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Nanosize stabilization of cubic and tetragonal phases in reactive plasma
synthesized zirconia powders
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h i g h l i g h t s
< Direct conversion of micron-sized zirconium hydride powder to single crystal ZrO2 nanopowder.
< Size dependent stabilization of cubic, tetragonal and monoclinic phases in the reactive plasma synthesized ZrO2 nanopowder.
< Transmission electron microscopic investigation to identify particles of different sizes and their corresponding phase structure.
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Pure zirconium oxide powders with particle size 2e33 nm are synthesized by reactive plasma processing.
Transmission electron microscopy investigation of these particles revealed size dependent behavior for
their phase stabilization. The monoclinic phase is found to be stable when particle size is �20 nm;
Tetragonal is found to be stabilized in the range of 7e20 nm and as the particle size decreases to 6 nm and
less, the cubic phase is stabilized.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The high temperature phases of zirconia (tetragonal and cubic)
have attractedmuch interest due to their specific optical properties,
excellent thermal stability, chemical resistance, mechanical prop-
erties and oxygen ion conductivity and potential applications
including transparent optical devices, electrochemical capacitor
electrodes, oxygen sensors, fuel cells and catalysts [1e6]. These
high temperature phases can be stabilized at room temperature
either by adding suitable dopants or by reducing the particle size
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into nanometer regime [7]. Stabilization by the size reduction has
attracted considerable interest because of the large surface area,
unusual adsorptive properties, surface defects, fast diffusivities and
superplasticity of the nano-sized powder [8,9]. This has been
investigated by many researchers. Gravie [7] prepared tetragonal
ZrO2 powders with crystallite sizes 54 and 155 �A respectively, by
precipitation of zirconium dioxide from alkaline aqueous solution
and low temperature calcination of zirconyl nitrate [7]. J.C. Ray et al.
[6] obtained nanocrystalline zirconia powder by pyrolysis of poly-
mer base precursor solution, where cubic phase was stabilized in
the crystallite size range 7e11 nm [6]. Djurado et al. [10] prepared
tetragonal zirconia powder with crystallite size 13 nm by spray
pyrolysis [10]. M.N. Tahir et al. [11] have obtained cubic phase in
zirconia particles of 5 nm size by facile synthesis method [11]. D.G.
Lamas et al. [12] have synthesized pure zirconia nanopowders by
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Fig.1. Schematic of plasma reactor (1 e water cooled cathode with power cable, 2 e insulator module plasma gas feed port, 3 e water cooled anode with power cable, 4 e powder
feed port, 5 e reactive gas injecting flange with feed port, 6 e torch head section, 7 e plasma jet, 8 e water cooled reactor region, 9 e flange, 10 e collection chamber).

Table 1
Operating parameters.

Operating parameters Values

Torch input power (kW) 16
Arc voltage (V) 40
Arc current (A) 400
Primary plasma gas (Ar) flow rate (LPM) 30
Secondary gas (N2) flow rate (LPM) 2
Carrier gas (Ar) flow rate (LPM) 10
Reactive gas (O2) flow rate (LPM) 20
Precursor powder (ZrH2) feed rate (g min�1) 5
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different wet-chemical routes and demonstrated the occurrence of
tetragonal phase in pure zirconia powders with average crystallite
sizes ranging from 5 to 10 nm [12]. Joo et al. [13] synthesized
monodispersed tetragonal zirconia with a particle size of 4 nm by
non hydrolytic solegel reaction [13]. Bukacmskii [14] synthesized
cubic zirconia particles of size 5 nm by an explosive method [14]. S.
Novak et al. [15] observed cubic phase in the zirconia particles of
size 3e5 nm precipitated from the matrix amorphous phase [15].
Wang et al. [16] have synthesized tetragonal zirconia of crystallite
size 5e15 nm by a glycine nitrate process route [16].

X-ray diffraction is generally used to identify the crystal struc-
ture and determine the phase composition. This is, of course
appropriate for a zirconia sample containing only monoclinic
phase. However, structure identification by X-ray diffraction be-
comes very complex if the sample contains either tetragonal or
cubic or mixture of both in addition to the monoclinic phase, owing
to the structural similarities between tetragonal and cubic phases
and the increased complexity caused by themixture. The tetragonal
structure of ZrO2 can be derived from the cubic fluorite-type
structure by elongating one of the three equal axes and by addi-
tionally displacing the oxygen anions from their ideal positions of
the cubic phase along the direction of the elongated axis. Since the
axial ratio, c/a is very close to 1 and the Bragg peaks associated with
the displacement of oxygen anions (112 peak and splitting of 400
peak) are weak, the X-ray diffraction patterns associated with the
tetragonal and cubic phases can not be easily distinguished. In the
case of nanopowders it is evenmore difficult due to their inherently
strong peak broadening.

We report investigations on the structure of nanocrystalline
zirconium oxide synthesized by reactive plasma processing [17].
Reactive plasma processing takes the advantage of the high tem-
perature and high enthalpy of the thermal plasma jet to effect ‘in-
flight’ chemical reactions in the presence of a reactive gas to syn-
thesize nano-sized powders of advanced ceramics, novel coatings
and convert minerals and industrial wastes to value added material
[17]. This process has been used to synthesize nanopowders of
alumina, titania and zirconia [18e20]. We have characterized the
powder by XRD and TEM. Selected area electron diffraction (SAED)
has been used to elucidate the size-dependent stabilization of
different phases in the synthesized nanocrystalline ZrO2. Advantage
of TEM (diffraction mode) is that it can be used as a complementary
tool for XRD to identify phase structure especially on a local scale.

In the present paper we report nanostructural stabilization of
the meta-stable structures of zirconium dioxide. In particular, we
have carried out detailed experimental studies involving electron
microscopic investigations including SAED and high resolution
transmission electron microscopy (HRTEM) on isolated particles,
which decisively show the stabilization of the tetragonal and cubic
phases with progressive reduction in particle size.

2. Experimental method

2.1. Reactive plasma synthesis of nanocrystalline ZrO2 powder

A schematic block diagram of the experimental setup used for
the synthesis of nano-crystalline ZrO2 is shown in Fig. 1. The main
component of the plasma reactor is a 40 kWDC non-transferred arc
plasma torch, which generates high temperature and high velocity
plasma jet. The plasma torch consists of a water cooled copper
anode and tungsten cathode with water-cooled electrical power
cables that are connected to a 40 kW DC power supply. It also has
provision to feed plasma forming gas and precursor powder. The
torch flange is mounted on a water-cooled stainless steel reactor.
The powder is stored in a powder feeder and is injected into the
plasma jet through a side port provided at the anode of the plasma
torch. Oxygen or any desired reactive gas can be injected down-
stream the plasma jet, by means of a gas injector ring fitted on the
torch head section. The product can be collected from various
segments of the plasma reactor. There is a master control console,
which controls and monitors all the process parameters such as arc
voltage, arc current, gas flow, powder feed rate, water flow rate, etc.

A mixture of Ar and N2 was used as the plasma gas. The DC arc
was struck between the cathode and anode. Input power to the
plasma torch was fixed to16 kW by controlling gas flow rate and arc
current. The operating parameters are given in Table 1. The pre-
cursor material used was ZrH2 powder (38e53 m size) with 99.8%
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purity from CERAC, USA. The precursor powder was injected into
the plasma jet by using argon as the carrier gas. Oxygen gas was
introduced 10 mm downstream of the exit of the plasma torch.
ZrH2 dissociates to form Zr particles and hydrogen gas in the
plasma jet and is subsequently converted to ZrO2 and water vapor,
which escapes along with the exhaust gas stream. The nano-
crystalline ZrO2 formed settles on the walls of the reactor and
collection chamber as fine powder.

2.2. Characterization

The zirconia powder sample collected from the plasma reactor
was characterized by X-ray powder diffraction and transmission
electron microscopy for their phase and particle size distribution.
X-ray diffraction (XRD) patterns of the synthesized samples were
recorded on a Bruker D8 advanced X-ray powder diffractometer.
Ni-filtered Cu Ka radiation in qe2q geometry was used for
recording the diffraction patterns. Transmission electron micro-
scopy (TEM) and high-resolution TEM (HRTEM) images and
selected area electron diffraction (SAED) patterns were obtained
using JEOL JEM 2100F and JEOL 2010F apparatus at an accelerating
voltage of 200 kV. In order to minimize the irradiation effects, TEM
was operated under soft imaging condition i.e. with defocused
electron beam at small current densities. For TEM analysis, the
product was ultrasonically dispersed in ethanol and then spread on
carbon-coated copper grids.

3. Results and discussion

3.1. XRD

The synthesized powder was, at first, characterized by X-ray
diffraction. The resulting XRD pattern is shown in Fig. 2. A careful
investigation of the pattern, clearly, revealed the presence of
monoclinic phase of zirconia corresponding to JCPDF 37-1484 and
tetragonal or cubic or mixture of both the phases. However, it
became impossible to uniquely identify the second phase as
tetragonal or cubic using XRD analysis due to the structural simi-
larities between tetragonal and cubic phases.
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Fig. 2. XRD pattern of plasma synthesized nanozirconia powder (1em(110), 2em(011), 3em(�
9em(211), 10em(220),11e m(022)/t(112)/c(220),12em(�221),13e m(003), 14em(�311),15
3.2. TEM

The bright field TEM images of the synthesized ZrO2 sample are
shown in Fig. 3. Well resolved individual particles showing spher-
ical morphology is obvious from the figure. The particle size dis-
tribution based on TEM image was carried out by measuring
particle sizes from 10 images (taken at different positions) and
averaging them. This was found to vary from 2 nm to 33 nm with
maxima around 18 nm as shown in Fig. 3(c). It was also found that
there were considerable fractions of fine particles. Particles �5 nm
and �10 nm were calculated to be 0.07 and 0.22. There are con-
flicting reports in the literature regarding the phase structure of
ZrO2 particles<10 nm. Some authors report them to be in the cubic
phase [6,11,14,15] whereas others report that are tetragonal
[7,12,16]. We carried out electron diffraction studies using trans-
mission electron microscope in order to confirm the phase struc-
ture of these particles.

High resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) investigations were car-
ried out on particles of different sizes. A typical bright field TEM
image of particles of size�8 nm is shown in Fig. 4(a). HRTEM image
of a single particle of size 5 nm indicated by a circle in TEM image
was viewed along [101] zone axis and is shown in Fig. 4(b). This
image shows equidistant parallel fringes which depict single crys-
talline nature of the particle. The distance between the parallel
fringes was calculated to be 0.291 nmwhich is the well recognized
lattice d-spacing of (111) plane of cubic zirconia [ICSD 92095]. The
SAED pattern corresponding to the particle is shown in Fig. 4(c).
This pattern confirms the single crystalline nature of the particle.
The diffraction spots in the SAED pattern could be indexed to
various planes corresponding to the cubic zirconia. HRTEM image
and SAED pattern of a typical aggregate of particles of size 3e6 nm
indicated by a box in TEM image are shown in Fig. 4(d and e). The
resulting ring pattern is the cause of agglomerated fine particles
oriented in different directions as can be seen from the HRTEM
image. This pattern agreeswell with the electron diffraction pattern
simulated using ICSD 92095, which corresponds to a cubic struc-
ture of ZrO2. The cubic and tetragonal patterns are very close and
can be distinguished from the splitting of the rings and a
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Fig. 3. TEM images and particle size distribution of synthesized nano zirconia: (a) and (b) TEM images, (c) particle size distribution.
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characteristic diffraction ring 112 (d ¼ 2.134�A) for tetragonal phase
[21]. No splitting of the rings was observed in the SAED pattern
suggesting that the aggregate of particles (3e6 nm) are in cubic
phase. Further, the absence of the diffraction ring 112 in the pattern
clearly indicates that the aggregate of particles are not the tetrag-
onal phase but conform to the cubic phase.

In order to authenticate whether the tetragonal phase exists in
the bigger particles or not, we have extended HRTEM and SAED
investigations to relatively bigger particles (>5 nm). A typical TEM
image of particles �20 nm is shown in Fig. 5(a). The HRTEM image
and SAED pattern of an isolated particle of size 15 nm indicated by a
circle in the TEM image are shown in Fig. 5(b and c). The HRTEM
image of the particle was viewed along [110] zone axis. This image
shows well resolved equidistant lattice fringes is an indication of
single crystalline phase of the particle. The distance between the
parallel fringes was calculated to be 0.297 nm which can be
attributed to the well recognized lattice d-spacing of (111) plane of
tetragonal zirconia [22,23]. The SAED pattern confirms the single
crystalline nature of the particle. Typical SAED pattern resulting
from aggregate of particles of size 10e20 nm is shown in Fig. 5(d).
In the diffraction pattern, occurrence of 112 diffraction ring
attributable to the tetragonal phase is clearly visible and is pointed
out in the image. This diffraction ring is characteristic of tetragonal
phase and it confirms the presence of tetragonal phase in these
particles. However, SAED pattern obtained on aggregates of bigger
particles (�25 nm) resulted in additional diffraction rings that
correspond to the monoclinic phase. Such a typical SAED pattern
containing diffraction rings corresponding to tetragonal and
monoclinic phase of zirconia is shown in Fig. 5(e). Appearance of
110,�111 and 002 diffraction rings for monoclinic phase apart from
112 for tetragonal phase is clearly indicated in the figure.

We extended the HRTEM and SAED investigations further to
bigger particles. HRTEM image and SAED pattern of a particle of size
25 nm circled in Fig. 6(a) are shown in Fig. 6(b and c). This HRTEM
image was viewed along [111] zone axis which shows well resolved
lattice fringe pattern. This is a clear indication of single crystalline
nature and high crystallinity of the particle. The distance between
parallel fringes was calculated to be 0.318 nm which can be
attributed to the interplanar spacing corresponding to (�111) plane
of monoclinic zirconia [22,23]. The electron diffraction pattern
resulting from the particle validates the single crystalline nature of
the particle. Further, the diffraction spots can be indexed to various
planes corresponding to the monoclinic zirconia. We have also
carried out SAED investigation on aggregates of relatively bigger
particles (�30 nm) which resulted diffraction patterns that are very
much similar to the SAED pattern shown in Fig. 5(e).

3.3. Discussion

Nanostructural stabilization of the metastable phases of zirconia
has been studied by wet chemical routes and the results indicate
that the tetragonal phase of ZrO2 can be synthesized fairly easily



Fig. 4. TEM and HRTEM images and SAED patterns: (a) TEM image, (b) HRTEM image of single particle indicated in TEM, (c) SAED pattern of single particle indicated in TEM, (d)
HRTEM image of an aggregate indicated in TEM, (e) SAED pattern of an aggregate indicated in TEM.
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[7,12]. It has been reported in the literature that as the particle size
goes below 30 nm, the tetragonal phase becomes increasingly
stable. Although, there are a few publications that report stabili-
zation of the cubic phase at very low particle size, the transition
from tetragonal to the cubic phase with size is not conclusively
reported. Our experimental studies decisively show the
stabilization of the tetragonal and cubic phases with progressive
reduction in particle size. The transmission electron microscopy
studies convincingly show that the nanocrystalline zirconium oxide
powder, synthesized by reactive plasma processing, consists of a
mixture of the monoclinic, tetragonal and cubic phases. This could
not be unambiguously explained by XRD investigation alone due to



Fig. 5. TEM and HRTEM images and SAED patterns: (a) TEM image, (b) HRTEM image of single particle indicated in TEM, (c) SAED pattern of single particle indicated in TEM, (d) and
(e) SAED patterns of aggregates of particles 10e20 nm and <30 nm.
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the structural complexity of the sample and relatively less local
resolution of the characterization technique. SAED and HRTEM in-
vestigations on isolated particles, further established stabilization
of the cubic structure at particle size 6 nm and below.

The SAED and HRTEM studies on single particles exhibiting
quite different electron diffraction and lattice fringe patterns clearly
Fig. 6. TEM and HRTEM images and SAED patterns: (a) TEM image, (b) HRTEM image of
confirm the occurrence of different phases on different sized par-
ticles. Our studies of SAED and HRTEM on a single particle of size
6 nm exhibit electron diffraction and lattice fringe pattern as shown
in Fig. 4(c and b). These patterns, in which diffraction spots
attributed to various planes and lattice d-spacing calculated
(d(111) ¼ 0.291 nm) are the characteristic of cubic phase of zirconia.
single particle indicated in TEM, (c) SAED pattern of single particle indicated in TEM.
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Further, SAED studies on aggregates of fine particles (�6 nm)
resulting characteristic ring pattern (as shown in Fig. 4(e)) of cubic
phase authenticate the existence of cubic phase in fine particles. It
is worth mentioning that the SAED and HRTEM studies on isolated
and aggregates of particles larger than 6 nm resulted different type
of patterns which do not belong to cubic phase.

There are claims in the literature for the occurrence of cubic
phase in fine particles of pure zirconia. Soo et al. [24] claimed the
existence of oxygen vacancies in zirconia particles of size 3.6e8 nm
due to local disorder and distortion of the oxygen sublattice as the
essential factor for stabilizing the cubic phase [24]. Tsunekawa et al.
[25] found a tetragonal-to-cubic transition in pure ZrO2 powder for
a decreased particle size of about 2 nm by TEM observations and
first principles computer simulations. They claimed increased ox-
ygen deficiency as well as change in oxygen valance from �2 to �1
at decreased particle size as the factors for occurrence of cubic
phase [25].

In our sample, the experimentally observed cubic phase in fine
zirconia particles (<6 nm) may be possibly due to decreased par-
ticle size in which increased oxygen vacancy stabilizes the cubic
phase. This oxygen vacancy in ZrO2 particles can also be induced by
the reducing atmosphere (H2 evolved from the precursor) involved
in the synthesis of nano ZrO2 powder.

SAED and HRTEM studies on relatively larger isolated particles
(10e18 nm) resulted patterns as shown in Fig. 5(c and b). These
patterns i.e., diffraction spots attributed to various planes of
tetragonal phase and lattice d-spacing calculated (d(111)¼ 0.297 nm)
depict the occurrence of tetragonal phase on particles of this size
range [22,23]. Further, SAED studies on aggregates of particles
<20 nm (Fig. 5d) resulting in the characteristic ring pattern of
tetragonal phase and nonoccurrence of tetragonal phase at particle
size less than 6 nm clearly shows the existence of tetragonal phase
on particles larger than 6 nm and smaller than 20 nm. In other
words, tetragonal phase is stable only above 6 nm and below20 nm.
At the same time, occurrence and dominance of new diffraction
rings that correspond to monoclinic phase were observed on ag-
gregates of particles relatively larger (w25 nm) and larger (w30) in
size. This clearly shows the existence of monoclinic phase in par-
ticles larger than 20 nm. Further, SAED andHRTEM studies on single
particles of size 25 nm (Fig 6(c and b)) and 30 nm (for 30 nm pat-
terns are not shown because they are very much similar to that of
25 nm) exhibiting characteristic diffraction pattern of monoclinic
phase and lattice d-spacing calculated (d(�111) ¼ 0.318 nm) provide
the solid proof for stabilization of monoclinic phase on particles
�25 nm [22,23].

D.G. Lamas et al. [12] experimentally demonstrated the ten-
dency of decreasing of axial ratio c/a to 1 and decreasing of
displacement of the oxygen atoms from their ideal positions of the
cubic phase when particle size decreases to very small size. They
suggested a tetragonal-to-cubic transition for decreased particle of
size <5 nm [12]. Our experimental results confirm the above ob-
servations and stabilization of the tetragonal phase on relatively
larger particles (7e20 nm) and cubic phase on particles of size
�6 nm. This clearly depicts that the size effect is the primary one
which determines the phase structure of zirconia particles syn-
thesized by reactive plasma processing.

Based on the experimental results and discussions the following
valuable points can be summarized:

� Nano-crystalline zirconium oxide particles can be successfully
synthesized by reactive plasma processing. The monoclinic
phase could be easily identified by XRD analysis. However, the
presence of the tetragonal and cubic phases in addition to the
monoclinic phase could be identified only by transmission
electron microscopic investigations.

� The monoclinic phase is seen to be stable when particle size is
�20 nm; tetragonal phase is seen to be stabilized in the range
of 7e20 nm and as the particle size decreases to 6 nm and less,
the cubic phase is stabilized.

� Stabilization of cubic phase in zirconia particles of size �6 nm
(8%) could be detected conclusively by SAED and HRTEM in-
vestigations. However, this phase is not observed for particles
larger than 6 nm. The cubic phase was present to the extent of
about 8%.

4. Conclusion

Nano-crystalline zirconium oxide powders synthesized by the
reactive plasma synthesis route showed certain unique features.
Electron diffraction and HRTEM investigations clearly showed the
single crystalline nature of the particles. The studies illustrated the
significance of particle size in stabilizing the metastable phases. It
was observed that the cubic phase could be stabilized at particle
size�6 nm. The tetragonal phase of zirconia is found to be stable at
particle size above 6 nm and below 20 nm. The monoclinic phase is
stabilized in larger particles (�20 nm).
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