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ABSTRACT

Nanofibrous zirconia (ZrO,) meshes were prepared from precursor fibers which were
synthesized using the method of free-surface, high-yield alternating field electrospinning
(AFES). The weight ratio of zirconyl chloride salt to polyvinylpyrrolidone (PVP) polymer in
liquid precursors was investigated for its effect on the spinnability and formation of precursor
fibers as well as on the resulting fibrous ZrO,. The precursor fiber generation measured at a rate
up to 5.6 g/h was achieved with a single flat 25-mm diameter alternating current (AC) electrode,
which corresponded to production of up to 1.5 g/h of fibrous ZrO,. The calcination process
involved annealing the fibers at temperatures which ranged from 600 °C to 1000 °C and
produced 0.1-0.2 mm thick fibrous ZrO, meshes. Individual nanofibers were found to have
diameters between 50-350 nm and either a tetragonal (z-ZrO;) or monoclinic (#-ZrO,) structure
depending on the calcination temperature. The annealed meshes with total porosity between
98.0+0.2% and 94.6+0.2% showed little deformation or cracking. Tensile strength and modulus
of fibrous #-ZrO, meshes strongly depended on porosity and varied from 0.07+0.03 MPa to
1.0540.3 MPa and from 90+40 MPa to 388+20 MPa, respectively. The m-ZrO, meshes resulted
similar moduli, but much lower strengths due to their brittleness. A power-law relationship
between the elastic modulus and porosity of AFES-derived nanofibrous 7-ZrO, meshes, in
comparison with other porous zirconia materials, was also investigated. The results of this study
have demonstrated the feasibility of free-surface AFES in sizeable production of zirconia

nanofibers and highly porous nanofibrous ceramic structures.
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1. Introduction

Zirconium dioxide (ZrO;) fibers with sub-micrometer to sub-100 nm diameters have been
demonstrated as a promising material for improving the efficiency and performance of many
material systems and device structures. This material can be used for a range of applications
including, but not limited to, a separator in solid oxide fuel cell [1], a support catalyst in a
chemical reaction [2,3], a filtration membrane [4], an absorber [5], as well as a scaffold for tissue
regeneration [6].

In most situations, such ZrO, fibers and fibrous assemblies have been made by thermal
treatment of polymer-based precursor fibers prepared by the electrospinning method [7-18]. In
the early reports on the subject, Shao et al [12] prepared ZrO, nanofibers with 50-200 nm
diameters and single phase monoclinic crystalline structure by calcination of the electrospun
0.5:1.0 weight ratio ZrOCls/polyvinyl alcohol (PVA) precursor fibers at 800 °C. Jing et al [13]
found that ZrO, nanofibers with the diameters as small as 13—40 nm can be produced from
electrospun polyvinylpyrrolidone (PVP)-based precursors. Later, many combinations of
zirconium compounds (zirconyl chloride octahydrate, zirconium acetate, zirconium n-propoxide
and butoxide) or ZrO, nanoparticles with polymers (PVA, PVP, polyethylene oxide (PEO),
polyvinylacetate (PVAc)) were successfully electrospun and converted to zirconia fibers with
either tetragonal (#-ZrO;) or monoclinic (m-ZrQO;) structures. For example, Zhao et al [11] used a
water-ethanol solution of zirconyl chloride (ZrOCl,) octahydrate and PVP to prepare the
precursor fibers with ~200 nm diameters by using a capillary needle DC-electrospinning
technique. Zirconia nanofibers with 80—150 nm diameters were crystallized from the precursor
fibers by annealing at 400-800 °C in air. Nanocrystalline 7-ZrO, phase formed during the

calcination between 400 and 600 °C, and it was fully transformed to m-ZrO, phase at 800 °C.



Similar calcination behavior was observed by Davies et al [14] who observed that ZrOCIL,/PVP
(10:1 weight ratio) precursor fibers with diameters which ranged from 1200 to 800 nm converted
to m-ZrO, phase at temperatures above 750°C. In another example, Singh et al [15] found that
both tetragonal and monoclinic phases co-exist in ZrO, nanofibers after the calcination of
zirconium n-propoxide/PVA precursor fibers at 800 °C, whereas a pure monoclinic phase was
obtained at 1050 °C without noticeable changes in the fibers’ shape and morphology. Saligheh et
al [16] prepared zirconia nanofibers from electrospun zirconium acetate/PVA precursors and
observed their gradual transition from tetragonal and monoclinic ZrO, structure after the
calcination between 500°C and 1100°C. Here, it was noted that -ZrO, phase fully disappears
around 1100 °C and the resulting grain size of m-ZrO, phase was close to the fiber diameter. Li
et al [17] found similar crystallization behavior of zirconia fibers from the electrospun 5-10 nm
amorphous zirconia particles/PVP precursor. In that case, the crystallization of #-ZrO, phase
started at 450 °C, began to transform to m-ZrO, phase at 650 °C, and showed a single monoclinic
phase at 1000 °C. Rodaev et al [18] reported that the amount of m-ZrO, phase formed during the
calcination of ZrOCL/PEO precursor fibers at 800 °C depending on the corresponding
salt/polymer weight ratio. Changing the weight ratio from 1.0:1.0 to 4.0:1.0 resulted in
progressively higher content of monoclinic phase (from ~10 to 87 vol%) [18].

It can be summarized that the type and relative amounts of the zirconium compound and
polymer, together with specifics of their interaction and decomposition in precursor fibers,
influence the crystallization process and textural properties of the resulting zirconia fibers.
Regardless of the source of zirconia and nature of polymer in the electrospun precursor fibers,
the nanocrystalline 7-ZrO, phase usually forms first during the decomposition of precursors. The

presence of 7-ZrO; phase in zirconia nanofibers is explained by Garvie’s theory [19], which



relates the occurrence of tetragonal phase to the stabilizing effect of excess surface energy which
is associated with a small (< 30 nm) characteristic size of crystallites. Some recent findings, on
the other hand, indicate that the formation of #-ZrO, phase could be due to either the chemical
reactions during the decomposition of intermediate compounds, the presence of various types of
impurities, and/or oxygen deficiency [20]. Gradual conversion of initially formed #-ZrO, to m-
ZrO, occurs as the polymeric residue burns out and the growth of crystallites destabilizes the
initial phase [21,22].

In many experiments on the preparation of nanofibrous zirconia from electrospun
precursors, suitable stabilizing additives have been used to prevent the formation of m-ZrO, [23-
26]. The presence of such additives generate a crystalline field that promotes the formation of #-
ZrO; over m-ZrO, [21,22]. For example, Castkova et al [27] prepared yttria-stabilized zirconia
(YSZ) fibers from electrospun zirconium n-propoxide/PVP precursors with yttrium nitrate or
chloride as a dopant. Thin nanofibrous (100-250 nm diameter) YSZ meshes were found to be
rather flexible after the calcination at 700 °C, but became very brittle after the calcination at 1100
°C. Gazquez et al [6] used a similar precursor to prepare flexible YSZ nanofibrous meshes with
530 + 120 nm fiber diameters and 0.12 mm fibrous mat thickness at 850 °C. Bending tests
performed on both nanofibrous meshes and individual fibers revealed the Young’s moduli of
1.1+ 0.24 MPa and 30+ 3 GPa, respectively [6]. Mao et al [4,28] indicated that the strength and
Young’s modulus of 800 °C calcined YSZ fibrous meshes can depend on the fiber diameter and
mesh density. The best values achieved during tensile tests were 540 MPa Young’s modulus and
5 MPa strength for the densest nanofibrous YSZ meshes with fiber diameters ~280 nm.

In almost all studies on the formation of fibrous zirconia, the precursor fibers were prepared

by a capillary needle DC-electrospinning technique, which is a very slow process. The precursor



fibers are normally collected on an electrically grounded metal collector where they can remain
electrically charged when a fibrous layer is formed. These factors influence the fiber
arrangement and interaction within the layer, which can affect the behavior of fibrous assembly
during thermal treatment as well as the resulting properties of nanofibrous structures. Although
the mechanical properties of ceramic nanofibers are critical for many applications, the available
data on zirconia nano- and sub-micrometer fibers is limited to only few studies which were cited
above on YSZ fibrous meshes.

The current work presents the first results on the crystallization and corresponding
mechanical properties of undoped, nanofibrous zirconia which was derived from fibrous
precursor material prepared by free-surface alternating field electrospinning (AFES). This
electrospinning technique produced a dense, slow moving fibrous flow where the propagating
fibers carried little to no electric charge [29]. Together with a high rate of fiber generation, this
process allowed more flexibility in the collection and handling of nanofibers. Up until now,
AFES has been only utilized with a few types of polymers [30,31] and alumina ceramic [32]
precursors. The presented data demonstrate the feasibility of sizeable production of highly
porous nanofibrous zirconia meshes with good mechanical integrity from AFES precursor fibers

based on zirconyl chloride and PVP.

2. Materials and Methods
2.1 Precursor materials

Zirconyl chloride (ZrOCl,) octahydrate (98+%, Alfa Aesar), polyvinylpyrrolidone (PVP,
M,, 1,300,000, Alfa Aesar), N, N-Dimethylformamide (Reagent grade, Fisher Chemical) and

ethanol (200 Proof, Fisher BioReagents) were used to prepare the precursor solutions for



electrospinning. The salt and polymer were dissolved in DMF and ethanol, respectively, and the
solutions were mixed to obtain the salt-to-polymer weight ratios in a range from 1.5:1.0 to
2.5:1.0 in a base precursor with 10 wt% of polymer. The base precursor was then diluted to
desired polymer concentration with a DMF/ethanol mixture to maintain the 1:1 DMF/Ethanol
weight ratio. The precursors were stirred for up to 24 h using a magnetic stirrer and stored at

normal laboratory conditions. The precursors were stable for at least one month.

2.2. Precursor solution analysis

Viscosity of ZrOCl,/PVP precursor solutions was determined using a HAAKE RotoVisco 1
(Thermo Scientific) viscometer in a parallel plate configuration and Rheowin 4 Job and Data
Manager Software. The viscometer was calibrated prior to each test and between 0.2 and 3.0 mL
of precursor, depending on the apparent viscosity, was used per test. All tests were performed in
triplicate at 20° C. Apparent viscosity as a function of time was measured at steady shear rate of
1000 rpm over a period of 120-seconds. The recorded viscosity values were stored within the
Rheowin 4 Data Manager and later exported for further analysis.

Electrical conductivity of the precursor solutions was measured using the WTW inoLab
pH/Cond 720 instrument (WTW-Xylem Analytics, Weilheim, Germany). The meter was
calibrated according to the WTW inoLab 720 instruction manual. The AutoRead function was
used to obtain at least 5 stabilized values for each sample. These values were recorded for

further analysis.

2.3. Fabrication of fibrous meshes



Generation of ZrOCIL,/PVP precursor nanofibers was done by using an alternating field
electrospinning (AFES) system capable of producing AC-voltages up to 40 kV rms and operated
at 60 Hz [31,32]. Liquid precursor solution was loaded in an electrically insulated fluid line
equipped with a pump and delivered at up to 40 mL/h through the base of the fiber-generating
electrode. FElectrodes with flat surfaces and diameters ranging from 10 to 40 mm were used
during experimentation. Generated fibers were collected on a rotating plastic cylinder with 10
cm diameter which was placed at 20-25 cm above the fiber-generating electrode. The formation
of a stable flow of fibers and the uniformity of formed fibrous meshes served as major criteria
for the selection of precursors and process parameters for further experiments. The generation of
fibrous flows was recorded at up to 1/12500 s exposures (still photos) using a Sony DSC-
RX10M2 camera. The collected nanofibrous sheets had lateral dimensions usually around 30 cm
% 20 cm and thicknesses ranging from 0.3 to 0.5 mm. The meshes were then removed from the
support and dried in an oven at 120 °C to eliminate the residual solvent and stabilize the material.
Next, the fibrous ZrOCl,/PVP sheets were cut in smaller pieces and placed between the porous
ceramic plates in a programmable furnace (Isotemp from Fisher Scientific). The fibrous sheets
were then heated at a rate up to 10 °C/min and calcined in air or argon at temperatures ranging

from 600 °C to 1000 °C for 2 hours.

2.4. Characterization

Thermogravimetric Analysis (TGA) analysis included simultaneous recordings of
thermogravimetric (TG), differential thermal analysis (DTA) and differential thermogravimetric
(DTG) curves, and it was performed using TG/DTA-SETSYS-16/18 (SETARAM, France)

instrument 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 ZrOCl,/PVP precursor fibers.
The samples were placed into the alumina crucibles and the mass of the samples varied between
7 and 12 mg. The TGA-DTA and MS spectra were recorded in air (flow rate 50 mL/min) at
temperatures ranging from 20 to 900 °C with heating rate of 10 °C/min. MS data was processed
using the Quadstar 422 software.

FTIR spectra (Vertex 70 spectrometer, Bruker Optics) of the as-prepared and calcined
precursor fibers were recorded in transmission mode. FTIR spectra represented an average of 32
scans recorded with a resolution of 4 cm™' for each sample. As-prepared precursor fibers were
dried at 120 °C to remove the solvent before taking the measurements.

The size, shape, and surface morphology of calcined ZrO, nanofibers was determined using
the field-emission scanning electron microscopy (FE-SEM, FEI Quanta 650). The samples were
sputter coated with a few nanometers of Au-Pd to reduce the charging. SEM imaging was done
in a secondary electron mode at an accelerating voltage of 15 kV, an electron probe current of 2
LA, and a chamber pressure of 1x 10 Pa. SEM images were analyzed using ImageJ program to
estimate the fiber diameters as well as the grain sizes for the samples which had been calcined at
1000 °C.

A PANalytical X’Pert Pro MPD diffractometer (Cu Ko tube operated at 40 kV and 45mA,
PANalytical X’Celerator detector, the Bragg—Brentano geometry) was employed to obtain X-ray
diffraction (XRD) patterns of nanofibrous ZrO,. Data was acquired over the range of 5-90° 26
using the step of 0.0167° and dwelling time of 27 seconds. Samples were rotated during the
measurements to minimize the possibility of preferred orientation effects. Phase identification

and crystallite size analysis were performed using the PANalytical High Score Plus software
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package and the International Centre for Diffraction Data (ICDD) powder diffraction file (PDF-2
ver. 2009) database.

The tensile moduli and strength of the nanofibrous ZrO, meshes were determined using
ADMET eXpert 4000 microtester (ADMET Inc., Norwood, MA, USA) equipped with either 0.5
N or 5 N load cells and MTESTQuattro controller. The specimens with the 2—6 mm width and
gauge length of 10 mm were tested at 0.05 mm/s loading rate. The data was corrected for the
load cell deflection and initial position of the stage. At least five test samples were cut from the
exact same nanofibrous ZrO, sheet to be analyzed. The long side of each sample corresponded to
the direction of fiber collection during the electrospinning process. The dimensions and mass of
each sample were determined individually using a digital micrometer, caliper and precision
balance. Porosity of nanofibrous ZrO, meshes was estimated according to formula 1 below.

€= (1 = Pexp/ Prirconia )*100%, (1)
where peyp 1s the bulk density of the sheet and pirconia = 6.10 g/cm3 for -ZrO, and 5.83 g/cm3 for
m-Z1O, phases, respectively [33].

The flexural modulus of the thin nanofibrous zirconia sheets was determined using their

deflection O when the sheet was clamped on one end according to formula 2,

0= wL'/8ElL, (2)
where w is the weight of the sample, L is the length, and £ is the flexural modulus, and centroidal
moment of inertia of the cross section is determined using formula 3 below,

I.=bh12, (3)

where b is the width, / is the thickness of the nanofibrous sheet.

3. Results and discussion
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3.1. Precursor properties

Viscosity and electrical conductivity of the precursor solution play critical roles in
electrospinning. AFES process appears to be even more sensitive to these parameters than DC-
electrospinning. In a case of ZrOCl,/PVP precursor, the best spinnability in AFES process was
achieved with the polymer concentrations between 6 and 8 wt%. Those precursors had the
apparent viscosity of the solution in the range of 80-160 mPa.s and electrical conductivity in the
range of 2.5-8 mS/m (Fig.1). The increase in concentration of zirconyl chloride led initially to
higher values of both viscosity and conductivity of the precursor followed by the saturation of
these parameters, depending on the polymer concentration and salt/PVP weight ratio. Such
behavior is determined, to some extent, by the nature of interaction between the salt and polymer
molecules [34,35]. It was also noted that the as-spun fibrous sheets from 2.5:1 ZrOCl,/PVP
precursor appeared rather wet at such salt/polymer ratio due to hygroscopicity of the salt even
when 6 wt% precursors were used. As a result, the fibers were noticeably fused in as-spun
fibrous material because of the increased amount of residual solvent and water during the fast
accumulation of precursor fibers on the collector. The precursors became too viscous for AFES
process at the PVP concentration of 9 wt% and above, whereas at lower than 6 wt% PVP

concentration the fiber generation became intermittent and partial electrospraying occurred.

3.2. Electrospinning and calcination of fibrous meshes

When operated within the precursor spinnability range, AFES was capable of producing a
stable flow of precursor fibers in a broad range of AC-voltages (Fig.2). Some fiber generation
was observed at voltages as low as 7.5 kV rms, which is near the corona inception voltage

threshold [36]. Voltages below this threshold do not result in the ionic wind phenomenon which
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is the force that drives the flow upward. The best productivity was achieved at AC-voltages
within the range of 20-27 kV rms (Fig.2c,d), depending on the precursor. For example, when
using the electrode with the 25 mm diameter the yield of ZrOCIl,/PVP precursor fibers was
between 3.0 and 5.6 g/h, which, after annealing, corresponded to productivity of 0.7-1.5 g/h of
nanofibrous zirconia. Although higher fiber generation rates can be achieved at higher voltages,
the fibers spread too much to be efficiently collected (Fig.2e). Besides, the propagating fibers
tend to self-assemble into the strands as seen in the top areas of the propagating flows in Fig.2b-
e. The formation of fibrous strands was less noticeable when the collecting surface was
positioned at 15.0-22.5 cm from the fiber-generating electrode. In a typical process, the fibrous
flow was found to move toward the collector with the speed of 0.9—1.1 m/s. The ZrOCIl,/PVP
precursor fibers were assembled into the fibrous sheets on the collector surface by matching its
speed to that of the fibrous flow (Fig.2a). This resulted in the ZrOCl,/PVP precursor fibrous
sheets (Fig.2f) with partial alignment of microscopic strands of fibers along the direction of
collection (Fig.2f, inset). Thermal treatment of precursor fibrous sheets at temperatures up to
1000 °C resulted in up to 2.5+0.3 times linear shrinkage of the material. The resulting
nanofibrous ZrO, sheets showed little deformation and surface morphology resembling the

original sheet (Fig.2g,h).

3.3. Thermal processing of precursor fibers

FTIR analysis of as prepared and dried (80 °C) ZrOCIly/PVP precursor fibers (Fig.3)
indicates the appearance of the absorption bands at 1585 and 1021 cm™ that are absent in pure
PVP fibers. These bands increase in intensity proportionally to the amount of the salt content in

the precursor fibers and they are attributed to —OH bending and deformation modes in zirconyl
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chloride tetrahydrate, respectively [37]. Other bands were associated with PVP and most of
them shift or change in intensity, proportionally to the increase of the amount of salt in precursor
fibers, due to possible formation of complexes [38].

Regardless to ZrOCl,/PVP mass ratio in the precursor fibers, the FTIR spectra of fibers
calcined at 600 °C (Fig.3b) show almost no features except a weak band at 570 cm™. Well-
defined 482 and 569 cm™ absorption bands appear after the calcination at 800 °C, whereas a
small peak appears at 450 cm™ and broad absorption band intensifies between 620 and 800 cm™
after a 1000 °C process. These results resemble the evolution of infrared spectra of pure zirconia
nanoparticles when their size increases from 10 to 50 nm and the phase composition changes
from primarily tetragonal to monoclinic during the calcination [39,40]. Calcined nanofibrous
sheets maintained the original arrangement of fibers in as-spun material, both at macro- and
microscale (Fig.3b, inset).

Thermal Gravimetric Analysis (TGA) of the precursor fibers with different ZrOCl,/PVP
mass ratios (1.5:1.0, 2.0:1.0 and 2.5:1.0) was performed to determine the procedure for thermal
treatment. TG curves of the precursor fibers with different ZrOCIl,/PVP weight ratios indicate
two distinct regions of mass loss regardless of the ZrOCIl,/PVP mass ratio (Fig.4). The first
region (70-150 °C) is where the zirconyl chloride octahydrate loses most of its water [37]. Salt
dehydration continues slowly as temperature increases and further decomposition of the salt and
polymer components occur between 300-550 °C. SIMS analysis of the effluent gases indicated
the emission of CO; as the main component in this range of temperatures. Main stage of ZrOCl,
decomposition occurs between 330 and 380 °C with increased emission of CH3Cl, HCI, and
oxychlorine species observed in the secondary ion-mass spectra [41]. This follows the

observations that zirconium oxide phase starts to form around 400 °C [27,42]. The emission of



14

HC=CH and HC-CHj, species from the vinyl group of PVP peaks up at 350 and 450 °C, whereas
the emission of NO and other species associated with the decomposition of the pyrrolidone ring
peak up at 350, 450, and 520 °C. The apparent maxima in DTA and DTG curves corresponded
to changes in the emission of mentioned gaseous components. The mass reduces only by 1.0-2.0
% between 550 and 850 °C and it is associated mainly with removal of the residual carbon.

The shrinkage of the ZrOCI,/PVP precursor fibrous sheets was proportional to their mass
loss behavior. The linear shrinkage of the material is only 3% at temperatures below 200 °C, but
shrinks another 50-55% between 300 and 550 °C. The TGA and shrinkage behavior data were
used to choose the thermal treatment procedure for the ZrO, fiber crystallization from free-
standing ZrOCI,/PVP precursor fibrous sheets. The procedure included temperature ramping at
2 °C/min to critical temperatures (100, 220, 330, 450 and 550 °C) with holding at each
temperature for 0.5 h, followed by heating at 3 to 7 °C/min rate to the final temperature (600,
800, or 1000 °C) and holding at that temperature for 2 h. This resulted in the ZrO, nanofibrous
meshes with a little deformation and lack of cracking (Fig.2g,h).

Average diameters of ZrO, nanofibers crystallized at 600 °C and 1000 °C from the precursor
fibers with different ZrOCl,/PVP weight ratios vary in the range from 70 to 230 nm (Fig.5).
Bundled and fused fibers that appear as single fibers were excluded from the determination of
the fiber diameters and their size distributions. The observed trends correlate with the viscosity
of the precursors (Fig.1b) and the relative amount of salt. For example, the precursors with
higher viscosity tend to produce the fibers with larger diameters. Smaller diameter of ZrO,
fibers crystallized from 2.5:1 weight ratio ZrOCl,/PVP precursor can be explained by a
combination of saturated viscosity numbers and increased electrical conductivity of the precursor

solution. This could lead to the generation of thinner liquid jets during the AFES process and,
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consequently, the thinner fibers. The fibers in fibrous sheets prepared from the 8 w% precursor
solution with 2.5:1 weight ratio of ZrOCl,/PVP were too fused to reliably determine their
diameters. It was also noted that ZrO, fibers crystallized from 1.5:1 weight ratio ZrOCIl,/PVP
precursor had a narrower size distribution and are truly nanofibers with average diameters less
than 100 nm when prepared from the 6 w% precursor solution (Fig.5, insets). There was
relatively small variation in ZrO, fiber diameters and their size distribution after calcination at

different temperatures for all tested ZrOCIl,/PVP weight ratios.

3.4. Microstructure and phase composition of calcined zirconia nanofibers

Some representative SEM images of the ZrO, fibrous sheets calcined at 600 °C are shown in
Fig.6. The fiber diameters as well as the degree of fiber bundling and fusion increased when the
materials were prepared from precursors with larger ZrOCl,/PVP weight ratios (Fig.6c). The
same trend was observed for higher precursor concentrations. It was also noted that the more
fused ZrOCI,/PVP precursor fibrous sheets resulted in mechanically weak ZrO, fibrous
structures that break easily after the calcination.

There were little changes in the microarchitecture of ZrO, fibrous sheets which were
calcined at 1000 °C (Fig.7) except the noticeable ZrO, grain growth (Fig.7d-f). Yet, there was
little breakage of individual fibers observed even in the nanofibers with diameters comparable to
apparent grain size in the range of 40—-100 nm (a few such nanofibers are highlighted in Fig.7d
and Fig.7f).

XRD analysis (Fig.8) of ZrO, fibers prepared from the ZrOCl,/PVP precursor fibers with
different salt/polymer weight ratios showed that, after the calcination at 600 °C (Fig.8a), the

materials are composed mainly of a nanocrystalline tetragonal phase of zirconia (z-ZrO;). The
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calculated average crystallite sizes of #-ZrO, phase were 11.7 nm, 8.4 nm, and 8.3 nm when
prepared from precursors with 1.5:1, 2.0:1, and 2.5:1 weight ratios, respectively. The decrease
of crystallite size with the increasing salt/polymer weight ratio can be related to restricted
diffusion due to the fast nucleation rate of zirconia clusters and formation of amorphous zirconia
gel during the initial stage of heat treatment below 300 °C (Fig.4b). It is possible that, at 1.5:1
ZrOCl,/PVP weight ratio, more isolated and larger amorphous zirconia particles form. This
results in larger -ZrO; crystallite sizes at 600 °C and creates local conditions favorable for partial
conversion of #-ZrO, to m-ZrO, at that temperature. The tetragonal phase undergoes gradual
transition to monoclinic phase as the crystallite size increases in all samples at higher
temperatures (Fig.8b,c). It can be also seen that the fibers prepared from 1.5:1 ZrOCl,/PVP
precursor convert faster to monoclinic phase. According to formulas for the tetragonal (C,,) and
monoclinic (C,,) phase content [43]:
C=Lany!/ Loy laymtlai-iym), and C,=1 - C;, (4)

where /(ny)) are the integral peak intensities of corresponding phases, the amount of m-ZrO, phase
in 600 °C-calcined fibers from 1.5:1 ZrOCL/PVP precursor was 1443 %. After the calcination at
800 °C, the amounts of m-ZrO, phase in fibers prepared from 1.5:1, 2.0:1 and 2.5:1 ZrOCl,/PVP
precursors was 7943, 59£3, and 6243 %, respectively. The calculated average crystallite size
reached 38+5 nm in all samples after the calcination at 800 °C and further crystal growth up to
58+10 nm was observed at 1000 °C. It was also noted that for both 800 and 1000 °C calcination
temperatures the calculated crystallite size was statistically a few nm smaller in zirconia
nanofibers prepared from the precursors with higher ratio of salt to polymer. The calculated
average crystallite sizes are within the range of zirconia grain dimensions estimated from SEM

images (Fig.7d-f).
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There are few reports on the effect of salt/polymer weight ratio on the crystallization of pure
zirconia fibers. Rodaev et al [18] found that 800 °C calcination of ZrOCl,/PEO fibers yields
more m-ZrO, phase when salt/polymer ration is higher. This seems to oppose the present results,
but the explanation can be simple. It has been shown that the transition of #-ZrO, to m-ZrO,
occurs when a critical size of the crystallite is reached [19,44]. This is the case in both the
present study and in article cited above [18]. However, the growth of crystallites can be affected
by several factors, including the salt/polymer weight ratio in the precursor fiber, interaction
between the zirconia precursor and polymer matrix, polymer’s degradation behavior, and thermal
processing procedure. For example, Yin et al [45] found that annealing of ZrOCl,/PVP/PAN
precursor fibers in air and N, at 900 °C resulted in less m-ZrO, phase when the carbonaceous
matrix is retained after the annealing in non-oxidizing atmosphere.

To clarify the issue further, Fig.9 compares the XRD patterns of ZrO, nanofibers prepared
in present study at different heating rates and atmospheres from AFES precursor fibers with
1.5:1 ZrOCl,/PVP weight ratio. Higher heating rate resulted in significantly larger fraction of #-
ZrO, phase remaining in the material after calcination at 800 °C. It can be logically assumed that
faster heating leads to faster nucleation of small zirconia crystallites and leaves more carbonized
polymer residue upon reaching the desired calcination temperature. Such residue can restrict the
surface diffusion and crystal growth. Almost the same amount of #-ZrO, phase remained in
nanofibrous zirconia even after calcination at 1000 °C when the thermal processing occurred
under argon. These results fit crystallite size and impurity theories [19,20] and confirm the role
of carbonized residue and thermal processing procedure in the crystallization of nanofibrous

zirconia from electrospun precursors.
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Furthermore, more detailed analysis of TG curves (Fig.4a) indicates that there still about 1%
of mass loss in the 1.5:1 fibers annealed between 550 °C and 770 °C at 10 °C/min. There was no
mass change observed above 770 °C. Both the 2.0:1 and 2.5:1 fibers lost about 2% of mass
between 550 and 880 °C, thus some carbon residue can still be present in these materials upon
reaching 800 °C. Such mass losses could correspond roughly to removal of 1.0-2.0 nm thick
carbon layer that can still be present on the surface of 8-12 nm 7-ZrO; crystallites at 600 °C. As
a result, #-ZrO; to m-ZrO, phase transformation would take longer if not all carbon residue is

removed before reaching the desired calcination temperature.

3.5. Mechanical properties of nanofibrous zirconia meshes

Fibrous meshes prepared from 2.0:1 weight ratio ZrOCI,/PVP fibers electrospun from a 7
wt% liquid precursor demonstrated the best thickness uniformity and smallest deformation
during thermal processing. Several such fibrous meshes were prepared from precursor fibers
obtained at different AC-voltages (20-27 kV RMS) and speed of collecting surface (0.9-1.1 m/s
to match the speed of the fibrous flow). The resulting ZrO, fibrous meshes had lateral
dimensions up to 100 mm % 70 mm and thicknesses in the range of 0.1-0.2 mm after the
calcination between 600 and 1000 °C. They were highly porous (between 94.3 and 98.2 %), but
exhibited reasonable mechanical integrity (Fig.2g,h) which allowed to conduct initial evaluation
of some samples in tension and bending. Tensile strength and modulus of #-ZrO, fibrous samples
increased from 0.07+0.03 MPa to 1.05+0.3 MPa and from 90+40 MPa to 388+20 MPa,
respectively, when the porosity reduced from 98.0+0.2% to 94.6+0.2%. Fig.10 shows several
exemplary strain-stress curves of #-ZrO, and m-ZrO, meshes in tension. The m-ZrO, sample with

96.5% porosity showed similar magnitude of strength (0.25—0.37 MPa) as the #-ZrO, sample with
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97% porosity, but much larger modulus due to, perhaps, higher intrinsic stress in a partially
bundled fibrous network. The results for m-ZrO, samples were strongly affected by slippage due
to the local cracking and separation of fiber fragments at the contact surface between the sample
and device grips. Because of high brittleness of samples calcined at 1000 °C, it was not possible
to obtain reliable data for m-ZrO, fibrous meshes with other porosities in these experiments. The
tensile behavior of the 7-ZrO, sample with 97% and higher porosity resembles that of elastomers.
This result can be due to high deformability of individual zirconia nanofibers and fiber bundles
as well as relatively insignificant fiber-fiber interaction at this porosity. At lower porosities, the
fiber-fiber interaction increases and more fused contact points form between the fibers. This
increases the rigidity of fibrous network and results in the stress-strain curves more typical for
brittle structures. The #-ZrO, fibrous meshes with 94.6+0.2% porosity revealed the tensile
strength between 0.75 and 1.35 MPa.

Fig.11 summarizes the experimental data for tensile moduli of #-ZrO, and m-ZrO, fibrous
samples (Fig.11c,d). These results are compared with several data points for the flexural moduli
determined in a one-end clamped cantilever test for the samples calcined at 600 and 1000 °C
(Fig. 11a,b). The trend in experimental data (#-ZrO; only) was compared to a simple power law
relationship between the tensile modulus and density in porous and cellular materials according
to [46-48]:

Eporous/ Esotia = C(Pporous/ Psotia) s (5)
where Eporous, Esolid and Pporouss Psolid are the moduli and density for porous and non-porous state
of the material, respectively. The parameter C is a dimensionless constant frequently selected as
~1.0, and the exponent » varies depending on the cell morphology (frequently chosen as n=2 for

open cell and n=3 for closed cell structures, respectively).
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It can be seen that the experimental data for m-ZrO, meshes with 96.5% porosity match the
relationship (5) at n=2, although, the lack of other data points for this test does not allow the
establishment of a trend. The results for -ZrO, fibrous meshes (Fig.11d) fit between the curves
for n=2 and n=3, but the trend cannot be fitted by using the relationship (5). Published data for
various zirconia ceramics with porosity less than 55 % [49-56] show reasonable fit at »n=3
(Fig.10e) in this model. It was necessary to note that this, and a number of other similar models
[52], have been applied mostly to fit the experimental data in a narrow range of porosities. In
this case, it was assumed that the prepared highly-porous nanofibrous zirconia samples could be
treated as mostly open-cell cellular solid with the cell and cell edge structure being different
from those in referenced ceramic materials. The fiber bundling, deformation, degree of local
alignment, and interaction along and across the fibers create a complex network with properties
that can strongly depend on the overall density of a fibrous mat. Therefore, in a fibrous ceramic
structures, the exponent » can vary as the total porosity changes. In addition, the elastic modulus
of individual zirconia fibers may differ from that in solid material [6] due to the fibers’
microporosity, grain size and diameter. The relationship (5) has, therefore, been modified to fit
the experimental data in the entire range of porosities:

Eop=E(1-C;E"(1 - Ce" where n=(C, - C:é)  (6)

In this expression, the empirical parameters C; and m are associated with the possibility that
the modulus of the cell walls (edges) can change depending on their structure. Their magnitudes,
in this case, were set under the assumption that the Young’s modulus of individual #-ZrO,
nanofibers is indeed 30+3 GPa according to Gazquez et al [6]. Parameters C,, C; and k are
associated with the changes in the type (open or closed), geometry and elastic response of the

cell [57] depending on the total porosity. For example, the best-fitting curve in Fig.11e has been
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obtained for E; = 219 GPa (bulk #-ZrO,) [58], C1=0.965, m=2.7, C;=3.0, C5=1.74, and k=3.4. The
magnitude of C»,=3 reflects the initially closed cell type at low porosity, whereas Cs and k are the
parameters that reflect the changes in the cell’s microarchitecture and properties.

These preliminary results show that, in nanofibrous zirconia meshes prepared from AFES
precursor fibers, the resulting process-specific microarchitecture of the fibrous network can

strongly affect the mechanical properties of the assembly.

4. CONCLUSIONS

Free-surface high-yield alternating field electrospinning (AFES) process has been developed
in this work to prepare up to 5.6 g/h of fibrous zirconia precursor material based on zirconyl
chloride and PVP polymer. The specifics of ionic wind driven fibrous flow and flow speed-
matched fiber collection resulted in good thickness uniformity over a 20-cm width of the fibrous
zirconia precursor meshes. It is anticipated that this process can be relatively easily scaled up for
increased productivity. Thermal treatment of the precursor fibers at the calcination temperatures
up to 1000 °C resulted in free-standing pure zirconia meshes with average fiber diameters in a
range of 70-230 nm. Despite significant shrinkage of the material, the fabricated ZrO,
nanofibrous meshes showed small deformation and little cracking. It has been shown that the
carbon residue from the decomposed polymer matrix influence the formation of the crystalline
structure and phase composition of zirconia fibers at given calcination temperature, depending
on the weight ratio of salt to polymer in the precursor. Further optimization of AFES precursor
composition as well as fiber collecting and the corresponding thermal processing procedures is
expected to improve the uniformity and mechanical properties of the resulting nanofibrous

zirconia meshes. Preliminary data of mechanical tests indicated a possible effect of the fiber
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structure, arrangement, and interaction in AFES-derived zirconia meshes on the relationship
between their elastic modulus, strength, and porosity. Further studies will be directed towards a
better understanding of the correlation between mechanical properties of porous nanofibrous

ceramics and their corresponding microarchitectures.
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FIGURE CAPTIONS

Figure 1. (a) Electrical conductivity and (b) apparent viscosity of ZrOCl,/PVP precursors with

various concentrations of polymer and salt/polymer weight ratios.

Figure 2. (a) Basic schematics of the AFES process; (b—e) Typical appearance of the fibrous
flow at different AC rms voltages with a 12.5-mm diameter electrode; (f) As-spun sheet of
precursor fibers. Inset: contrast-enhanced photograph of partially aligned strands of fibers in the
fibrous sheet. Arrows indicate the direction of collection; (g,h) Nanofibrous ZrO, sheet after

annealing at 600 °C.

Figure 3. FTIR spectra of (a) as-spun precursor ZrOCIl/PVP nanofibers with different
salt/polymer weight ratios, and (b) ZrO, nanofibers after the calcination at 600, 800, and 1000
°C. Inset: SEM image of 1000 °C calcined ZrO, nanofibrous material with partial alignment of

fibers (Arrows indicate the direction of the collector rotation).

Figure 4. DTA/TG/DTG analysis of the decomposition of ZrOCl,/PVP precursor nanofibers
with different salt/polymer weight ratios after initial stabilization at 120 °C. (a) Mass loss curves,

(b) DTA/TG/DTG curves for 1.5:1 weight ratio ZrOCl,/PVP precursor fibers.

Figure 5. Average diameter of ZrO, nanofibers spun from the 7 wt% solution and calcined at (I)

600 °C and (IT) 1000 °C, and those spun from the 8 wt% solution and calcined at (IIT) 600 °C and
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(IV) 1000 °C. Examples of fiber size distributions for ZrO, calcined at 1000 °C from the

ZrOCl,/PVP precursors with 1.5:1 and 2.0:1 weight ratios are shown in inserts.

Figure 6. SEM images of ZrO, nanofibers calcined at 600 °C from the precursor fibers with (a)

1.5:1, (b) 2.0:1 and (c) 2.5:1 salt/polymer weight ratios.

Figure 7. SEM images of nanofibrous ZrO; calcined at 1000 °C from the precursor fibers with
(a,d) 1.5:1, (b,e) 2.0:1 and (c,f) 2.5:1 salt/polymer weight ratios. Circles indicate selected fiber

segments with the grain size close to fiber diameter.

Figure 8. X-Ray diffraction patterns of ZrO, nanofibers prepared from the precursor fibers with

different salt/polymer weight ratios by calcination at (a) 600 °C, (b) 800 °C, and (c) 1000 °C.

Figure 9. X-Ray diffraction patterns in 26°-34° 26 range from nanofibrous ZrO, crystallized

from ZrOCl,/PVP precursors with 1.5:1 weight ratio: the effect of heating rate and atmosphere.

Figure 10. Examples of strain-stress curves in tensile tests of nanofibrous #-ZrO, and m-ZrO,

meshes with different porosity.

Figure 11. Bending of 0.15 mm-thick nanofibrous ZrO, meshes after calcination at (a) 600 °C
and (b) 1000 °C; (¢) A nanofibrous 7-ZrO, specimen (10-mm gauge length) after the tensile test;
(d) Tensile moduli of nanofibrous m-ZrO, (*-label) and #-ZrO, meshes. Shaded areas indicate the

measurement error range. Small red spheres are the flexural moduli data for the same specimens,
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and open rhombs are the data from [4,6]. Red dotted curve represents the best fit without the
consideration of the change in Young’s modulus of nanofibers (C=0.998, C,=3.6, C5=1.54, k=1).
Purple dash-dot curve is the best fit according to the relationship (6); (¢) Young’s moduli of

various porous zirconia ceramics [47-53] plotted together with different fitting models.
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