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Abstract

Pure zirconia nanofibers were fabricated by electrospinning zirconia-polymer precursor and subsequent annealing. Fiber properties such as
polymer decomposition, crystallization formation, phase transformation, surface morphologies, etc., were investigated by various techniques,
including thermogravimetric analysis (TGA) and differential thermal analysis (DTA), high temperature differential scanning calorimeter
(HTDSC), powder X-ray diffractometer (XRD), field emission scanning electron microscopy (FESEM), etc. It was found that the crystallization
of as-spun fibers started at 450 °C and the initial crystallized zirconia phase was tetragonal (t), which began transforming to monoclinic (m) phase
at 650 °C as evidenced by XRD; HTDSC showed at different thermal circles, the m-to-t transformation temperatures remained virtually unchanged
while the reverse t-to-m temperatures systematically shifted from 924.9 to 978.6 °C as the progress of thermal circles; FESEM examinations
revealed that fibers calcined to 1000 °C went through thermal grooving due to surface diffusion during heat treatment; fibers heated to 1370 °C

formed the so-called ‘“bamboo wires”’, where volume diffusion was the dominant driving force.
© 2009 Elsevier Ltd and Techna Group S.r.I.Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there has been increased interest in
fabrication and investigation of one-dimensional nanostruc-
tured materials, or more specifically, nanofibers due to both
scientific needs and practical demands. Those nanofibers often
find their applications in microelectronics, catalysts, hydrogen-
storage systems, micro-fluidics, sensors, and medical and
pharmaceutical fields. Electrospinning represents a simple and
promising method for fabricating nanofibers [1]. In a typical
electrospinning process, a polymer-containing precursor under-
goes turbulent whipping and branching when extracted by a
sufficiently high electric field, leading to the formation of a
nonwoven mat of nanofibers. Electrospinning is reportedly the
only technique that realized the fabrication of continuous fibers
in nanoscale [2].

Zirconia has been extensively investigated because of its
technical importance and broad practical applications [3,4],
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such as thermal barrier coatings [5], electrolytes and anodes in
solid oxide fuel cells [6,7], gas sensors [8], gate dielectrics [9],
catalysts [10], ceramic biomaterial [11], glass ceramics [12]
and so on. Its unique properties such as high toughness and
chemical stability [13], good refractory properties, good ionic
conductivity at high temperatures are largely based on the
crystal structures of zirconia [14]. It is well established that
under atmospheric pressure pure zirconia takes on three
polymorphic phases: monoclinic (m), tetragonal (t), and cubic
(c) [15]. M-phase is the common room-temperature stable
form; m-to-t transformation takes place reversibly at ~1170 °C,
and then to c-phase at ~2350 °C [16]. T-to-m transition in
zirconia is one of the effective ways to improve its mechanical
properties [17].

Although powder- and solid-form of zirconia has been
widely investigated in terms of grain sizes and crystalline
phases, phase transformation energetics, particle morphologies,
etc. [4], these properties were rarely reported on nanofibrous
zirconia materials. In the present work, polymer-containing
zirconia nanofibers were prepared on a large scale and their
thermal behaviors, phase transitions and surface characteristics,
etc., were examined and reported.
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Fig. 1. Schematic of the electrospinning rig setup employed in this study.

2. Experimental
2.1. Electrospinning rig setup

A novel “spinning upwards” apparatus, as sketched in
Fig. 1, was used in this study as opposed to the conventional
setup of spinning sideways or downwards as described by other
authors [18-21]. When compared with spinning sideways, this
configuration aligned the precursor’s electrical force with
gravity, which was found to yield more uniform fibers; it also
avoided contamination and destruction of spun-membrane by
possible droplets dripping down from needle tip because of
excess precursor supply in spinning downwards setup.

2.2. Zirconia nanofiber preparation

Zirconia-polymer nanofibers were fabricated by using the
above-mentioned electrospinning apparatus. The precursor
preparation and process parameters described below reflected
the optimal combinations that led to the production of uniform
and continuous fibers. 17 wt% of Polyvinylpyrrolidone (PVP)
solution was first prepared by dissolving PVP (Sigma-Aldrich,
USA, molecular weight 1.3 million) in ethanol to form a clear
and thick mixture. Zirconia dispersion (Nyacol Nano Tech-
nologies, USA, wt% = 20%, particle size 5-10 nm) was then
added to the prepared PVP solution in a weight ratio of 4.9:1.
The mixed precursor was ultrasonicated for 3 min and was then
stirred for 1 h on a magnetic stirrer before loading into the
electrospinning rig. The typical working voltage, feeding rate,
and tip-to-plate distance during electrospinning were 6.2 kV,
2 ml/h, and 8 cm, respectively.

2.3. Fiber characterizations
The as-spun nanofibers were collected from the grounded

aluminum plate and cut and rolled into different shapes for
various inspections. Fiber surface characteristics were exam-

ined by using a field emission scanning electron microscopy
(FESEM) (Model Quanta 3D FEG, FEI Company, USA);
powder X-ray diffraction (XRD) measurements were per-
formed on an X-ray diffractometer (MiniFlex XRD, Rigaku
Corporation, Japan) with Ni-filtered Cu Ko radiation
(A = 1.54178 A). For all samples, XRD spectra were obtained
by scanning over 26 angles of 20-80° at scanning speed of 2°/
min and step width of 0.02°; fibers’ thermal behaviors were
inspected by a thermogravimetric analyzer (TGA) (Model Q50,
TA Instruments, USA) in the temperature range of 25-1000 °C;
high temperature differential scanning calorimeter (HTDSC)
(Model DSC 404 F1 Pegasus, NETZSCH Group, Germany)
was employed to examine fibers’ thermodynamic behaviors.
Platinum pans were used for all HTDSC testing instead of
alumina ones because the former were found to give more
remarkable peak events, which was attributed to platinum’s
better thermal conductivity and thus being more responsive to
changes of heat flow in the process of the measurements. Before
each sample measurement, a baseline run was conducted and
recorded using two empty pans under the same experimental
conditions as would be used later for sample testing. In a typical
HTDSC testing, 15 mg of as-spun zirconia nanofibers was
loaded. No isothermal processes were used during HTDSC
calcinations, i.e., all samples were heated to the end
temperatures and cooled down immediately. Both TGA and
HTDSC analyses were repeated several times to ensure good
reproducibility.

3. Results and discussion
3.1. TGA and first-run HTDSC analysis
Typical TGA and DTA analysis (top) and the first-run

HTDSC curve (bottom) are shown in Fig. 2. For both TGA and
HTDSC testing, heating rate was 10 °C/min and air flow rate
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Fig. 2. TGA combined with DTA curves (top) and first-run HTDSC graph
(bottom) of as-spun zirconia-polymer nanofibers. The two strong peaks on DTA
curve are attributed to residual moisture evaporation and PVP polymer decom-
position, respectively; the exothermic peak starting at 450 °C on HTDSC plot is
due to crystallization formation while the peak starting at 560 °C is due to m-to-t
transition.
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was 20 ml/min. It could be noted from the top graph that during
heat treatment the fibers had two major weight losses,
represented by two peaks on the DTA curve. Correspondingly,
the HTDSC curve showed two opposite thermal events around
the same temperature ranges as the TGA graph: an endothermic
process that was identified to start from room-temperature to
270 °C, and an exothermic process from 270 to 450 °C. It is
believed that the first major weight loss, with mass reduction of
23%, was due to evaporation of residual moisture and ethanol
content in the fibers, which would be heat-absorbing process by
its nature and thus is in agreement with HTDSC result; the
second major weight loss, starting at 270 °C with mass
reduction of 23.5%, resulted from the decomposition and
burning off of PVP polymers and other minor organic
constituents introduced from the original zirconia colloid.
Thus it seems reasonable to conclude that in air atmosphere the
onset temperature for PVP decomposition is 270 °C.

It also came to our attention that another two exothermic
events took place later on the HTDSC curve while on the TGA
graph no significant weight losses were seen. With the help of
NETZSCH Proteus Thermal Analysis (software ver. 5.01), the
onset temperatures for these two exothermic processes were
identified to be 450 and 560 °C, respectively. These two events
were attributed to crystallization formation and solid-state
transitions of ceramic zirconia nanofibers, which would be
discussed later in Section 3.3. A weight loss of 2.5% at the end
of the TGA curve is attributed to pyrolysis of residual organics
entrapped inside the fibers. TGA results also show that ~51%
of total weight was retained by the end of TGA test ending at
1000 °C.

3.2. HTDSC measurements of phase transitions

Fig. 3 shows two segments of HTDSC testing results of
zirconia nanofibers. For all measurements, temperature ramp
and air flow rate were maintained at 20 °C/min and 20 ml/min,
respectively. It could be seen that the heating processes (Fig. 3
top) exhibit clear endothermic events (except for the first-run
curve) while in cooling (Fig. 3 bottom) the reverse exothermic
events showed up. These thermal events are strongly related to
zirconia’s crystal structure changes, i.e., endothermic events
during heating are due to m-to-t transitions and exothermic
events during cooling resulted from the reverse t-to-m
transitions, which are in agreement with literature [22,23].
Some researchers [24,25] indicated that only peak temperatures
(Tpx) on HTDSC curves may not be accurate representations of
the real transition temperatures (7.,); the onset (7,,,) and offset
(To¢) temperatures should be taken into consideration for better
illustration. Herein To,, Tpx and T, were identified and
determined with NETZSCH Proteus Thermal Analysis (soft-
ware ver. 5.01). The results are listed in Table 1 for reference.

As Fig. 3 (top) shows, the first heating curve appeared flat
around 1197 °C where endothermic events exhibited in all the
rest heating processes. We repeated the tests using as-spun
fibers several times and all indicated no measurable endother-
mic event for the first heating circle. While looking at the first
cooling curve in Fig. 3 (bottom), an exothermic peak was
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Fig. 3. Two segments of HTDSC testing results of 5 consecutive thermal circles
of zirconia nanofibers. Top: heating processes; bottom: cooling processes.
Endothermic events on heating, which represented m-to-t transitions, and
exothermic events on cooling, which represented the reverse t-to-m transitions,
could be clearly identified (except for the first heating process). The heating
peak temperatures practically remained unchanged while during cooling they
showed dramatic shift.

identified representing t-to-m transition, which means m-to-t
transformation must have happened at heating. We believe
there must have been some exothermic processes taking place
at around 1197 °C that cancelled out the absorbed heat resulted
from m-to-t transition, making the first heating curve look flat.
One such process could be the grain growth under high
temperatures, as evidenced by FESEM results that will be
discussed later.

For the purpose of simplicity, Tk was assumed to be Ty, in
the following discussion. It could be noted from Table 1 that
during heating, the m-to-t temperatures stayed around
1197 °C for all 4 thermal circles while in the cooling process
they systemically shifted from 924.9 for the first circle to
978.6 °C for the fifth circle. It is well established that the t-to-
m transitions of zirconia system are strongly particle-size
dependant [23], i.e., in nanoscale smaller particles will lead to
stabilization of m-phase at lower temperatures. Therefore, the
temperature increase during cooling is ascribed to particle

Table 1
Comparison of onset (7o), peak (Tpi), and offset (Tog) temperatures during
different thermal circles.®.

Heating Cooling

Ton (OC) Tpk (OC) Toff (OC) Ton (OC) Tpk (OC) Toff (OC)
Ist circle - - - 908.2 924.9 937.4
2nd circle  1172.8 1195.5 1215.9 934.3 949.6 959.3
3rd circle  1173.1 1197.0 1216.1 945.0 963.6 973.3
4th circle  1172.8 1197.9 1216.3 951.4 972.7 983.1
Sthcircle  1175.1 1198.0 1213.9 953.9 978.6 989.9

# One thermal circle refers to heating up to 1370 from 100 °C and cooling
down back to 100 °C.
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growth during each thermal circle. In this respect the heating
behavior would then seem somehow unreasonable because
they did not show consistent shift as cooling process did.
Mayo et al. [22] observed and reported the same heating
phenomenon, explaining that the presence of twin interfer-
ences had made the ‘“‘apparent” grain size equal during
different heating processes, which would lead to m-to-t
transitions taking place around the same temperature. We
believed that is also the case here.

3.3. XRD investigation

To reveal and examine phase change and transformations of
zirconia nanofibers at different calcination stages, as-spun
fibers annealed to temperatures of 450, 560, 800, 900, 1000 °C
in HTDSC were cooled down and XRD analyses were carried
out afterwards. During annealing, the temperature ramp was
10 °C/min for heating and 20 °C/min for cooling and air flow
was maintained at 20 ml/min.

The obtained XRD patterns were refined and indexed by
Rietveld technique. The refined XRD spectra as well as
standard JCPDS peak information for t- and m- zirconia are
shown in Fig. 4. As shown in Fig. 4, no peaks were identified for
fibers heated up to 450 °C, which means they still took
noncyrstalline form; when temperature was raised to 560 °C, t-
phase instead of m-phase exhibited clearly and explicitly,
which explained the exothermic event in Fig. 2 (bottom) from
450 to 560 °C as a crystallization formation process. Similar
thermodynamic process was reported on YSZ material [26].
The t- and m-phase that showed later were identified to have
JCPDS no. 79-1771 and 37-1484, respectively. It seems the
initial crystal phase right after crystallization formation
depends strongly on sample preparation methods since initial
m-phase [14], t-phase [27] and c-phase [28] were all reported
although it was stated that generally t-form was the preferential
phase during crystallization of amorphous zirconia [29].

When annealing temperatures were gradually lifted to 800,
900, and 1000 °C, the m-phase started to show itself steadily
and its intensity rose while the t-phase faded away until finally
disappeared when samples were heated to 1000 °C. While
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Fig. 4. XRD spectra of zirconia nanofibers annealed in HTDSC to 450 °C (a),
560 °C (b), 800 °C (c), 900 °C (d), 1000 °C (e). Standard JCPDS data for t- and
m- zirconia are provided as references.

checking HTDSC plot from 560 °C up to 1000 °C in Fig. 2
(bottom), a relatively broad exothermic peak was detected.
Thus it was believed this thermal event corresponds to the t-to-
m phase transition. As compared to transformations of the same
nature during cooling, this one happened during first heating
only and had a lower onset temperature although they both
released heat.

3.4. Surface morphology inspections

Zirconia nanofibers were characterized by FESEM both
before and after HTDSC calcinations. During annealing, the
temperature ramp was 20 °C/min and air flow rate was
maintained at 20 ml/min.

Typical FESEM images of the as-spun nanofibers are
displayed in Fig. 5. It is obvious that long, smooth, uniform and
bead-free fibers were successfully fabricated on a large scale,
with fiber diameters ~300 nm.

Fig. 6 shows zirconia fibers that were calcined to 1000 °C
(left) and 1370 °C (right), respectively. From Fig. 6 (left), it
could be first noted that after decomposition of PVP polymers,
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Fig. 5. FESEM images of as-spun zirconia-polymer nanofibers.
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Fig. 6. FESEM images of zirconia nanofibers calcined at 1000 °C (left) and 1370 °C (right) using HTDSC; inset at right shows typical bridging of two intersecting fibers.

the fibers’ original cylindrical shape and continuity were
retained and no dramatic shrinkage in diameter could be
detected when compared to Fig. 5 (right). Also, zirconia grains
with sizes of ~50 nm were found arraying tightly against each
other with micro-pores present. The grain boundaries are
clearly shown as grooves, which roughened the fiber surfaces
dramatically. The fibers’ microstructure evolution after heat
treatment was classically analyzed and theorized by Mullins
[30] and was named ‘‘thermal (grain boundary) grooving”. It is
believed that grooving will occur whenever the stationary grain
boundaries of a polycrystal merge to intersect the surface under
high temperature. Mullins [30] also proposed two mechanisms
for thermal grooving: one being evaporation—condensation and
the other surface diffusion. Here, we believe surface diffusion
was the dominant driving force since no appreciable fiber
shrinkage was detected. In literature the same mechanism was
suggested for zirconia [31,32].

When calcination temperature was raised to 1370 °C from
1000 °C (Fig. 6 (right)), further grain growth took place and the
so-called ‘““bamboo wires” are apparent, where the grain
growth is pinned by thermal grooving in fibers when grain size
is about the same as fiber diameter, leaving no pores behind.

Also, as shown in the inset of Fig. 6 (right), some fibers were
found bridging and joining together at the intersections where
they were believed to have just barely touched each other
originally. The observed mass-transport phenomena from
Fig. 6 (left) to (right) were primarily attributed to volume
diffusion since the deletion of pores could not result from either
surface diffusion or evaporation—condensation mechanisms
[31]. Because grain bridging is favorable at temperatures of
1200 °C and above for zirconia systems [31], Fig. 6 (right)
also revealed that heat treatment at temperature of 1370 °C
is sufficient to heal intergranular pores by sintering of
neighboring grains.

Fig. 7 shows zirconia fibers that went through 5 thermal
circles in HTDSC between 100 and 1370 °C. When compared
to Fig. 6 (right), it could be noted that more shrinkage and
necking at grain boundaries took place; the grains grew longer,
which means the equivalent-particle-size have increased and
thus also explained the temperature increase in the t-to-m
transition in the HTDSC tests shown in Fig. 3 (bottom). It is
also worthwhile to mention that in Fig. 7 bridging and joining of
fibers happened extensively and they altogether formed an
interconnected nano-sized zirconia network.
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Fig. 7. FESEM images of zirconia nanofibers after 5 circles in HTDSC each heated to 1370 °C.
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4. Conclusions

Zirconia nanofibers with diameters of ~300nm were
fabricated using zirconia dispersion and polymer solution on
a novel electrospinning apparatus. The nanofibers were found
to start crystallization in the form of t-phase at 450 °C, showing
an endothermic event on corresponding HTDSC curve; another
endothermic peak from 650 to ~900 °C was confirmed by XRD
to be m-to-t phase transition; nanofibers showed dramatically
different thermodynamic behaviors for heating and cooling
processes during treatment of 5 consecutive thermal circles: m-
to-t transition temperatures remained around 1197 °C on
heating for all 4 circles while on cooling t-to-m temperatures
increased from 924.9 °C for the first circle to 978.6 °C for the
fifth. FESEM investigation revealed zirconia fibers calcined to
1000 °C showed thermal grooving, which was attributed to
surface diffusion during heat treatment; fibers fired to 1370 °C
formed the so-called “bamboo wires” while bridging and
joining of fibers that went through 5 thermal circles to 1370 °C
were so prevailing that they altogether formed an inter-
connected nano-sized zirconia network.
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