide, polymer, and solvent in different molar
ratios, is delivered through a capillary needle, which serves as
the jet-generating electrode, and then solidified precursor fibers
are collected on an oppositely charged electrode. Calcination of
precursor fibers at temperatures in the range usually from 400
to 1000 °C results in the crystallization of TiO, nanofibers with
varying textural properties, phase composition, and fiber
diameters.*"*> For example, Li and Xia* obtained predomi-
nantly anatase crystalline phase TiO, nanofibers with mean
diameters in the range from 33 to 192 nm from a titanium
propoxide (TTIP)/polyvinylpyrrolidone (PVP) acidic solution in
ethanol. The precursor solution in those experiments was fed
through a capillary needle with a flow rate between 0.1 and

This journal is © The Royal Society of Chemistry 2020
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0.5 mL h™". The TTIP/PVP mass ratio was kept ~3 : 1 (or ~1: 1
in terms of TiO, mass) and PVP concentration varied, leading to
the calculated yield of calcined TiO, nanofibers in the range
from 18 to 56 mg mL ' after calcination of the as-spun
precursor fibers at 500 °C. Tekmen et al.>* and Caratdo et al.**
used similar precursors and electrospinning parameters, and
found mixed anatase/rutile phase composition in TiO, nano-
fibers calcined at 600 °C. It was also observed that the 200-
900 nm diameter rutile fibers prepared from, in terms of TiO,
mass, 0.5: 1 and 1 : 1 TiO,/PVP precursors,** maintained their
shape and polycrystallinity up to 1200 °C. In several other
studies,”*?* the titanium alkoxide/PVP precursors
prepared with 0.2-1.4 TiO,/PVP mass ratios, warranting an ex-
pected yield of TiO, nanofibers in the range of 15-50 mg mL .
This precursor formulation also revealed comparable fiber
diameters and calcination behavior, and the textural properties
of fibers varied significantly. In another study, Li et al.*® used an
acid-free titanium alkoxide-based precursor with, in terms of
TiO, mass, 2.5 : 1 TiO,/PVP mass ratio that corresponded to an
expected yield of TiO, nanofibers of 100 mg mL™". The fibers
calcined at up to 700 °C were apparently porous and rough but
contained only anatase phase.

Onozuka et al.** used a TTIP/polyvinylacetate precursor with
N,N-dimethylformamide (DMF) as a solvent. A partially fused
fibrous network composed of anatase TiO, nanofibers with the
diameters in the range from 150 to 700 nm has been observed
after calcination at 500 °C. Choi* utilized a TTIP/PMMA precursor
with ~0.17 : 1 TiO,/PMMA mass ratio and ~20 mg mL ™" expected
yield of TiO, nanofibers. The calcined nanofibers revealed very
small, 10-17 nm mean crystallite size, but the fibers had mostly
rutile structure after calcination at only 450 °C, a relatively low
temperature treatment for the resulting rutile polymorph.

In most studies on TiO, nanofibers fabrication, capillary
needle DC electrospinning was used to spin precursor fibers at
the precursor flow rates of less than 1 mL h™", resulting in
a productivity of TiO, nanofibers most markedly below 100 mg
h™". The low process productivity has been a major limiting
factor in practical applications of TiO, nanofibers. A more
productive, free-surface, “needleless” DC electrospinning has
also been used for the fabrication of TiO, nanofibers,**?” but the
precursor flow and fiber collection rates were not reported.
Vahtrus et al.*® found that when the same precursor used in
needle DC electrospinning was applied to free-surface electro-
spinning, the mean TiO, fiber diameter was smaller after
calcination. On the contrary, TiO, nanofibers produced from
capillary needle electrospun precursor fibers revealed more
uniform microstructure and more predictable mechanical
behavior. Shepa et al® used free-surface electrospinning of
TTIP/PVP precursors with 0.05:1 to 0.63 : 1 TiO,/PVP mass
ratios and expected yield of TiO, nanofibers from 15 to 115 mg
mL~". The shape of calcined TiO, nanofibers varied from
ribbon-like, at low TTIP/PVP mass ratio and up to 90 mg mL ™"
TiO, yield, to cylindrical form at the highest used TTIP/PVP
mass ratio and yield of TiO,. The fibers with either shape
crystallized already at 350 °C with a mere 34% anatase phase,
which was explained by low pH value of the precursor. All fibers
transformed to rutile after calcination at 600 °C.

were
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Titanium oxide nanofibers have also been prepared using
solution blow spinning® and centrifugal spinning®® techniques.
Using solution blow spinning of a precursor with 1.9 : 1 TiO,/
PVP mass ratio, Ghosh et al.?® achieved ~0.95 g h~" productivity
in terms of the yield of TiO, nanofibers, whereas approximately
7 ¢ h™! productivity was reached by Vasquez et al*® using
centrifugal spinning of a precursor with ~0.83:1 TiO,/PVP
mass ratio.

In this work, TiO, nanofibers with different morphologies
and phase compositions were fabricated from the titanium
butoxide-based precursor fibers produced using alternating
field electrospinning (AFES). This is a high-yield, free-surface
electrospinning technique, which generates dense fibrous
flows where the propagating fibers carry almost no electric
charge.* This unique attribute of AFES processing allows good
flexibility in the precursor fibers collection and handling.*
Thus far, AFES has been successfully employed in the fabrica-
tion of several inorganic fibrous materials including amor-
phous silica,** alumina,* and zirconia®* nanofibers.

AFES requires apparently different chemical precursor
compositions and process parameters than either capillary-
needle or free-surface DC electrospinning to achieve electro-
spinnability and obtain fibers with similar characteristics.** The
goal of the present study was to explore the applicability of AFES
for sizeable production of TiO, nanofibers using alkoxide-based
precursors, and establish the precursor-process—structure
relationships for controlled synthesis of nanofibrous TiO, with
desired microstructures and crystalline phase compositions.
The productivity of precursor fibers in terms of the yield of TiO,
nanofibers up to 5.2 g h™" has been achieved with a fiber-
generating dish-like electrode of 25 mm diameter. TiO, nano-
fibers had 100-500 nm fiber diameters and different ratios of
anatase/rutile crystalline phases depending on the precursor
composition and calcination temperature. Unusual trends in
titanium alkoxide-based precursor fibers generation during
AFES and TiO, nanofibers crystallization behavior have been
observed and analyzed.

Experimental section
Preparation of TiO, precursor solutions

Titanium(v) n-butoxide (Ti(OBu),, 99+%), polyvinylpyrrolidone
(PVP, M,, = 1300 000), hydroxypropyl cellulose (HPC, M,, =
100 000) and glacial acetic acid (AA, Reagent grade) supplied by
Alfa Aesar, and ethanol (200 Proof, Decon Labs, Inc) were used
to prepare the TiO, precursor solutions. In a typical procedure,
the Ti(OBu), was combined with a mixture of ethanol and acetic
acid in a dry box (25 + 5% RH), and this precursor component
was added to the 10 wt% solution of 1.0/1.0 mass ratio PVP/HPC
polymer blend in ethanol. The molar ratio of Ti(OBu), to acetic
acid was maintained as 1.0/1.0 in all experiments. The amount
of ethanol in each precursor was adjusted to maintain ~5 wt%
polymer concentration. The Ti(OBu), to polymer mass ratio
(Ti(OBu), : PVP/HPC) varied to yield 0.5, 1.0, 1.5, 2.0, or 2.5
grams of TiO, per one gram of polymer carrier. This corre-
sponded to the projected yield of TiO, nanofibers in the amount
of 25, 50, 75, 100, and 125 mg per one mL of the precursor

RSC Adv, 2020, 10, 6840-6849 | 6841
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solution. The Ti(OBu),/polymer precursors were labeled as
x0.5, x1.0, x1.5, x2.0, and x2.5, respectively. The precursors
were stirred for up to 24 h using a magnetic stirrer and kept in
sealed HDPE bottles at normal laboratory conditions (21 &+ 1 °C
and 42 + 5% RH). All precursors were stable for at least six
months.

Fabrication of TiO, nanofibers

An AFES apparatus capable of operating at alternating current
(AC)-voltages up to 40 kv rms at 60 Hz was used to spin the
precursor fibers.***** The Ti(OBu),/polymer precursor solution
was delivered at up to 180 mL h™" flow rate through the base of
a shallow dish-like electrode with the diameter varying from 10
to 25 mm (Fig. 1). The generated flow of precursor fibers
propagated upward due to the “ionic wind” phenomena.*>*® The
generation of fibrous flows was recorded at up to 900 fps using
a Sony DSC-RX10M2 camera. The fibers were collected on
a PTFE plastic mesh placed ~50 cm above the electrode at an
ambient temperature of 21 °C and relative humidity of 42%. A
5-7 cm thick, fluffy layer of the precursor fibers was removed
from the collector and dried in a Heratherm Advanced Protocol
oven (Thermo Fisher) at 120 °C in air to remove the residual
solvent. The dried fibrous fluffy material was placed in
a programmable furnace (Isotemp, Fisher Scientific), heated up
at a rate of 3 °C min " in air, and calcined at 500 and 750 °C for
3 h, or sintered at 1000 °C for 2 hours.

Plastic
mesh
collector

\ Fibrous
flow

___Dish AC

~AC electrode

Fig. 1 (a) AFES experiment schematics and photos of the flows of
precursor fibers with x1.5 TiO/polymer yield mass ratio generated on
(b) 25 mm and (c) 12.5 mm diameter electrode at 29.5 kV rms AC
voltage; and with (d) x0.5 and (e) x2.5 TiO,/Polymer yield mass ratio
generated using 25 mm diameter electrode at the same AC voltage.
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Characterization methods

A HAAKE RotoVisco 1 (Thermo Scientific) viscometer in
a parallel plate configuration was used to determine the
viscosity of precursor solutions. Apparent viscosity as a function
of time was measured at steady shear rate of 1000 rpm over
a period of 120 seconds. An FP30 conductivity meter (Mettler
Toledo) was used to measure the electrical conductivity of the
precursor solutions, and a PGX+ Goniometer (Testing
Machines, Inc) was utilized to evaluate their surface tension
from the shape of a pendant droplet. The tests were performed
at 21 °C and repeated five times.

Thermogravimetric Analysis (TGA) was performed on each
as-spun Ti(OBu),/polymer precursor material by using TG/DTA-
SETSYS-16/18 (SETARAM, France) instrument. The samples of
precursor fibers with 10 £ 3 mg mass were packed into the
alumina crucibles, and heated at 10 °C min ™" in synthetic air at
50 mL min ™' gas flow rate. Thermogravimetric (TG), differential
thermal analysis (DTA), and differential thermogravimetric
(DTG) curves were recorded simultaneously at temperatures
ranging from 20 to 900 °C.

The X-ray Diffraction (XRD) patterns were obtained using
a PANalytical Empyrean X-ray diffractometer (copper K,; radi-
ation, A = 1.54059 A, generator voltage 45 kV, and 40 mA
current). The patterns were acquired using a 26 scan in the
range of 10-80° in a continuous scan mode with time per step
79.56 ms and scan step size 0.01313°. The diffraction optics
included a hybrid monochromator with a 1/8° divergence and
a 1/16° anti-scattering slits, and a parallel plate collimator on
the diffracted beam path with a PIXcel'® detector. Crushed
samples were pressed into zero-background silicon holders and
rotated during the measurements to minimize the possibility of
preferred orientation effects. Phase composition and crystallite
size analyses were performed using the PANalytical High Score
Plus software package and the International Centre for
Diffraction Data (ICDD) powder diffraction file (PDF-2 ver. 2013)
database.

The fiber diameter and surface morphology of TiO, nano-
fibers were analyzed by scanning electron microscopy (SEM, FEI
Quanta 650 FE-SEM with Bruker Flat Quad EDS detector). A 2—
3 nm thick, AuPd layer was sputter coated onto the samples to
reduce electric charging during the imaging. SEM imaging was
done in secondary electron mode at an accelerating voltage of
15 kV and electron probe current of 2.5 pA. Image] image pro-
cessing program was used to determine the fiber diameters and
their size distribution.

Results and discussion

AFES of Ti(OBu),/polymer precursors was first tested with pure
PVP and HPC as the carrier polymers. There was only electro-
spraying observed with HPC alone, whereas the precursors with
PVP spun well. However, this precursor produced fibers that
collapsed and fused easily, unlike in the case of either capillary
needle or free-surface DC-electrospinning.>*-*****” The fusion of
AFES Ti(OBu),/PVP fibers can be attributed to the high density
of fibrous flow and increased amount of residual solvent in

This journal is © The Royal Society of Chemistry 2020
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collected fibers. It has been determined that the PVP/HPC
polymer blend with 1:1 mass ratio resulted in both good
precursor spinnability and improved quality of collected fibrous
material. It can be attributed to the hydrogen bonding between
the C=0 groups of PVP and -OH groups of HPC, which led to
good miscibility and optimized rheological properties of PVP/
HPC blend for AFES. The parameters of tested precursors are
given in Table 1.

All tested Ti(OBu)s/polymer precursor compositions with
1: 1 PVP/HPC polymer carrier produced precursor fibers in the
range of AC voltages from 12 to 40 kV rms. The lower voltage
limit was determined mostly by the corona inception voltage
threshold,*® and it fluctuated between 12 and 15 kV depending
on the electrode diameter and precursor composition. The best
process performance was achieved at ~29.5 + 2.5 kV rms AC-
voltage when using a dish-like electrode with a 25 mm diam-
eter (Fig. 1a and b). Smaller electrode size produced strong and
uniform flows but usually led to an increase of fiber bundles
(Fig. 1c). The larger electrodes demonstrated noticeable differ-
ences in fiber generation and fibrous flow propagation
depending on the precursor composition. Such differences,
though at a lesser scale, were observed with the 25 mm diameter
electrode and appeared as the variations in the flow width and
some intermittent turbulence in the flow behavior (Fig. 1d and
e). These differences can be reduced by the adjustment of AC-
voltage and the precursor delivery rate to account for small
variations in the viscosity and electrical conductivity of the
precursors.

The amount of Ti(OBu), in the precursor solution also had
a strong effect on the flow and fiber collection rates (Fig. 2). The
rate at which the liquid precursor has to be supplied to the
electrode, to support the stable generation of fibrous flow,
decreased from ~2.0 mL min " to ~0.45 mL min_ ' when the
mass ratio of Ti(OBu), to polymer (and the corresponding
amount of TiO,) in the precursor increased five times. This
resulted in significant variation in the process productivity with
a maximum yield of fibrous material reached at 1.5 : 1.0 TiO,/
polymer mass ratio in precursor fibers. If the collected fibrous
material would be simultaneously converted to titanium oxide,
this would correspond to the productivity of TiO, nanofibers of
~5.2 ¢ h™'. The observed reduction in the flow rate does not
follow the changes in viscosity and electrical conductivity of
precursor solutions. All precursors had similar viscosity and
surface changes, whereas electrical conductivity varied in the
range from 20 to 180 uS cm™ ', with a maximum conductivity of

Table 1 Properties of Ti(OBu)4/PVP-HPC solutions at 21 °C
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Fig. 2 Precursor flow rate and the projected productivity of TiO,
nanofibers in continuous process vs. the TiO,/polymer yield mass ratio
in the precursor solution.

180 puS ecm™' observed in the precursor with 1.5: 1.0 TiO,/
polymer mass ratio (Table 1). It has been suggested that the
observed reduction in the fiber generation rate is primarily
related to the increasing density of precursor solution and its
effect on the mass/momentum transfer in generated fibrous
flow, rather than to the changes of viscosity. The apparent
similarity in the dependences of electrical conductivity of
precursor solutions and TiO, yield is coincidental.
Thermogravimetric analysis of as spun precursor fibers
indicated that the residual solvent is removed upon heating to
130 °C, and the main decomposition of intermediates and
polymer occurs between 250 and 500 °C (Fig. 3a). The decrease
in the mass loss corresponded to increasing amount of Ti(OBu),
in the precursor and expected yield of TiO,. However, the mass
loss was higher than that predicted from as-spun precursor
fiber composition based on the mass of TiO, and polymer
(Fig. 3b). It occurred due the formation of Ti(OH), as a main
product of a hydrolysis reaction resulting, to some extent, from
absorption of atmospheric moisture by as-spun fibers. The
anticipated reaction scheme during the formation of precursor
fibers is shown in Fig. 4.*”*® The reaction of Ti(OBu), with acetic
acid results in a TiyOp(OBu)c(OAc), complexes, which are
further hydrolyzed to titanium hydroxide, Ti(OH),. The hydro-
lysis of Ti(OBu), occurred as water formed in a partial reaction
of acetic acid and ethanol, and water absorbed from the
atmosphere during the spinning process. The decomposition of

Electrical conductivity,

Yield TiO,/polymer ratio, mg mg ™" Viscosity, mPa s pS em ! Surface tension, mN m "
x0.5 112 + 10 23.4 £+ 0.3 17.82 £ 0.08
x1.0 118 £ 10 459 £ 0.3 18.71 £ 0.07
x1.5 123 £ 8 176.5 £ 0.5 19.48 £ 0.06
x2.0 121 +£7 95.5 £ 0.3 20.36 £ 0.07
X2.5 122 +9 65 £ 0.5 21.15 £+ 0.05

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Typical DTA/TG/DTG curves of the decomposition of
Ti(OBu)4/polymer precursor nanofibers with x1.0 TiO,/polymer yield
mass ratio and 1:1 PVP/HPC mass ratio; (b) mass loss of precursor
fibers with different TiO,/polymer yield mass ratios during calcination
after initial stabilization at 120 °C.
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3H,0
HO_ OH
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HO” “oH

Fig. 4 A simplified Ti(OBu)4 precursor reaction scheme during the
AFES of Ti(OH)4/(PVP : HPC) precursor fibers.
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Ti(OH), and polymer matrix occur mainly between 150-500 °C.
Additional mass loss (~1-2%) between 500 and 1000 °C was
associated with removal of residual carbon.

The thermal processing at 500 °C has been frequently used to
produce anatase TiO, nanofibers from electrospun precur-
sors.>»?$343¢ SEM analysis of AFES fibers after calcination at
500 °C for 3 hours revealed a random fibrous network (Fig. 5a)
with the TiO, fiber surface morphologies varying from some-
what rough (Fig. 5b) to relatively smooth (Fig. 5d) with the
increasing content of TiO,/polymer mass ratio in as spun
precursor fibers. The fiber diameters were in the (200-400) +
100 nm range but the changes in the diameter did not follow
exactly the increasing content of TiO, (Fig. 5e). Furthermore,
the average diameter of fibers decreased somewhat at low and
increased at high TiO, content when precursor fibers were
calcined at 750 and 1000 °C without changes in general trend.
Such behavior can be associated with different fiber porosity

T T T T T
600 (e) E
500 | e
IS
c
§ 400 | B
[0}
IS
O 3004 g
©
s
2 200+ 500°C| |
@ 750 °C
100+ --@---1000 °C|
T T T T T T T T T
0.5 1.0 1.5 2.0 25

TiO,/polymer ratio, mg/mg

Fig. 5 SEM images of (a) typical appearance of TiO, nanofibers after
calcination at 500 °C for 3 h, and their surface morphology when
prepared from the precursors with (b) x0.5, (c) x1.5 and (d) x2.5 TiO,/
polymer yield mass ratios. (e) TiO, nanofiber diameter after calcination
at 500, 750 and 1000 °C as a function of TiO,/polymer yield mass ratio
in the precursor solution. Dotted lines show general trend.

This journal is © The Royal Society of Chemistry 2020
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and carbon residue content (2.8-5.1) + 0.4 wt% according to
EDS after calcination at 500 °C. These two parameters can affect
the rate of further changes in the fibers morphology and
microstructure, and the fibers final form, depending on the
initial fiber diameter, temperature and processing time. The
changes in residual carbon content correlated with the mass
loss during thermal processing at 750 and 1000 °C (Fig. 3b).
There was no carbon detected in TiO, nanofibers prepared from
the precursor with 0.5 : 1.0 TiO,/polymer mass ratio whereas
~0.2 £ 0.06 wt% of carbon was present in nanofibers prepared
from precursor with 2.5:1.0 TiO,/polymer mass ratio after
calcination at 750 °C for 3 h.

The XRD and SEM analyses helped to achieve better under-
standing of the observed macroscopic phenomena during the
crystallization of nanofibrous TiO, from AFES precursor fibers.
The XRD patterns, changes in crystallite sizes and rutile content
are shown in Fig. 6. The position and intensity of XRD peaks
assigned to anatase and rutile phases corresponded to those in
ICDD files #00-064-0863 and #01-070-7347, respectively. The
results of XRD patterns analysis are summarized in Table 2.
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As expected, calcination at 500 °C resulted in the formation
of mainly nanocrystalline anatase phase of TiO, with 0.1-
6.0 mol% of rutile (Fig. 6a and c) according to Rietveld anal-
ysis.* The average size of anatase crystallites was in the range of
22-30 nm (Fig. 6d and Table 2). The content of rutile phase
(Fig. 6¢) was less than 0.1 mol% in the sample with the largest
size of anatase crystallites (at 2.5 : 1 TiO,/polymer mass ratio),
whereas the sample with the smallest size of anatase crystallites
contained about 6 mol% of rutile (at 2.0 : 1 TiO,/polymer mass
ratio). The size of rutile crystallites was close to that of anatase,
although it was not possible to retrieve the data for some
compositions due to the low content of rutile phase. This result
coincides with experimental and theoretical data on the effect of
small particle size on anatase to rutile transformation.**** The
changes in crystallinity and phase composition during calci-
nation at 750 °C did not precisely follow the parameters of
initial structure (Fig. 6¢, d and Table 2). For example, although
the amount of rutile phase was still less than 20 mol% in the
sample with 2.5 : 1 TiO,/polymer mass ratio, the average size of
rutile crystallites was the largest with respect to other TiO,/
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Fig. 6 XRD patterns of TiO, nanofibers prepared from the precursors with different TiO,/polymer yield mass ratios after calcination at (a) 500 °C
and (b) 750 °C. Symbols @ - indicate the peaks from anatase and 4 — from rutile; (c) rutile content and (d) anatase and rutile crystallite size in
TiO, nanofibers after calcination at 500 °C and 750 °C vs. the precursor composition. Dotted lines show general trend.
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Table 2 Phase composition and crystallite sizes in TiO, nanofibers after thermal processing at 500 and 750 °C

500 °C 750 °C

Anatase Rutile Anatase Rutile
Yield TiO,/polymer ratio, mg mg ™" Size, nm mol% Size, nm mol% Size, nm mol% Size, nm mol%
x0.5 22.9 97.5 18.6 2.5 34.5 5.1 41.1 94.9
x1.0 22.4 98.5 — 1.5 47.1 36.0 58.8 64.0
X1.5 25.9 99.5 — 0.5 42.6 64.2 53.4 35.8
x2.0 22.2 94.0 19.8 6.0 40.9 43.6 48.4 56.4
X2.5 29.7 99.9 — 0.1 44.5 84.1 65.4 15.9

polymer mass ratio compositions (Fig. 6¢ and d). The sample
with 0.5 : 1 TiO,/polymer mass ratio exhibited almost 95 mol%
of rutile phase and the smallest size (35-40 nm) of both anatase
and rutile crystallites. The size of the rutile crystallites was
larger than that of anatase for all TiO,/polymer ratios. It was
suggested that the growth of crystallites and the rate of anatase
to rutile conversion depended, under other equal conditions, on
the textural properties of TiO, nanofibers (e.g., volume, size and
shape of micro/meso pores) and the amount of residual carbon
after calcination at 500 °C. These factors affect the diffusion
pathway and the changes in free energy of the system,* and
their contribution depends on the initial composition of
precursor fibers and annealing strategy. All samples revealed
only rutile TiO, phase (ICDD file #01-070-7347) after calcination

and sintering at 1000 °C. It was not possible to reliably deter-
mine the crystallite size in these samples from XRD data.

SEM images of nanofibrous TiO, calcined at 750 °C showed
increasing differences in the fiber morphology (Fig. 7a, ¢ and e),
depending on the precursor composition and average fiber
diameter. The apparent grain size in TiO, nanofibers prepared
from 0.5 :1 TiO,/polymer mass ratio precursor (Fig. 7a) was
close to the fiber diameter despite the smallest size of TiO,
crystallites determined from XRD data. The resulting grain size
in TiO, nanofibers prepared from 2 : 1 TiO,/polymer mass ratio
precursor was similar (not shown in this figure) to that of
nanofibers from 0.5:1 precursor although those nanofibers
had as much as twice of larger diameters. The samples calcined
from 1 : 1 (not shown) and 1.5 : 1 precursor fibers were rather
similar, noticeably denser and had the visibly smallest grain

Fig. 7 SEM images of TiO, nanofibers prepared from the precursors with (a and b) x0.5, (c and d) x1.5, and (e and f) x2.5 TiO,/polymer yield
mass ratios after (a, c and e) calcination at 750 °C and (b, d and f) sintering at 1000 °C. Corresponding higher magnification images are shown in

insets.
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Fig. 8 Representative SEM images showing the surface morphology and crystallinity changes in TiO, nanofibers prepared from x1.5 TiO,/
polymer yield mass ratio precursor after calcination at (a) 500 °C and (b) 750 °C, and (c) sintering at 1000 °C.

size (Fig. 7¢). Nanofibrous TiO, prepared from 2.5 : 1 precursor
had a slightly larger grain size and rougher morphology than
the materials from 1 : 1 and 1.5 : 1 precursor fibers, which was
especially visible in the fiber cross-sections (Fig. 7e). These
results seem to continue the trend observed in the fiber shape
development and formation of cylindrical, denser TiO, nano-
fibers in free-surface DC-electrospun precursor fibers with
higher than 0.5 : 1 TiO,/polymer ratio.*”

Further calcination and sintering at 1000 °C led to more
significant differences in the final TiO, nanofiber morphology
and rutile phase grain size, depending on the initial composi-
tion of the precursor fibers (Fig. 7b, d and f). TiO, nanofibers
with the greatest amount of rutile, formed at 750 °C (96 mol%
for 0.5 : 1 TiO,/polymer ratio), demonstrated a slight increase in
fiber diameters caused by the continuing axial shrinkage of
fibers resulting from grain growth. This fibrous material was
brittle and SEM imaging revealed that many nanofibers broke
into small pieces (Fig. 7b). All this can be attributed to the initial
microarchitecture of precursor fibers with 0.5 : 1 composition,
which had noticeable interfiber fusion and bundling due to the
larger amount of polymer and residual solvent in as spun fibers.
On the opposite end, TiO, nanofibers prepared from 2.5:1
precursor showed some decrease in fiber diameter, with the
formation of a significant fraction of long, smooth nanofibers
without distinct grain morphology (Fig. 7f). It was suggested
that such smooth nanofibers were composed of elongated
monocrystalline rutile segments. The fiber morphology is very
similar to that observed in monocrystalline Al,O; nanofibers
sintered at 1300 °C.*** The variations in SEM contrast (dark
spots) on nanofiber surface (inset in Fig. 7f) appear, most
probably, due to the presence of large voids formed during the
grain coalescence. The formation of long monocrystalline rutile
segments in TiO, nanofibers can be caused by the trans-
formation of rather “spherical” anatase grains to larger, elon-
gated and preferentially oriented rutile crystallites, followed by
spontaneous coalescence of those monocrystalline rutile
segments.* The change from “spherical” to elongated crystal-
lite shape explains the decrease in the fiber diameter as well as
the preserved continuity of nanofibers due to lower residual
stress. TiO, nanofibers prepared from 1.5 : 1 precursor showed

This journal is © The Royal Society of Chemistry 2020

transitional behavior (Fig. 7d). In this sample, clear difference
in the crystallization of thicker and thinner nanofibers was
observed. Again, like after the calcination at 750 °C, TiO,
nanofibers from 2 :1 precursor were more similar to those
prepared from 0.5 : 1 precursor after calcination and sintering
at 1000 °C. Nanofibrous TiO, made of 1:1 precursor had
microarchitecture exactly between those prepared from the
precursors with 0.5 : 1 and 1.5 : 1 TiO,/polymer mass ratios.

SEM images in Fig. 8 summarize the main features of TiO,
nanofibers crystallization during the thermal processing of
AFES precursor fibers at 500, 750, and 1000 °C. Initially, nano-
crystalline TiO, nanofibers with anatase structure form at
500 °C from initial Ti(OH),-based solidified gel network
(Fig. 8a). The anatase crystallite size, amount of carbon residue,
and fiber porosity can affect the diffusion processes, anatase to
rutile conversion rate, and grain growth as temperature
increases (Fig. 8b). These factors strongly influence the grain
size and morphology of the resulting rutile TiO, nanofibers
after calcination and sintering at 1000 °C. In particular, the
formation of elongated rutile grains (Fig. 8c) and their coales-
cence into even longer, apparently monocrystalline rutile
segments in TiO, nanofibers can be related to preservation of
the anatase phase at higher temperatures.

Conclusions

The results of this study demonstrated that a high-yield, free-
surface alternating field electrospinning (AFES) process can be
used to efficiently generate the fibrous TiO, precursor materials
from the solutions based on titanium butoxide and a blend of
PVP and HPC polymers. Thermal processing of such precursor
fibers in the range of temperatures between 500 and 1000 °C
produces nanocrystalline TiO, nanofibers with different
morphology, diameters and composition of crystalline phases,
depending on the mass ratio of alkoxide and polymer in the
precursor. The precursor fibers generation rate drops directly
proportionally to the increase of alkoxide/polymer mass ratio,
regardless of voltage, electrode diameter, and rheological
properties of precursors. Within the tested alkoxide/polymer
mass ratios, the best fiber production rate was achieved with
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the precursor that corresponded to 1.5 : 1 TiO,/polymer mass
ratio. In terms of crystallized nanofibrous TiO,, the process
productivity was ~5.2 g h™" of titania nanofibers, when the
single 25 mm diameter electrode and precursor flow rate of 1.1
mL min~ ! were used. TiO, nanofibers produced from this
precursor had rutile phase content less than 0.5 mol% after
calcination at 500 °C for 3 h. However, the lowest content of
rutile was found in TiO, nanofibers calcined from precursor
fibers with 2.5 : 1 TiO,/polymer mass ratio. That material also
retained the largest amount of anatase phase after calcination
at 750 °C. It was demonstrated that the mass ratio of alkoxide
and polymer in the precursor plays a critical role in the crys-
tallization of anatase and rutile structures in AFES derived
titania nanofibers. It has been suggested that the preservation
of significant amount of anatase phase in TiO, nanofibers at
relatively high temperature (at least 750 °C) may be a prerequi-
site for the formation of nanofibrous material composed
predominantly of long monocrystalline rutile segments.
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