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The aim of this study was the electrospinning of zirconia nanofibers without sol-gel precursors. Low-cost Zr-oxide
and Zr-carbonate inorganic materials, with high molecular Zr-content compared to sol-gel methods, were used
for precursor formulation. Using a polyvinylpyrrolidone (PVP) polymeric binder, zirconia nanofibers could
successfully be synthesised with both Zr-sources. The effects of different electrospinning parameters were

investigated to stabilize the processing and reduce the deviation of nanofiber diameters. Fibres calcined at
1000 °C produced from the two different precursors displayed differing crystal phases of zirconia. The one based
on nanoparticles revealed a significantly higher amount of tetragonal phase. Zirconia nanofibers with poly-
granular microstructure across the diameter were successfully produced.

1. Introduction

Zirconia (ZrOy) is an oxide ceramic that has been widely studied for
its unique properties, like high fracture toughness, low toxicity and low
corrosion potential [1-3]. These properties have ensured that zirconia
finds usage in biomedical and mechanical applications [4,5]. In addition
to the above-mentioned applications, nanoparticles of zirconia have
been studied in applications as sensors and catalysts owing to their
enhanced properties at the nanoscale [6,7].

To harness the unique material properties at the nanoscale, over the
past few decades, a lot of work has been done on shaping the materials
into anisotropic morphologies like nanoplates, nanorods and nano-
particles [8-10]. Among these, nanofibers present a fundamentally
interesting opportunity to harness specific material properties owing to
their high specific area and a high degree of anisotropic morphology
[11,12]. Electrospinning enables the production of ceramic nanofibers
with diameters ranging from tens of nanometers to microns using a
mixture of polymers, metal alkoxides, or inorganic salts [13,14]. Addi-
tionally, electrospinning has also been explored for the preparation of
nanoparticles and complex anisotropic morphologies like multichannel
microtubes [15,16]. The electrospinning process contains numerous
parameters (e.g. distance of the electrodes, electrical field, pumping
speed, needle size, etc.) that affect the yield, shape and dimensions of
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spun fibers. Those parameters are influenced by solution properties like
viscosity, electrical conductivity, surface tension, polymer molecular
weight, metal salt source and content, moisture and stability of the
slurry. Electrospun parameters and solution properties are often inves-
tigated in each study. However, the influence of different precursor raw
materials on the final phase composition of the ceramic nanofibers are
relatively unexplored. Herein, we attempt to address this knowledge gap
by preparing Zirconium dioxide (ZrO2) nanofibers with a choice of
different starting precursor materials.

In this study, the synthesis of a non-woven zirconia nanofiber fabric
with poly-granular microstructure was attempted via electrospinning.
This study aimed to investigate the production of nanofibers using
inorganic zirconia sources (oxides and carbonates) and their influence
on the crystalline phase of the sintered nanofibers. Additionally, an
investigation of typical electrospinning parameters was used to evaluate
the flexibility of fiber diameters with multiple nano-sized grain struc-
tures. Additionally, the effect of the electrical conductivity of the pre-
cursor composition on processing and the diameter of fibers was
investigated.

1.1. Overview of zirconia electrospinning formulations

In the literature, a wide range of precursor formulations to produce
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Table 1
Shows selected precursor formulations from literature used to produce zirconia fibers stating raw materials, average fiber diameters and stated applications.
Reference Zr precursor Binder Solvent e-spun fiber ¢ (pm) Application
*Zhang et al. [17] Zr-nanoparticles PEO & PEG H,0 & THF 0.45-0.7 High strength reinforcement & high-temperature insulation
*Sun et al. [18] Zr-carbonate PVP DIW & acetic acid 0.4-0.6 Mechanical & electronic applications
*Li et al. [19] Zr-nanoparticles PVP H,0 & ethanol 0.3 Mechanical & electronic applications
*Wycisk et al. [20] Zr-nanoparticles PVB IPA & butanol n/a SO, gas adsorption
Shao et al. [21] Zr-oxychloride PVA DIW 0.05-0.2 Nano- electronic & optoelectronic devices
Zhang et al. [22] Zr-oxychloride PVP H,0 & ethanol 0.4-2 Support for active phase in catalytic combustion
Zhang et al. [23] Zr-oxychloride PVP DIW & ethanol 1.2 Long-lasting phosphorescence energy storage
Jing et al. [24] Zr-oxychloride PVP DIW & ethanol 0.04 Nano-material applications
Azad et al. [25] Zr-oxychloride PVP DIW & ethanol n/a Optics, catalysis & data-storage
Lamastra et al. [26] Zr-nanoparticles PVA DIW 0.6 Mechanical, thermal stability & reduced water solubility
Dharmaraj et al. [27] Zr-isopropoxide PVAc DMF & ethanol 0.4-0.5 Electronics, photonics & sensing

Table 2
Shows the adjusted formulations which were used to synthesize electrospun
ZrO, fibers.

PVP [wt%] Ethanol [wt%] ZrO, (Nyacol) [wt%]
5.86 11.67 82.46

PVP [wt%] Ethanol, acetic acid & acetylacetone [wt%)] Zr-carbonate [wt%]
2.40 65.76 31.84

zirconia electrospun fibers have been reported, ranging from suspen-
sions to sol-gel systems. Depending on the desired fiber composition,
diameter, morphology and properties, different systems may be chosen.
A few selected systems in which zirconia fibers were obtained are shown
in Table 1. The marked (*) references reported zirconia fibers with poly-
granular microstructure.

From the literature overview on electrospun zirconia fibers (Table 1),
polyvinyl pyrrolidone (PVP) is shown to be a very popular binder sys-
tem. In our work, we used formulations based on the literature reports of
Sun et al. [18] and Li et al. [19].

2. Experimental
2.1. Formulations for electrospinning of ZrOg fibers

In our study, two different formulations based on zirconia nano-
particles and zirconium carbonate as a metal source were used to syn-
thesize zirconia fibers. To prepare the electrospinning solution, the
organic binder, solvent, and Zr-source raw materials were mixed in the
ratios listed in Table 2. After mixing, the solution was subjected to 30 s of
ultrasonic treatment. Later, the solutions were magnetically stirred at
room temperature for 5 h at 600 rpm and then left still for 2 days.
Sedimentation was apparent, and only the upper, clear portion of the
solution was used for electrospinning tests. The stirring time for both
formulations was adjusted to ensure the complete dissolution of the
organic binder, and it does not influence the final composition of the
prepared nanofibers.

2.1.1. Zirconia nanoparticle system

Colloidal 5-20 nm ZrO; nanoparticles with a pH value of 3.5 and a
viscosity of 10 cP (colloidal zirconium oxide, Nyacol Nanotechnology
Inc.) was used as one of the zirconium source material. Poly-
vinylpyrrolidone [PVP, Mw: 1,300,000 (Sigma Aldrich 437190)] was
mixed with the Nyacol nano-particle suspension and the viscosity was
adjusted by locally sourced ethanol (Alcosuisse AG, A15-A).

2.1.2. Zirconium carbonate system

The chemicals for the second system included polyvinylpyrrolidone
[PVP, Mw: 1,300,000 (Sigma Aldrich 437190)], zirconium(IV) carbon-
ate hydroxide oxide (Sigma Aldrich 520217), acetic acid (Sigma Aldrich
A6283), acetylacetone (Sigma Aldrich P7754) and ethanol. Zirconium
carbonate was added to the solvent mixture while stirring, afterwards,

PVP was added. After the 30s of ultrasonic treatment, the solutions were
magnetically stirred for a 5 h and then left still for 2 days.

2.2. Electrical conductivity of the formulations

The electrical conductivity of the precursors and electrospinning
solutions/suspensions was measured on a Metrohm 712 Conductometer
(Metrohm AG, Switzerland) at room temperature.

2.3. Electrospinning of the formulations

The fiber mats were obtained by electrospinning using a NEU-Pro
(NaBond Technologies Co., Limited - China) machine. The machine in-
cludes a drum-based fiber collector. The effect of process parameters
(voltage, collection distance, needle gauge and flow rate) on fiber nano-
structure and diameters were studied for both systems listed in Table 2.
The prepared two different formulations were processed under different
electrospinning conditions.

2.4. Fiber characterisation and thermal treatment

The green nanofiber mat structures and nanofiber microstructure
were studied by using a scanning electron microscope (SEM, VEGA3
TESCAN, Czech Republic). The nanofiber diameters were measured
using the Imagic IMS Client software (Imagic bildverarbeitung AG,
Switzerland). Debinding was carried out at 600 °C while the zirconia
nanofibers were calcined at 1000 °C for 1 h under an air atmosphere
with a heating rate of 1 °C/min. XRD measurement was carried out on a
PANalytical X’Pert PRO MPD (Netherlands) machine to study the crys-
talline structure of the nanofibers. The shrinkage of the nanofibers was
calculated by subtracting the average fiber diameters after heat treat-
ment from those before the heat treatment, and dividing this diameter
difference by the raw diameter, as shown in Equation (1):

dyreen — deatc
§ = Sgreen — Zedle L 100%

green

Equation 1

S is the shrinkage, dg.., refers to the green average fiber diameter,
and d. is the average fiber diameter after calcination. Rietveld
refinement was performed on the calcined samples using the Xpert
Highscore software to study the crystalline phase composition of the
material.

3. Results & discussion
3.1. Electrical conductivity testing

The conductivities of the electrospinning solutions/suspension are
very important, as the electrostatic charging of the fluid at the tip of the
nozzle results in the formation of the Taylor cone. As a result, it has a
strong effect on the electrospinning process, fiber diameter, shape, etc.
In one report, it was stated that the diameter of the electrospun
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Table 3

Displays the conductivities of various electrospinning formulations measured by
various authors, including solvents, precursors and binders used as well as the
ceramic where applicable.

Solvent Precursors Binder  Conductivity Ceramic Ref.
(uS/cm)
DIW zirconium PVA® 264 zirconia [30]
acetate solution
n-propanol zirconium(IV) PVP 58 YSzP [29]
n-propoxide
DIW nickel(I) PVP 601,000 NiO
nitrate
Ethanol nickel(II) PVP 5.41 NiO
nitrate
2-ME, IPA, n- nickel(I) PVP 3.28 NiO
propanol nitrate
& citric
acid
DIW & zinc acetate PVA 1150 Zn0O [31]
ethanol
DIW zinc acetate PVA 5780 ZnO
DMF, titanium(IV) PVP 45-67 PdO-TiO, [32]
acetone, isopropoxide &
ethanol & palladium(II)
acetic acid chloride
Propanol n/a PVB© 1.64 n/a [33]
Butanol n/a PVB 3.90 n/a
DMF n/a PVB 10.52 n/a
Ethanol n/a PVB 10.40 n/a
Acetic acid n/a PVB 0.72 n/a

2 PVA - polyvinyl alcohol.
> yS7 — yttria stabilized zirconia.
¢ PVB - polyvinyl butyral.

Table 4
Shows the electrical conductivities of the electrospinning recipes used in this
study.

Electrospinning solution/suspension system Conductivity (uS/cm)

Zirconia nanoparticle system 11,584
Zirconium carbonate system 4306

—a— Ethanol
—e— PVP

25000

20000

15000

10000 ~

Conductivity [uS/cm]
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0 20 40 60 80 100
Amount X [wt.%]

Fig. 1. Conductivity of ethanol (brown line) and PVP polymer (blue line)
dispersed and stirred in colloidal zirconium oxide. X-axis represents the amount
of ethanol and PVP mixed with colloidal zirconium oxide. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

nanofibers can be controlled by the electrical conductivity of the

Open Ceramics 13 (2023) 100324

12000

10000

4000 A

Conductivity [uS/cm]
(e x
S S
S S
S S

—&— Decanted part
—&— Stirred suspension|

2000 A

0 10 20 30 40 50 60 70
Zr-carbonate salt [wt.%]

Fig. 2. Conductivity of partially dissolved zirconium(IV)-carbonate hydroxide
oxide, the decanted portion (no sediment) and stirred portion with sedi-
ment suspended.

solution as the jet carry charges [28]. Unfortunately, conductivity is not
often reported with the electrospinning of nanofibers. As shown in
Table 3, the conductivity of different electrospinning formulations
described in the literature can vary widely. In one report, it was noticed
that the solution with very high conductivity of 601,000 pS/cm could
not be electrospun [29]. Table 4 shows the conductivities of the two
formulations which could be successfully electrospun in our work.

The nanoparticle-based electrospinning suspension showed a
significantly higher conductivity in comparison to the carbonate-based
system.

3.1.1. Zirconia nanoparticle system

The conductivity of the zirconia nanoparticle system was mainly
dictated by the electrical conductivity of pure colloidal zirconium oxide
(25,000 pS/cm), while the conductivity of ethanol has a value 2.5 pS/cm
and the dissolved PVP had no discernible effect, as can be seen from
Fig. 1. In general, electrospun nanofibres with the smallest fiber diam-
eter can be obtained from the solution with the highest conductivity and
vice versa (see SI, Fig. S1 for further details).

3.1.2. Zirconium(IV)-carbonate system

The conductivity in the zirconium carbonate system was greatly
affected by the amount of zirconium carbonate. In general, the electrical
conductivity of the electrospinning suspensions ranged from about 2400
to 3600 pS/cm, depending on the amount of the carbonate salt. To
distinguish the effect of the sediments on conductivity, suspensions were
made with 6 different zirconium(IV)-carbonate concentrations. The
suspensions were stored for a few days to achieve full sedimentation.
The upper, clear part (i.e. dissolved part) was decanted and the con-
ductivity measured. The decanted samples were re-mixed with the
sediments and the conductivity was measured (Fig. 2).

As expected, Fig. 2 shows that an increase in the amount of
zirconium(IV)-carbonate salt results in an increase in the electrical
conductivity in both experiments. No significant difference between the
decanted and the dispersed system was observed. It can be assumed that
an increase in conductivity with increased amounts of salt can be
attributed to the higher concentration of free ions and other species
susceptible to ionisation.

3.2. Electrospinning
Electrospinning was conducted with the two different formulations.

The experiments were focused on the homogeneity of the electrospun
fiber mat, e.g. fiber diameter, microstructure and morphology.
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Fig. 3. a) image shows inhomogeneous mat with standing fibers, b) as well as accumulated fibers ripped from the collector caught between the cylindrical collector

and machine base.

Fig. 4. Nanoparticle system; a) single and multi-jets emitted; b) prominent drops observed on the mat that dissolved already deposited fibers; c¢) bead formation using

PVA and higher ethanol content.

3.2.1. Zirconia nanoparticle system

For the zirconia nanoparticle system, electrospinning was performed
using flow rates ranging from 1 to 10 mL/h, voltages between 8 and 25
kV and needle to drum distances of 5 and 10 cm. The process was
optimized by tuning in the composition as well as the electrospinning
parameters i.e. voltage, distance, needle gauges and flow rate.

With a PVP amount of 4 wt % and above, needle clogging was
observed, and the high conductivity of the precursor system caused the
‘standing fiber’ phenomenon which ended up being ripped off (Fig. 3).

The attribution of the standing fiber phenomenon to conductivity
was due to the observation that when the electrical voltage was switched
off the fibers would lie on the collector (Fig. 3b), but when turned on
they would stand. From Gazquez et al. it is understood that dampening
the conductivity of the solution would have enabled the collection of a
homogeneous mat [34]. Normally during electrospinning, a single jet is
emitted per needle, which is initially in a stable phase and then tran-
sients into the “whipping instability-zone”. Sometimes though, multiple
jets are ejected especially when the applied voltage is high. In the system
with colloidal ZrO, nanoparticles, this proved to be true for applied
voltages above 18 kV (Fig. 4a). The effect was however not permanent,
the jet was switching back and forth from a single to multiple fibers
during the spinning process. This can be explained by the rapid physical
movement of the jet in the air, leading to varying electric potential.

Another issue of interest was the formation of droplets on the mat
(Fig. 4b), which happened more frequently when distances between the

collector and needles were lower than 10 cm. This effect also occurred
when the flow rate was too high and/or when the amount of PVP was too
low (low viscosity). This can be explained by the electrical field drawing
the solution from the needles, combined with a low solution viscosity.
Due to gravity and the electrical field, the jet was thinned to the extent
the viscosity forces cannot retain the fiber form, resulting in the
lowering of the surface area by the formation of droplets. Due to their
electrical conductivity and inertia, they are still accelerated toward the
collector and can reach the collector when using small distances. The
main properties that influence droplet formation are viscosity, solution
conductivity, solvent evaporation, surface tension and solubility of the
polymer [35]. A further disadvantage of the droplet reaching the mat is
that the solvent can dissolve the fibers already collected on the collector.
Furthermore, lower than optimal viscosity led to the formation of beads
as shown in Fig. 4c.

3.2.2. Zirconium(IV)-carbonate system

For the zirconium(IV)-carbonate system, electrospinning was suc-
cessful between 14 and 25 kV, electrode distances between 5 and 12.5
cm and flow rates ranging from 2 to 10 mL/h. Besides varying the PVP
amount from 2.4 to 6 wt %, 31 to 50 wt % zirconium (IV)-carbonate was
added to investigate the effect on the electrospinning process. Before
electrospinning, the formulations were always stored for a few days to
achieve full sedimentation. Only the sediment-free part, separated by
decanting, was used for the following studies. The electrospinning

Fig. 5. Electrospun fibers produced using electrospinning solution that did not fully sediment, i.e. the Sun et al. -based system showing particles; a) between and b)

in fibers.
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experiments with the Sun et al..-based formulations yielded the best
electrospinning results from all the tested systems [18]; a homogeneous
mat was formed and spinning was consistent at voltages between 8 and
25 kV while using distances between 5 and 12.5 cm. All solutions made
could be successfully electrospun. If the sedimentation and decanting
step was not successful, particles were obtained in the electrospun mat
(Fig. 5).

The results allowed further testing of processing parameters, by
varying the precursors, flow rate, voltage, the distance between the
needle and collector and needle gauge.

3.2.2.1. Varying amounts of PVP and zirconium salt. The effect of vary-
ing PVP and zirconium salt concentrations in the electrospinning solu-
tion on the green fiber diameters is shown in Fig. 6. One parameter was
changed at a time, while the others were kept constant. These constant
parameters were a voltage of 20 kV, a distance between needle and
collector of 10 cm, a flow rate of 4 mL/h and a needle gauge of 17 (¢
1.067 mm). The error bars indicate the standard deviation of the
nanofiber diameters measured by the SEM and give a hint about the
distribution of nanofiber sizes.

With an increase in the amount of PVP, the diameters increased. But
the 17-gauge needles were clogging more often with 6 wt % PVP indi-
cating a high viscosity and thus the upper limit of the polymer binder

amount for this needle size. As the electrospinning processing worked
best at 4 wt % of PVP, this binder to solvent ratio was maintained. The
electrospinning worked well with all amounts of zirconium(IV)-
carbonate investigated i.e. up to 50 wt %. The diameters increased
with the increasing amount of salt, as shown in Fig. 6 b. Also, the
standard deviation of the nanofiber diameters decreased, to 33, 32 and
27% respectively, implying more uniform nanofiber mats. To achieve
the highest ZrO; yield possible after heat treatment and because the
electrospinning worked well, the 50 wt % zirconium(IV) carbonate
composition was used further in different parameter-changing
experiments.

3.2.2.2. Effect of electrospinning parameters on green fiber diameters.
Experiments were carried out with the zirconium(IV) carbonate system
to investigate how voltage, the distance between needle and collector,
flow rate and needle diameter affect the green fiber diameters. These
results are shown in Fig. 7.

3.2.2.3. Effect of voltage. Demir et al. suggested that the final diameter
of the fibers under constant current flow depended on the applied
voltage [36], with He et al. suggesting that fiber diameter has an allo-
metric relationship to the applied voltage as shown in Equation (2) [37]:
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Fig. 8. Electrospinning showing drops formed at the needle tips in place of
Taylor cones.

d= E—0.5 Equation 2

Where d is the green fiber diameter and E is the applied electric field
and thus predicts that increasing electrical fields result in smaller
diameter fibers [38]; which has been found by several other groups [28,
39]. Error! Reference source not found.a shows that the average
nanofiber diameter does not decrease significantly if we consider the
diameter distribution of the green nanofibers. However, the standard
deviation decreases significantly suggesting the production of finer and
more uniform nanofibers, a trend also seen by Angammana et al. [28].
The stronger electrical field means an increase in the electrostatic
repulsive force on the charged jet, favoring the narrowing of nanofiber
diameter.

3.2.2.4. Needle-collector distance. The structure and morphology of
electrospun fibers are easily affected by the electrospinning distance
because of their dependence on the deposition time, solvent evaporation
rate and whipping or instability interval [40]. Error! Reference source
not found.b shows the relationship between nanofiber diameters and
electrospinning distance. It is apparent that the diameters decrease with
an increase in the needle-collector distance. Other authors have also
found similar results [41,42], with the reason being that in general, the
trend in fiber diameter follows that of the applied voltage because as the
distance is increased the electrical field energy is reduced, and at the
same time due to the larger distance that the jets must travel while in air,
they get subjected to a stronger thinning and more solvent evaporates.

3.2.2.5. Flow rate. The flow rate is an important process parameter as it
influences the jet velocity and the material transfer rate; with the
advantage of a lower flow rate being the ability to allow sufficient sol-
vent evaporation [43]. The fiber diameters decreased when electro-
spinning with a higher flow rate (Error! Reference source not found.
c), which is the opposite of what has been documented in the literature
[42,44,45]. This may be explained by the intermittent electrospinning
observed with the lower flow rates resulting in higher solvent evapo-
ration. The lower flow rates were too low to support consistent elec-
trospinning. The needle diameter used in this work was relatively large
17 (¢ 1.067 mm) compared to the standard needle gauge used in liter-
ature. The Taylor cone did not emerge directly from the needle, but
rather out of a drop formed at the tip, as shown in Fig. 8. It was observed
with the lower flow rates that first a drop would form at the needle tip,
after which the Taylor cone would appear (spinning commences) and
then disappear again, at which point spinning would stop. This process
repeats itself after a new drop is formed following the flow rate. These
drops meant that a bigger total suspension surface area was exposed
when compared to smaller diameter needles. It is thought that due to

Open Ceramics 13 (2023) 100324

Fig. 9. Calcined fibers from the; a) zirconia nanoparticle system; b) zirconium
(IV)-carbonate system.

having a relatively high surface area compared to their volume (when
compared to a Taylor cone emerging from a smaller needle); more sol-
vent was able to evaporate affecting the trend in fiber diameter due to
the intermittent nature of the electrospinning.

3.2.2.6. Needle gauge. The 17-gauge needle with a larger diameter (¢
1.067 mm) was used as the standard because it made the electrospinning
process much easier and stable, with less clogging compared to smaller
needle gauges. From the results shown in Error! Reference source not
found.d, using a higher needle gauge (smaller inner diameter) caused
the fiber diameters to slightly increase. However, at first, this seems
contradictory; a larger diameter should allow more suspension to flow
through and before the experiments, it was expected that a bigger needle
would cause an increase in the fiber diameters.

A possible explanation for this effect is the surface area of the solu-
tion. When the needle diameter is larger, the capillary forces on the tip
change in such a way that the drop forming is bigger. A larger drop has a
higher surface tension, possibly reducing the evaporation of the solvent.
When spinning with smaller needles, a Taylor cone would form directly
at the needle tip unlike with needle gauge 17 (Fig. 8). The cone forming
from the bigger droplets (large needles) was smaller than the one
coming directly from the needle tip (small diameter needles), possibly
allowing more solvent evaporation and thus causing larger fiber di-
ameters due to increased viscosity. The standard deviation changed
from 19, 20-22% when using needle gauges 17, 19 and 21 respectively.
This correlates with the electrospinning experience: when using a
smaller diameter needle clogging happened more often, causing irreg-
ularities in the process. In this case, needle clogging was not a problem,
but still meant a lower probability of having a stable process.

3.3. Heat treatment

Gazquez et al. found that sintered fiber diameters were primarily
dependent on the equivalent solid content after thermal annealing [34].
Although high conductivity might result in thinner green fibers, the
influence of solution conductivity on fiber diameter after annealing was
found to be much less prominent than the solid content. All fibers were
calcined for 1 h at 1000 °C.

The observed fiber morphology is in good agreement with the study
reported by Li et al. [19] However, a further morphological comparison
was not possible due to the low resolution of the SEM images.

3.3.1. Zirconia nanoparticle system

With the zirconia nanoparticle system, fibers obtained had the
“necklace/bamboo” effect (Fig. 9a). After heat treatment, a shrinkage of
30% could be obtained. The fiber sizes ranged between 0.3 and 35 pm
for the same process parameters. This results in standard deviations
between 84 and 178%.

3.3.2. Zirconium(IV)-carbonate system

While using a low amount of PVP, the zirconium(IV)-carbonate
system showed similar results in comparison with the zirconia nano-
particle, i.e. necklace effect. An increase in the volume of PVP resulted in
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larger fiber diameters and a poly-granular fiber morphology was ob-
tained (Fig. 9b). Depending on the zirconia carbonate content the
shrinkage after heat treatment varied between 27 and 34%. The average
diameters ranged from 120 to 340 nm with a standard deviation of 78
nm. Fig. 10 shows how the shrinkage is affected by the Zr-precursor
solids loading. The ZrO, content was calculated from the number of
moles contained in the zirconium carbonate source. As expected, a
higher loading yields a lower relative shrinkage.

3.4. Phase composition

Fig. 11 shows the X-ray diffractogram of the calcined samples and
their phase analysis. It can be noted that both the calcined samples show
mixed phases of monoclinic and tetragonal structures. Typically sin-
tering at a temperature above 700 °C, the monoclinic phase dominates
in electrospun fiber [19]. To quantify the different phases in the calcined
nanofiber, Rietveld refinement was performed on the samples (see SI,
Table S1). From the Rietveld refinement, it was estimated that the zir-
conia nanofibers prepared using the zirconium(IV)-carbonate system
had an overwhelming monoclinic phase (Ref. code 01-080-0966) of
about 92.2% and the rest being the tetragonal phase (Ref. code
01-079-1763). Interestingly, in the case of nanofibers prepared using the
ZrO, nanoparticles colloid system, the tetragonal phase was at 82.8%
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and the monoclinic at 17.2%. This is in contrast to the work reported by
Lietal. [19]. At 800 °C they observed a mainly monoclinic phase and at
1000 °C the structure had completely transformed into a pristine
monoclinic phase. The main difference between the two studies is the
heat treatment. While Li et al. used a high-temperature differential
scanning calorimeter (HTDSC) with a heating rate of 10 °C/min, in our
study we used a conventional furnace with a heating rate of 1 °C/min
and a dwell time of 1 h. Due to the lower heating rate and a dwell time of
1 h, in our study a larger crystallite size can be expected. Based on these
results, it can be concluded that the formation and transformation of
crystalline phases of zirconia depend on several synthetic parameters
including the type of precursor, doping with ions and the technique used
for its synthesis and the followed post-thermal treatments. In one report,
Sebastian et al. observed that the choice of polymer binder material
influenced the final crystalline phase composition of electrospun hy-
droxyapatite fibers [46].

4. Conclusion

Two low-cost electrospinning systems, namely zirconium oxide
nanoparticles and zirconium(IV) carbonate, have been investigated for
the electrospinning of ZrOs fibers. The zirconia nanoparticle system was
attempted with an initial issue being ‘standing’ fibers on the collector. A
large variation of fiber diameter from nano to micrometer range has
been observed which might be critical for some industrial applications.
It was possible to synthesize zirconia fibers with a cheaper and easier
method than using sol-gel precursors. The zirconium(IV)-carbonate
system proved to work best regarding processing parameters, unifor-
mity of fibers, and also reproducibility. Due to the relatively low stan-
dard deviations in the measured fiber characteristics, the zirconium(IV)-
carbonate based system was selected for a further study concerning the
influence of various parameters on fiber diameters and morphology. The
solubility and visual inspection results of the various systems showed
that both, solutions and suspension may successfully be used to produce
electrospun zirconia fibers. With the zirconium(IV)-carbonate system,
the fiber diameters could be varied easily by changing the amount of
PVP and/or the zirconium(IV)-carbonate salt concentration. Suspen-
sions with PVP amount from 2.4 wt % to 6 wt % and zirconium(IV)-
carbonate amount up to 50 wt % were successfully spun. As the
amount of binder and salt in the precursor was increased, larger average

ZrO, nanoparticle colloid based solution s

* Tetragonal (01-079-1763)
# Monoclinic (01-080-0966)

N A

*
S

Intensity (a.u)

20
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Fig. 11. X-ray diffraction patterns of calcined ZrO, nanofibers from the zirconia nanoparticle system and zirconium carbonate system, showing different crystal-

line phases.
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green fiber diameters were obtained. In addition, the effect of voltage,
distance, flow rate and needle gauges on fiber diameter was investigated
in a certain range. Calcining the fibers at 1000 °C revealed a predomi-
nant monoclinic phase for the zirconium(IV)-carbonate system whereas
a predominantly tetragonal phase with a minority monoclinic phase for
the zirconia nanoparticle system was observed. Based on the fact, that
polymeric binder (PVP) and solvent (ethanol) were kept constant in this
study, it is obvious that the difference in phase composition is related to
the different Zr-source. Increasing PVP binder or content of zirconium
(IV)-carbonate salt, fibers with poly-granular microstructure across the
nanofiber was successfully produced.
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