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Abstract

Nanofibrous ZrxTi1xO2 (x=0.9-0.2) ceramic materials were produced using a high-yield, free
surface alternating field electrospinning (AFES) process (a.k.a. AC-electrospinning) from metal
alkoxide precursor solutions. Depending on the precursor composition, the production rates of 4.8—
6.4 g/h in terms of the resulting ceramic nanofibers were demonstrated with a single-electrode
AFES system. The average diameter of ZrxT11xO2 fibers varied in the range of 190-435 nm,
depending on the alkoxide/polymer mass ratio in the precursor and annealing temperature. Zr/Ti
molar ratio is a key factor that determines the crystallization temperature and phase composition
of ZrxT11xO2 nanofibers after thermal processing between 600 and 1200°C, but it has a moderate
effect on textural properties of the resulting nanofibers. When the molar fraction of zirconia is
>(.7, the nanofibers are composed primarily of a nanocrystalline titania-rich TiO2-ZrOz solid
solution without the formation of separate TiO2 phase. At zirconia molar fraction of 0.5, stable
orthorhombic Zro.5Ti0.502 zirconium titanate structure forms above 680 °C. TiO: (anatase or rutile)
forms as a separate phase in addition to ZrxT11xO2 phases when Zr molar fraction is 0.2, depending
on the annealing temperature. The results of this study demonstrate that a large variety of
nanofibrous ZrO»-TiO2 ceramic materials with tailored compositions can be efficiently prepared

for targeted applications by using free-surface AFES and appropriate thermal processing.
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1. INTRODUCTION

Transition metal oxides in the ZrO>—TiO:z system are of high technological interest due their
ability to form a variety of crystalline phases, which provide useful combinations of properties for
many demanding applications [1-5]. For example, TiO2—ZrO2 mixed oxides receive much attention
as catalysts and catalyst supports [2], sensors [3], filtration membranes [4], thermal insulators [5]
with high thermal shock resistance, and many other. For such applications, the nanoscale grain
sizes, large surface area and porosity, thermal stability and mechanical integrity in harsh
environments are critical parameters of the material [6].

Nanocrystallinity, large surface area and micro-/meso-porosity of ZrOz and TiO2 materials is
achievable by appropriate fabrication techniques. Sol-gel synthesis is one of the most common
methods in fabrication of ZrO2, TiO2, and ZrO>-TiO2 mixed oxide nanosized powders [7,8].
However, the consolidation of loose nanosized powders into the practical structures frequently
leads to significant loss of their nanosize-enabled functionality due to the growth of crystallites,
pore size and surface area reduction [9].

Fabrication of ZrO,—TiO2 materials in the form of one-dimensional (1-D) entities such as
nanofibers brings many advantages to the material handling and processing. Nanofibers in ZrO>—
TiO2 system have been mainly prepared using different spinning methods including centrifugal
[10,11], gas jet [12], and direct current (DC) electrospinning techniques [13,14]. DC
electrospinning has been the most common method so far. Both TiO2 and ZrO:2 binary oxide
nanofibers, extended nanofibrous meshes, and bulk three-dimensional (3-D) nanofibrous shapes
have been prepared and demonstrated good mechanical properties, flexibility and resilience along
with their enhanced functionality when compared to nanopowders [15-17]. However, there are not

many reports on the fabrication of mixed ZrO>—Ti02 and ZrxT11-xO2 nanofibers with various Zr/Ti



molar ratios [18-23], and the most studies on ZrxTi1-xO2 nanofibers are limited to relatively low,
up to 600 °C, processing temperatures. For example, Dong et al [18] prepared heat-resistant
ZrO02/Ti02 core/shell nanofibrous sponges using a coaxial capillary DC electrospinning. They
found that the crystallized fibers are composed of a tetragonal ZrO2 core and anatase TiO:z shell,
which converts to rutile after the annealing at 900 °C. Such ZrO2/Ti02 nanofibrous sponges have
been stable up to 1200 °C and exhibited good thermal shock resistance, high resilience, and high
near-infrared reflectance, which makes them attractive for high-temperature thermal insulation
materials. Su et al [19] prepared ZrO>-TiO2 mixed oxide nanofibers by simultaneous DC
electrospinning of TiO2 and ZrOz precursors from two capillary spinnerets, and demonstrated their
good performance as humidity sensors.

ZrxT11xO2 nanofibrous meshes with different Zr/Ti molar ratios have been reported by several
research groups [20-23]. Yasin et al [20] found that the DC electrospun ZrxTi1xO2 nanofibers
annealed at 600 °C are composed of a mixture of tetragonal ZrOx+ZrosTiosO2 at 3.0:1.0,
Zr05Ti0502 only at 1.0:1.0, and anatase TiO2+Zro.5Ti0.502 phases at 1.0:3.0 Zr/T1 molar ratios. The
formation of a single phase Zro.5Ti0.502 at Zr/Ti 1.0:1.0 molar ratio has also been observed by Yu
et al [21] in dry-spun microfibers. The authors also determined that after annealing at 500 °C the
fibers with Zr/Ti molar ratio <0.7:0.3 remain amorphous, whereas a mixed phase
tetragonal/monoclinic ZrO2 forms in the fibers with Zr/Ti molar ratio of 0.8:0.2. Song et al [22]
found the DC electrospun and annealed at 600 °C ZrxT11-xO2 nanofibers become less brittle when
the molar fraction of zirconia increases from 0 to 0.2. The fibers were composed of only anatase
TiO2 phase even at 20 mol% of Zr in that study. Barakat et al [23] reported ZrxT11-xO2 nanofibrous
meshes with x = 0, 0.25, 0.5, 0.75, and 1.0 prepared by <600 °C thermal processing of DC

electrospun precursor fibers based on metal alkoxide and polyvinyl acetate polymer. The



nanofibers with 0.75 ZrO: molar fraction showed the best catalytic activity toward lignin
liquefaction. There are no reports on the crystalline phase and surface morphology evolution in
ZrxT11xO2 nanofibers in a broader range of temperatures, especially above 600 °C, and whether
such nanofibers can be produced in sizeable and scalable quantities.

In present work, ZrxTi1xO2 (x=0.9-0.2) nanofibers have been fabricated by using an
uncommon, high-yield free-surface alternating field electrospinning (AFES) process (a.k.a. AC-
electrospinning) [24]. The method is based on the generation of the propagating liquid precursor
jets by applying 12-40 kV rms AC-voltage to usually a dish-shaped electrode with a diameter up
to several centimeters. The propagating jets develop into dense fibrous flows where the
propagating fibers carry almost no electric charge. The fibrous flows are carried away by “electric
wind” [25], a key phenomenon in AC-electrospinning. Due to relatively slow motion of the fibrous
flow (0.2-1.8 m/s) and low residual electric charge of the moving fibers, AFES processing
significantly simplifies the precursor fibers collection and handling [26]. AFES has been shown to
efficiently generate polymer [27-30] and inorganic, including ZrO2 and TiO2 [31-34] nanofibers
with the precursor solution feeding rates up to 1200 ml/h [24,35].

The goal of this study has been to explore the potential of AFES for sizeable production of
ZrxT11xO2 ternary oxide nanofibers using metal alkoxide precursors, and establish the precursor-
process-structure relationships for controlled synthesis of nanofibrous ZrxTi1xO2 with desired
microstructure and phase composition. Trends in nanofiber generation during AFES and their
crystallization behavior in the range of annealing temperatures from 600 to 1200 °C have been

observed and analyzed.



2. EXPERIMENTAL METHODS

2.1. Precursor Materials and Preparation

Titanium(IV) n-Butoxide (Ti(OBu)4, 99+%), Zirconium propoxide (Zr(OPr)4, 70 wt% in 1-
propanol), polyvinylpyrrolidone (PVP, Mw=1,300,000), hydroxypropyl cellulose (HPC,
Mw=100,000), glacial acetic acid (AA, Reagent grade) and acetylacetone (2,4-pentanedione, 99%)
supplied by Alfa Aesar, and ethanol (200 Proof, Decon Labs, Inc) were used to prepare the ZrxTii-
xO2 (x=0.9-0.2) precursor solutions. In a typical procedure, the titanium and zirconium alkoxides
were combined with a mixture of ethanol, acetic acid and acetylacetone in a dry box, and this
precursor component was added to the 10 wt% solution of PVP/HPC (1.0/1.0 mass ratio) polymer
blend in ethanol. The molar ratio of alkoxide to acetic acid was maintained as 1.0/1.0 in all
experiments. The amount of acetylacetone varied from 0.5 to 5.0 wt% of total weight of the
precursor with the increase of zirconium propoxide component. The amount of solvent in each
precursor was adjusted to maintain ~5 wt% polymer concentration. The alkoxide to polymer mass
ratio was set to yield ~1.5 g of ceramic material per one gram of polymer carrier. The precursors
were stirred for up to 24 h using a magnetic stirrer and kept in sealed HDPE bottles at normal
laboratory conditions. All precursor compositions were stable for at least six month when stored

in sealed bottles under normal laboratory conditions.

2.2. Fabrication of ZrxTi1xO2 nanofibers
The generation of ZrxTi1xO2 (x=0.9-0.2) precursor nanofibers was done by using AFES
process operated at 12—40 kV rms AC voltage (60 Hz frequency) [33,34]. The precursor solution

was fed to a metal dish electrode with a diameter of 25 mm through an electrically insulated fluid



line, which could deliver the fluid at the rates up to 10 mL/min. The fibers were collected either
on a rotating cylindrical (40-240 rpm, 10-30 cm diameter) or on a stationary flat plastic mesh
collectors placed above the electrode. The shortest distance between the electrode and collector
surface was 20 cm.

Usually, 60-100 mL of precursor was used in each experiment. The collected fibers were
placed in a programmable furnace (Isotemp, Fisher Scientific), heated at 1.5-2.5 °C/min rate, held

at 600—1200 °C for 3 hours, and then cooled naturally.

2.3. Characterization

Apparent viscosity of precursor solutions was measured by using a HAAKE RotoVisco 1
viscometer (Thermo Scientific) in a parallel plate configuration at steady shear rate of 1000 rpm
over a period of 120-seconds. The electrical conductivity of the precursor solutions was
determined with a FP30 conductivity meter (Mettler Toledo).

Decomposition of the precursor fibrous material was analyzed by using Thermal Gravimetric
Analysis (TGA, TG/DTA-SETSYS-16/18 instrument, SETARAM, France) in synthetic air in the
range of 20-1000 °C at the heating rate of 10 °C/min. Thermogravimetric (TG), differential
thermal analysis (DTA), and differential thermogravimetric (DTG) curves were recorded
simultaneously. The TGA instrument was coupled through a heated capillary adapter to a
quadrupole mass spectrometer (QMS-422 ThermoStar from Balzers Instruments, 100 amu, 70 eV
electron impact ionization) to monitor principal volatile species produced during the pyrolysis of
precursor fibers. Ion mass spectroscopy (MS) data sets were processed using the Quadstar 422

software.



The diameter, surface morphology and elemental composition of annealed ZrxTiixO2
nanofibers were analyzed by scanning electron microscopy (SEM/EDS, FEI Quanta 650 FE-SEM)
equipped with an Oxford X-max 80 SDD EDS detector. A few nanometers thick, AuPd layer was
sputter coated onto the samples to reduce electric charging during the imaging. SEM imaging was
performed in secondary electron mode at an accelerating voltage of 15 kV and electron probe
current 2.5 pA. The EDS elemental composition and Zr/Ti mol% ratio was averaged over at least
five 100x100 pum? areas. ImageJ image processing program was used to determine the fiber
diameters and their size distribution. At least three SEM images of different areas of the sample
with up to 250 fibers total were used to obtain the average fiber diameter in each sample.

Crystalline phase analysis was performed using X-ray diffraction (XRD) to investigate phase
composition and crystallite size for each nanofiber composition and annealing temperature. The
XRD patterns were acquired using a PANalytical Empyrean X-ray diffractometer (Copper Kai
radiation, A=1.54059 A, 45 kV/40 mA). The patterns were acquired in the range of 10-90 degrees
20 in a continuous scan mode with 0.01313° step size. 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'P

detector. Crushed nanofiber samples were
rotated during the measurements to reduce the effect of preferred orientation in the crystalline
phase. 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 strongest XRD peaks (up to three, where possible)

of each distinguishable crystalline phase were used to determine the average crystallite size.



RESULTS AND DISCUSSION

All prepared precursors were stable for at least six months and demonstrated reproducible
spinnability in AFES process during that entire time interval. The best precursor spinnability and
fiber flow stability were achieved at 28-30 kV rms AC voltage (60 Hz frequency). The precursor
fibers were collected at a rate between 7.5 and 11.0 g/h, depending on the precursor composition.
Table 1 summarizes the precursor compositions, viscosities, electrical conductivity, and the flow
rates along with the process productivity in terms of the resulting nanofibrous ceramic material.
The achieved production rates in Table 1 correspond to 4.8—6.4 g/h in terms of the resulting ZrxTii-
xO2 nanofibrous ceramic material. Those rates are comparable to 5.2 g/lh AFES productivity of
pure TiO2 nanofibers [34], and noticeably higher than 1.5 g/h productivity reported for AFES ZrO2
nanofibers [33]. It should be noted that the different precursor composition based on zirconyl
chloride was used in a latter case. The Ti and Zr alkoxides were used in the present study because
of the precursors were more stable and chlorine-free. The precursor viscosity and electrical
conductivity are the main factors that determines the spinnability in free-surface AFES process. A
large change in electrical conductivity of the precursor (Table 1) can be mainly associated with the
concentration of acetylacetone (AcAc) as the stabilizing agent in the precursor. Acetylacetone
decomposes by alcoholysis reaction and yields acetone and ester of the reacting alcohol or diol
[36,37]. The substitution of propoxide on the Zr(acac)s complex is much faster than that of the
Ti(acac)s complex because propoxide decomposes to an intermediate n-propyl acetate ligand, and
differences in the amount of AcAc incorporated depend on the alkoxide precursor composition,
and particularly the presence of Zr(acac)s complexes in the solution. This also determines the
composition of the formed Zr and Ti intermediates, which contributes to the electrical conductivity

of Zr/Ti alkoxide mixed precursor. It appears that the precursor viscosity in the range of 100—130



mPa-s resulted in the best process performance, whereas lower viscosities led to intermittent fiber
generation and higher viscosities restricted the liquid jet generation and fiber clamping inside the
flow. The precursor flow take-off rate was in the range of 1.10—1.55 mL/min with 25 mm electrode
diameter (Table 1). The flow rate increases with the decrease of Zr/Ti molar ratio and electrical
conductivity of the precursor. On the one hand, according to the electrohydrodynamic (EHD) flow
models in electrospinning [38], the decrease of the electrical conductivity is responsible for the
increased strength of electric field and a greater Coulomb force in the precursor layer. On the other
hand, decrease in Zr/Ti molar ratio leads to only a small decrease in the amount of fiber mass
produced per milliliter of the precursor. Thus, similarly to a case of AFES of pure TiO2 nanofibers
reported by Nealy et al [34], electrical conductivity of ZrxT11xO2 precursor is the key factor that
affects the flow take off rate and determines the process productivity in AFES.

TGA results show that all collected precursor fibers lost about 47+4% of their mass after the
thermal processing at 600 °C (Fig.1a). The main loss of the mass occurs between 300 and 500 °C
due to the exothermic decomposition of the polymeric fraction and Zr/Ti intermediates (Fig.1b,c).
The TGA/MS signals plateaued between 500 and 600 °C. There was no further mass change
observed in ZrxTi1xO2 nanofibers with Zr/Ti molar ratio of 0.2:0.8 after the annealing at up to
1000 °C. Small exothermic peaks in TGA signals of ZrxT11-xO2 nanofibers with 0.5:0.5 and 0.7:0.3
Zr/Ti molar ratios in the range of 650-720 °C indicate fast crystallization of the material with
simultaneous additional ~3 % mass loss (Fig.1b). This additional mass loss is associated with the
removal of carbon residue, which is confirmed by the corresponding peaks in ion emission signal
(Fig.1c). An increase in C, CO2, and HCO: positive ion emission between 800 and 1000 °C can be
related to the elimination of trace carbon still present in the micro/meso-pores because of their

progressing diffusion and coalescence during the grain growth in the fibers. The nanofibers with

10



0.9:0.1 Zr/Ti molar ratio also showed gradual, ~2% mass loss due to the carbon residue removal
in the range of 600—800 °C, which was similar to undoped ZrO:2 nanofibers [34].

SEM analysis of ZrxTi1xO2 nanofibers annealed at 600 °C revealed randomly packed
nanofibrous assemblies (Fig.2a-d). The fiber diameters varied from 220456 to 290+123 nm after
the annealing at that temperature, depending on the alkoxide/polymer ratio in the precursor (Fig.3).
The average diameters of ZrxT11-xO2 nanofibers derived from AFES precursors are within the range
of typical fiber diameters reported for DC-electrospun fibers in ZrO2-TiOz system [12-23].
Thinner, sub-100 nm, ZrxTi1-xO2 nanofibers can be possible in AFES by either reducing the
alkoxide/polymer mass ratio at the expense of the final product yield [33], or by the optimization
of the precursor to maintain its spinnability at lower concentration of the polymer fraction but the
same content of alkoxides. The Zr/Ti molar ratio in ceramic nanofibers after the annealing between
600 and 1200 °C was close to the ratio preset in the precursor according to EDS data (Fig.2e-h). A
small deviation between the preset and measured composition has been associated with the
preparation routine of relatively small precursor quantities and the precision of EDS analysis.

ZrxT11xO2 nanofibers with all tested compositions had smooth and featureless surface
morphology after the annealing at 600 °C. However, there are clear trends in the surface
morphology changes depending on Zr/Ti molar ratio after the annealing at higher temperatures.
SEM images of ZrxTi1xO2 nanofibers annealed at 800 °C (Fig.4a-d) indicate the development of
more grainy structure when Zr/Ti molar ratio decreases, but the fibers remain relatively smooth.
The fiber diameter was found to decrease after the annealing at 800 °C, and the average fiber
diameters were between 190+55 and 260£115 nm, depending on the precursor composition, due
to the progressing fiber crystallization and densification (Fig.3). After the annealing at 1000 °C,

the fibers became progressively rougher and more macroporous with the decreasing Zr/Ti molar
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ratio (Fig. 4e-h). Well-defined grain structure of ZrxT11xO2 nanofibers develops after the annealing
at 1200 °C, especially in the fibers with minimum and maximum Zr/Ti molar ratios (0.2:0.8 and
0.9:0.1, respectively) (Fig.4i-1). When compared to 800 °C annealed nanofibers, the average fiber
diameter increased from the smallest observed (190 nm, 0.7:0.3 Zr/Ti molar ratio) to 2854+65 nm,
and from the largest (260 nm, 0.2:0.8 Zr/Ti molar ratio) to 435118 nm (Fig.3) after the annealing
at 1200 °C due the continuing grain growth, axial shrinkage, and interfiber fusion. The interfiber
fusion can increase the fiber diameter when a long segment of bundled, parallel nanofibers forms
a single fiber due to sintering. This is a contributing but not the major process that led to the fiber
diameter increase in the present study, where the relatively little fiber bundling was observed.
Conversely, the grain growth in the polycrystalline ZrxTi1-xO2 nanofibers had a dominating effect.
When temperature increases, the growth of larger grains, probably composed of several misaligned
crystallites, was observed (Fig.4i-1). The fiber diameter restricts the grain growth in radial
direction, and causes the grain to consume the material along the fiber to attain the equilibrium
morphology [39,40]. As the result, the fibers contract axially which leads to further increase of the
grain size, changes of the grain shape, and a larger fiber diameter. This process was the most
pronounced in ZrxTi1xO2 nanofibers with Zr/Ti molar ratio of 0.2:0.8, which reveal the largest
grain size after the annealing at 1200 °C (Fig.41). Although the integrity of all tested ZrxTi1xO2
nanofibers was mostly preserved after the annealing at 1200 °C despite the partial sintering, fusion
and/or breakage of individual nanofibers due to the fiber axial shrinkage, the fibrous assemblies
become more brittle.

According to XRD data for ZrxT11-xO2 nanofibers with Zr/Ti molar ratio of 0.9:0.1 (Fig.5a),
the material calcined at 600°C for 3 h crystallizes in the form of a ZrO2-TiO2 solid solution with

primarily tetragonal ZrOz phase (PDF #00-014-0534, mean crystallite size of 13.5 nm) and traces
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of monoclinic phase of ZrOz (m-ZrOz). It should be noted that the crystallization of Zr/Ti = 0.9:0.1
nanofibrous material already starts at > 400 °C. The initial formation of metastable tetragonal phase
of ZrOz (t-ZrO2) is associated with the spontaneous nucleation of very small (<10 nm) zirconia
crystallites with high surface energy. This phase is stabilized by the small size of crystallites,
presence of oxygen vacancies, and carbon residue from the decomposing polymer matrix [41].
Tetragonal phase gradually converts to monoclinic phase with the increasing temperature with the
both phases having less than 20 nm average crystallite size after the annealing up to 1000 °C for 3
h (Fig.6a). The presence of titania had a small effect on the stability of the initially formed
tetragonal phase in nanofibers with Zr/Ti ratio of 0.9:0.1 at elevated temperatures when compared
to pure ZrO2 [33]. The crystallite size increases rapidly at higher annealing temperatures, and the
fibrous material is represented by a single monoclinic phase of ZrO:2 (PDF #00-037-1484) with
~48 nm average crystallite size after partial sintering at 1200 °C for 3 h (Fig.5a, Fig.6a). The
calculated average crystallite size is smaller than the apparent 100—-500 nm grain size observed in
SEM images. However, the larger grains can still consist of several clustered crystallites and have
some level of residual stress that results in the XRD peak broadening, which contributes to the
calculated crystallite size.

An increase of the fraction of titania in ZrxT11xO2 nanofibers up to Zr/Ti molar ratio of 0.7:0.3
(Fig.5b) leads to a similar result after the annealing at 600 °C as for material with Zr/Ti1 molar ratio
of 0.9:0.1 (Fig.5a). It has been noted that the crystallization in this case starts spontaneously at
570-590 °C, depending on the precursor age. No trace of m-ZrOz phase and no formation of TiO2
secondary phases were observed. However, the diffraction pattern of this titania-rich -ZrOz phase
differs a little from that of Zro.9Ti0.102 sample and does not fully match the standard patterns for ¢-

ZrO2. The measured composition of this nanofibrous material (Zro.707T10.29302 according to EDS)
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is close to Zr3TiOs compound proposed by Troitzsch et al [42]. The strongest peaks (112), (004),
(024), (116) and (312) in XRD pattern of the tetragonal Zr3TiOs phase match the observed peaks
at 30.3, 34.2, 50.3, 58.9 and 60.7° 20 in Zro.707T10.290302 nanofibers, but they also partially overlap
with the peaks of #-ZrO2 phase.

The tetragonal phase with EDS determined composition of Zro.707Ti0.29302 remains stable after
the annealing at 1000 °C for 3 h. The average crystallite size in Zro.707T10.29302 nanofibers gradually
increases from 9.1 nm at 600°C to 14.7 nm at 800°C and to 17.8 nm after the annealing at 1000°C
(Fig.6a). The relative intensity of XRD peaks that were assigned to Zr3TiOs phase increased after
the annealing at 800 and 1000 °C. Although the Zro.707T10.29302 nanofibers were already crystalline
after the annealing at 600 °C, DTA reveals a sharp exothermic peak due to the crystallization at
~670 °C (Fig.1b). This indicates that the fiber structure can represented by two co-existing
crystalline phases (titania-rich #-ZrO: solid solution and Zr3TiOs) above that temperature. Further
annealing of ZrxT11xO2 nanofibers with Zr/Ti molar ratio of 0.7:0.3 at 1200°C leads to the
formation of a mixture of the titania-rich tetragonal (minor, perhaps as Zr3TiOs) and monoclinic
(major) ZrO2 phases with the average crystallite sizes of 21.7 nm and 27.3 nm, respectively
(Fig.6a). There was no sign of the formation of TiO: crystalline phases or stoichiometric
Zr0.5Ti0.502 compound as reported, for example, by Verma et al [43]. Literature data indicate that
the solubility of TiOz2 in ZrO:2 can be up to 13—16 mol% [44] at the temperatures up to 1500 °C and
the metastable solid solution with monoclinic ZrO:2 structure forms without a change in the
material composition on cooling to room temperature. Such solubility is smaller than the apparent
29 mol% TiO: solubility seen in ZrxTi1-xO2 nanofibers. Similar solubility levels have been reported
only in high-temperature high-pressure studies of TiO2-ZrO2 system and the resulting phases

depended on the cooling rate of the system [42]. It is possible that the formation of mixed phase
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structure in Zro.707T10.29302 nanofibers (titania-rich #-ZrO2 and Zr3TiOs) between 600 and 1000 °C
is promoted by a small crystallite size and the presence of oxygen vacancies and other defects. It
can lead to a high hydrodynamic stress in the system, which substitutes for static high pressure and
provide the conditions for up to 29 mol% of TiO:z to remain dissolved in the structure. Similarly,
AFES derived Zro.707T10.29302 nanofibers may be a mixture of primarily titania-rich m-ZrO: solid
solution and residual #-ZrO2 and/or Zr3TiOs phases after the annealing at 1200 °C and naturally
cooled down at relatively high rate.

The structure of ZrxTi1xO2 nanofibers with Zr/Ti molar ratio of 0.5:0.5 is mainly X-ray
amorphous after the annealing at 600 °C (Fig.5¢). A small peak at 30.2° 26 in 600 °C pattern is
associated with the formation of #-ZrO2 phase due to imperfect stoichiometry of the Zro.sTi0.502
sample (actual composition Zro.s08T10.49202 according to EDS). Nanofibrous Zro.sTi0.502 material
is fully crystallized as zirconium titanate (PDF #01-074-9433) at 800 °C with the average
crystallite size of ~15.3 nm. According to TGA analysis of this sample, the spontaneous
crystallization of zirconium titanate phase occurs at 680 °C with the simultaneous ~3% mass loss
due to the release of carbonaceous residue (Fig.1b). This is within the range of crystallization
temperatures (450—750 °C) of Zro.5Ti0.502 from various precursors and in different processes [45—
49]. This phase remains stable and nanocrystalline after the annealing at 1000 and 1200 °C for 3
h, with the average crystallite size reaching 17.1 and 33.3 nm, respectively (Fig.6b). The minor ¢-
ZrO2 impurity phase converts to m-ZrO:2 (average crystallite size 23.1 nm) as revealed by small
peaks at 28.4 and 31.4° 26 in 1200 °C XRD pattern.

XRD patterns of ZrxTiixO2 nanofibers with Zr/Ti molar ratio of 0.2:0.8 reveal the
crystallization of at least two phases already after the annealing at 600 °C for 3 h (Fig.5d). One

strong peak at 24.8° 20 is due to anatase TiO2 (a-TiOz2) phase (PDF #01-070-8501), whereas
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another strong peak at 30.9° 26 has been ascribed to a Zro.33Ti0.6702 (PDF #98-003-1311) ternary
phase. Anatase TiO2 phase has ~20.1 nm average crystallite size after the annealing at 600°C and
it remains stable up to 800 °C reaching only 21.8 nm crystallite size after the annealing at that
temperature (Fig.6c). The phase composition has been estimated as ~40-42 mol% a-TiO2 and 58—
60 mol% Zro33T10.6702. Rutile TiO2 (-TiO2) phase start to form at 800 °C (PDF #01-070-7347)
and after the annealing at 1000 °C TiOz2 is present only as rutile (~48.1 nm crystallite size).
Interestingly, the crystallite size of Zro.33T10.6702 phase gradually reduces from 14 nm after the
annealing at 600 °C to 13.2 nm at 800°C and then to 11 nm at 1000 °C (Fig.6¢c). The decrease in
the crystallite size of ZrxTi1xO2 phase can actually be due the initial Zro33Ti0.6702 phase
decomposition and nucleation of another phase between 800 and 1000 °C. After the annealing at
1200 °C the XRD pattern of the ternary phase in nanofibers with 0.2:0.8 Zr/T1 molar ratio matches
the Zro.45Ti0.5502 phase (PDF #01-074-9433). The phase composition of nanofibers in this case
becomes ~54 mol% r-TiO2 and ~46 mol% Zro.45Ti0.5502. The observed behavior suggests that r-
Ti02 and Zro.45T10.5502 are more stable phases than the initially formed Zro.33T10.6702. These results
significantly differ from the data reported elsewhere for ZrxTiixO2 materials with similar
composition. For example, Sham et al [50] found that Zro.22Ti0.7802 prepared by a sol-gel process
are composed of 7-TiO2 (64.3 mol%), ZrsTi7024 (24.4 mol%) and #-ZrO2 (11.3 mol%) after the
annealing at 1000 °C. In another study, Lv et al [51] observed a single, nanocrystalline (average
size of crystallites ~19.7 nm) a-TiO2 phase in Zro2Ti0sO2 nanofibers prepared by DC
electrospinning from Zr and Ti alkoxide precursors and annealed at 600 °C. Such variations in the
phase composition can be related to the specific chemical composition of precursors and thermal

treatment protocols.
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CONCLUSIONS

An uncommon, high-yield free surface alternating field electrospinning process has been
successfully utilized to efficiently produce nanofibrous ceramic materials within ZrO2-TiO2
system from precursor solutions based on various molar ratios of titanium and zirconium
alkoxides. The capability of a single electrode AFES-based process to produce between 4.8 and
6.4 g/h of the material in terms of the resulting ceramic nanofibers with the average diameters from
190 to 435 nm, depending on the precursor composition and annealing temperature, has been
demonstrated. The AFES process productivity has been found to depend strongly on the electrical
conductivity and molar ratio of titanium and zirconium alkoxides in the precursor solution.

Chemical composition of the ZrxTi1-xO2 precursors had only a moderate effect on textural
properties of the resulting ceramic nanofibers, but it has been crucial to determining phase
composition of the materials after thermal processing in air between 600 and 1200°C. In general,
the formed crystalline phases, their stability and transformations are determined by the diffusion
controlled atomic scale interaction of the precursor components, presence of carbonaceous residue
during the decomposition of polymer fraction, and the nanoscale size, surface energy and defect
states of the initially formed crystallites.

The formation of single-phase nanocrystalline zirconia nanofibers has been observed with
Zr/Ti1 molar ratio of 0.9:0.1. The formation of nanofibers composed of a mixed titania-rich TiO2-
ZrOz2 solid solution and possibly Zr3TiOs phase has been suggested at Zr/Ti molar ratio of 0.7:0.3.

Nanofibers with Zro.sTi0.502 zirconium titanate structure form from the precursors with 0.5:0.5
Zr/T1 molar ratio. This zirconium titanate phase starts to crystallize above 680 °C and is stable

during sintering at 1200 °C for 3 h.
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At least two distinct phases form simultaneously at 600 °C in ZrxTi1xO2 nanofibers with Zr/Ti
molar ratio of 0.2:0.8, namely anatase TiO2 and Zro33Ti0.6702 phase. The latter phase has been
found unstable and it gradually converted to more zirconia-rich phase resulting in a two-phase
nanocrystalline fibers composed of rutile TiO2 and Zro4sTiossO2 phases at higher annealing
temperatures.

The results of this study demonstrate that by varying Zr/Ti molar ratio in the precursor a large
variety of nanofibrous ceramic materials within ZrO2-TiOz system with tailored compositions and
textural properties for targeted applications can be efficiently prepared by using high-yield AFES

and appropriate thermal processing protocols.
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Table 1. Selected parameters of the precursor, fiber flow and resulting ceramic nanofibers

Zr:Ti molar | Precursor Precursor Precursor Oxide TGA — Mass | EDS  Zr/Ti
ratio viscosity, electrical flow take off | nanofiber loss, % molar ratio,
mPa-s conductivity, | rate, mL/min | productivity, % (1000 °C)
puS/cm mg/min
0.9:0.1 12245 355 1.10 80 52 87.3:12.7
0.7:0.3 11445 200 1.20 84.4 46.5 70.7:29.3
0.5:0.5 11745 88.6 1.43 100.5 54 50.8:49.2
0.2:0.8 120+5 19.9 1.55 107 46 18.9:81.1
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FIGURE CAPTIONS
Figure 1. (a) Mass loss and (b) DTA signals during TGA of ZrxTi1-xO2 nanofibers with 0.9:0.1,
0.7:0.3, 0.5:0.5 and 0.2:0.8 Zr/Ti molar ratios. The insets show the expanded regions of interest.

(c) Positive ion emission during TGA of the fibers with 0.7:0.3 Zr/Ti molar ratio.

Figure 2. (a-d) SEM images and (e-h) Energy dispersive X-ray spectra (EDS) of ZrxTii1xO2
nanofibers with 0.9:0.1, 0.7:0.3, 0.5:0.5 and 0.2:0.8 Zr/Ti molar ratios, respectively, after

calcination at 600 °C.

Figure 3. Trends in the average fiber diameter change with the annealing temperature for ZrxTii-

xO2 nanofibers with different compositions. Dotted lines are to guide the viewer’s eye.

Figure 4. Characteristic SEM images of ZrxTi1-xO2 nanofibers with (a,e,i) 0.9:0.1, (b,f,j) 0.7:0.3,
(c,g,k) 0.5:0.5 and (d,h,I) 0.2:0.8 Zr/Ti molar ratios, respectively, after thermal processing at (a-d)

800 °C, (e-h) 1000 °C, and (i-1) 1200 °C.

Figure 5. XRD patterns of ZrO2:TiO2 nanofibers with (a) 0.9:0.1, (b) 0.7:0.3, (c) 0.5:0.5 and (d)
0.2:0.8 Zr/Ti molar ratios, respectively, after thermal processing at different temperatures.

Symbols o indicate major peaks of t-ZrO: phase, ® — m-ZrO2, ¥ — possible Zr3TiOs, ¢ —

Zro05Ti0.502, © — TiO2 anatase, ® — T1O2 rutile, A — Zro.33T10.6702, and X — Zr0.45T10.5502.

Figure 6. (a-c) Trends in the average crystallite size change with the annealing temperature for

ZrxT11xO2 nanofibers with different compositions. Dotted lines are to guide the viewer’s eye.
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Figure 1. (a) Mass loss and (b) DTA signals during TGA of ZrxTi1xO2 nanofibers with 0.9:0.1,

0.7:0.3, 0.5:0.5 and 0.2:0.8 Zr/Ti molar ratios. The insets show the expanded regions of interest.
(c) Positive ion emission during TGA of the fibers with 0.7:0.3 Zr/Ti molar ratio.
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Figure 2. (a-d) SEM images and (e-h) Energy dispersive X-ray spectra (EDS) of ZrxTi1xO2
nanofibers with 0.9:0.1, 0.7:0.3, 0.5:0.5 and 0.2:0.8 molar ratios, respectively, after calcination at
600 °C.
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Figure 3. Trends in the average fiber diameter change with the annealing temperature for ZrxTi1-
xO2 nanofibers with different compositions. Dotted lines are to guide the viewer’s eye.
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500 nm

Figure 4. Characteristic SEM images of ZrxTi1xO2 nanofibers with (a,e,i) 0.9:0.1, (b,f,j) 0.7:0.3,

(c,g,k) 0.5:0.5 and (d,h,I) 0.2:0.8 Zr/Ti molar ratios, respectively, after thermal processing at (a-d)
800 °C, (e-h) 1000 °C, and (i-1) 1200 °C.
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Figure 5. XRD patterns of ZrO2:TiO2 nanofibers with (a) 0.9:0.1, (b) 0.7:0.3, (c) 0.5:0.5 and (d)
0.2:0.8 Zr/Ti molar ratios, respectively, after thermal processing at different temperatures.
Symbols o indicate major peaks of t-ZrO: phase, ® — m-ZrO2, v — possible Zr3TiOs, ¢ —

Zr0.5Ti0.502, ® — TiO2 anatase, ™ — TiOz rutile, A — Zro33Ti0.6702, and X — Zro.45T1i0.5502.
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Figure 6. (a-c) Trends in the average crystallite size change with the annealing temperature for

ZrxT11xO2 nanofibers with different compositions. Dotted lines are to guide the viewer’s eye.
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Table 1. Selected parameters of the precursor, fiber flow and resulting ceramic nanofibers

Zr:Ti molar | Precursor Precursor Precursor Oxide TGA — Mass | EDS  Zr/Ti
ratio viscosity, electrical flow take off | nanofiber loss, % molar ratio,
mPa-s conductivity, | rate, mL/min | productivity, % (1000 °C)
puS/cm mg/min
0.9:0.1 12245 355 1.10 80 52 87.3:12.7
0.7:0.3 11445 200 1.20 84.4 46.5 70.7:29.3
0.5:0.5 11745 88.6 1.43 100.5 54 50.8:49.2
0.2:0.8 120+5 19.9 1.55 107 46 18.9:81.1






