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Abstract:

Nano-crystalline ZrO, powder has been synthesized via reactive plasma processing.
The synthesized ZrO, powders were characterized by X-ray diffraction (XRD), Raman
spectroscopy, transmission electron microscopy (TEM) and FTIR spectroscopy. The
synthesized powder consists of a mixture of tetragonal and monoclinic phases of zirconia.
Average crystallite size calculated from the XRD pattern shows that particles with
crystallite size 20nm or less than 20 nm are in tetragonal phase, whereas particles greater
than 20nm are in the monoclinic phase. TEM results show that particles have spherical
morphology with maximum percentage of particles distributed in a narrow size from
about 15 nm to 30 nm.
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1. Introduction

Zirconium oxide is a refractory material having high strength, high fracture
toughness, excellent chemical resistance and low thermal conductivity. These properties
of ZrO, make it highly useful in the field of structural, mechanical and high temperature
applications [1-2]. Pure zirconia exists in three crystallographic modifications-namely,
monoclinic, tetragonal and cubic phases [3-5]. Monoclinic form of zirconia is the
thermodynamically stable phase at room temperature, whereas tetragonal and cubic are
stable at high temperatures. Monoclinic zirconia transforms reversibly to the tetragonal
phase when heated to about 1170°C and as the temperature exceeds 2370°C, the
tetragonal phase transforms into the cubic phase.
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However, the high temperature phases may be stabilized at room temperature either
by adding suitable dopants or by reducing the particle size into the nanometer regime [6].
The stabilization by the latter way (nano particles) has attracted considerable interest
because of the large surface area, unusual adsorptive properties, surface defects, fast
diffusivities and superplasticity of the nano-sized powder [7-8]. It is reported that nano-
crystalline ZrO, is used as an effective catalyst for isosynthesis and catalyst carrier for
Fe, O3 for selective catalytic reduction (SCR) of NOy due to its high thermal stability and
unique bifunctional character of weak acidic and base properties [9-11]. ZrO, is of great
technological and scientific interest because of its potential applications in oxygen
sensors, solid electrolytes, electrodes and fuel cells due to oxygen ion conductivity and
rich oxygen defects in surface [12-16]. Besides, it is also used as a photocatalyst to
degrade organic pollutants and dyes like rohdamine B (RhB) [17, 18].

A key requirement for most of the above mentioned applications is to obtain nano-
crystalline ZrO, with high specific surface area and enhanced crystallinity [9-18]. This
has been achieved by several synthesis methods, which include hydrothermal, solgel, co-
precipitation, and flame synthesis [19-22]. Electric arc discharge, microwave irradiation,
pechini type sol-gel process and sonochemical method are also reported recently to
synthesize nano ZrO, [23-26].

The present paper reports synthesis of nano-crystalline ZrO, by reactive plasma
processing (RPP) and its characterization. Reactive plasma processing (RPP) is a novel
technique, which takes the advantage of the high temperature and high enthalpy of the
thermal plasma jet to effect “in-flight’ chemical reactions in the presence of reactive gas
to synthesize nano-sized powders of advanced ceramics, novel coatings and convert
minerals and industrial wastes to value added materials [27-29]. The technique can also
be used to produce spherical powders of metals and ceramics for special applications
[30]. The high quench rate, which is characteristic of the process, favours homogeneous
nucleation resulting in nano-sized particles. The major advantages of the reactive plasma
processing includes versatility, short processing time, large throughput, adaptability to
process thin films and coatings.

The objective of the present work is to synthesize nano-crystalline ZrO, using ZrH,
powder by reactive plasma processing. Phase composition, crystallite size and
morphology of the synthesized samples are investigated. The novelty of this method lies
in the fact that starting from micron-sized powder precursor, we have synthesized
nanocrystalline zirconium oxide.

2. Experimental procedure
2.1 Reactive plasma synthesis of nano-crystalline ZrO2

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 40KW

DC 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
downstream 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 N, was used as the plasma gas. The DC arc was struck between
the cathode and anode. Input power to the plasma torch was varied from 10-16 kW by
controlling gas flow rate and arc current. The range of operating parameters is given in
Table 1. The precursor material used was ZrH, powder with 99.8% purity from CERAC,
USA. ZrH; powder (38-53um size). The precursor powder was injected into the plasma
jet by using argon as the carrier gas. Oxygen gas was introduced 10mm downstream of
the exit of the plasma torch. ZrH, dissociates to form Zr particles and hydrogen gas in the
plasma jet that are subsequently converted to ZrO, and water vapor, which escapes along
with the exhaust gas stream. The nano-crystalline ZrO, formed settles on the walls of the
reactor and collection chamber as fine powder. Powders collected from various regions of
plasma reactor were identified as given in Table 2 and were characterized by X-ray
diffraction, TEM, Raman and FTIR spectroscopy.

2.2 Powder characterization

The zirconia powder samples collected from different locations of the plasma reactor
were characterized by x-ray powder diffraction, Raman and FTIR spectra analysis for
their phase composition. X-ray diffraction (XRD) patterns of the synthesized samples
were recorded on a Bruker D8 advanced X-ray powder diffractometer. Ni- filtered Cu k-o
radiation in 0-20 geometry was used for recording the diffraction patterns. Fourier
transform Raman spectra were recorded on a Bruker RFS 100 system (Ettlingen,
Germany) using the 1064 nm line emitted by a CW diode pumped Nd: YAG laser as the
excitation source. Fourier transform infrared spectroscopy (Spectrum one: FTIR
spectrometer, Perkin Elmer, 450-4000 cm™, KBr pellet technique) was used to identify
the vibrational features of the samples. Particle size and morphology of the samples were
carried out using JEOL transmission electron microscope (JEM 2100F, Japan) operated at
200 KV.

3. Results and discussion

3.1 X-ray diffraction and Phase structure



X-ray diffraction patterns of nano-crystalline ZrO, powder synthesized at different
plasma power are shown in figure 2. The diffraction patterns show that the synthesized
powder is a mixture of monoclinic and tetragonal phase corresponding to JCPDS files 37-
1484 and 79-1771 respectively. However, diffraction peaks of zirconium metal (very low
intensity) and unreacted ZrH, are also seen in the powder synthesized at 10 kW,
indicating that the power was not sufficient to effect complete conversion of the ZrH, to
ZrO,. The powder samples synthesized at 12 kW and 16 kW, on the other hand, show
only the monoclinic and tetragonal phases of zirconium oxide. This shows that the
precursor powder (ZrH,) is completely converted into zirconium oxide at 12 kW and 16
kW. The nano-crystalline zirconium dioxide powder sample synthesized at 16 kW has
been used for all further analysis.

Figure 3 shows the diffraction patterns of samples (synthesized at 16 kW) collected
from different locations of the plasma reactor. The samples are seen to consist of the
monoclinic and tetragonal phase of ZrO,, their relative amounts being different in the
three samples. The relative amount of the tetragonal phase present in the samples was
calculated from the following relation.
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Where Xt and Xm stand for the weight percentage of the tetragonal and monoclinic
phases respectively, whereas I;and I, are the intensities of their diffraction peaks.

It is evident from figure 3 that the phase structure of the different samples collected
from torch head region (A), the reactor wall (B) and flanges of collection chamber(C)
consist of a mixture of the monoclinic phase and the tetragonal phase. However, the
relative amounts of the monoclinic and tetragonal phases were different in the samples as
shown in Table 3. It is observed that sample collected from the flanges of the collection
chamber has the highest amount of the tetragonal phase. The monoclinic form of ZrO, is
the major phase in the sample collected from the torch head region (A).

The crystallite size was evaluated based on the Scherrer equation [31].

| = K—K (2)
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Where A stands for the wavelength of the incident x-ray, B for full width at half
maximum (after correcting for instrumental broadening), 6 is the corresponding Bragg
angle and K=0.94 for spherical particle. The average crystallite sizes of the monoclinic
phase, calculated from the (-111) and (111) diffraction peaks were found to be 34 nm, 27
nm and 26 nm for the powder samples A, B and C. Similarly, the average crystallite
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sizes, calculated from the (111) diffraction peak of the tetragonal phase, were found to be
17 nm, 19 nm and 20 nm for samples A, B and C respectively.

These results show that monoclinic phase of zirconia is stable when the crystallite
sizes is above 20 nm, whereas the metastable tetragonal phase is stabilized below 20nm.
These results agree reasonably well that reported by Garvie, who attributed the formation
of metastable tetragonal phase to the critical crystallite size effect [6]. Garvie
experimentally showed the existence of a critical size of ~ 30 nm, below which the
metastable tetragonal phase is stablilized in zirconium oxide. The monoclinic phase is the
stable phase when the crystallite size is above 30 nm.

3.2 FT Raman Spectroscopy

Results of Raman spectra of the samples corroborate the findings of XRD analysis.
Figure 3 shows the Fourier Transformed Raman spectrum of the sample C. Seventeen
bands are observed as shown in the figure. As predicted by factor group analysis, the
monoclinic phase should have 18 (9Ag+9Bg) and tetragonal phase should have 6
(Alg+2B1g+3EQ) Raman active vibrational modes [32]. Among the 18 Raman active
vibrational modes of monoclinic ZrO2, 15 are observed and they are assigned as follows:
Bg at 86 cm™, Ag at 103 cm™, at 180 cm™and at 191 cm™, Bg at 223 cm™, Ag at 307 cm’
! Bgat 335 cm™, Agat 347 cm™, Bg at 382 cm™, Ag at 476 cm™, Bg at 502 cm™ and at
538 cm™, Ag at 559 cm™, Bg at 616 cm™ and Ag at 637 cm™. The observed values match
very well with the reported Raman spectra for monoclinic zirconia [33-34]. Bands
occurring at 147 cm™ and 267 cm™ are the characteristic Raman active modes of
tetragonal ZrO2. Besides, bands observed at 476 cm™ and 637 cm™ are observed in both
tetragonal and monoclinic phases of ZrO2. These observed bands corresponding to t-
ZrO2 are assigned as follows: B1g at 147 cm™, Eg at 267 cm™, at 476 cm™ and at 637
cm™ [35-36]. Raman spectra of sample A and B are found to be y similar to that of
sample C.

3.3 FT-IR analysis

Figure 4 shows the FT-IR spectrum of the sample C. Bands observed at 3428 cm™
and 1634 cm™ are assigned to the bending and stretching vibrations of the O-H bond due
to absorbed water molecules. The band at 1384 cm™ is attributed to the absorption of
non-bridging OH groups. The sharp band at 746 cm™ is the characteristic of m-ZrO,. A
broad band with a peak at 542cm™ and a shoulder at 627cm™ is ascribed to Zr-O
vibrations of t-ZrO, [37]. However, weak peaks in the range 460 cm™ to 690 cm™
corresponding to m-ZrO, are not observed due to dilution effect (presence of tetragonal
(44%) phase). A similar observation was reported by Chen at al [38] for pure zirconia
nanoparticles.



3.4 TEM observations

Transmission electron microscope (TEM) photographs of reactive plasma synthesized
nano ZrO, are shown in figure 6(a-c). The corresponding particle size distribution is
shown in figure 6 (d-f) as bar charts alongside the TEM micrographs. Individual particles
are well resolved and their spherical morphology is evident from the figures. It is seen
from particle size distribution more than 90% of the particles are below 25 nm. However,
a very small fraction of particles are found to have size below 4 nm and above 30 nm. It
was observed that there was significant variation in size distribution of particles collected
from different locations. It is seen from TEM results that powder collected from the torch
head zone (A), has maximum number of coarser particles. On the other hand, the powder
sample collected from the flanges on the collection chamber (C) has about 75% of the
particles in the size belowl15 nm. It is also observed that the relative amount of the
tetragonal phase increases with the amount of finer particles.

3.5 Discussion

The ‘inflight’ formation of nano-crystalline zirconia particles can be explained as
follows: When zirconium hydride particles enter the plasma jet, they melt and the molten
droplets react with oxygen gas injected downstream, leading to the formation of
zirconium oxide. Due to the large amount of heat released during the formation of
zirconium oxide and the high temperature of the plasma jet, zirconium oxide that is
formed further melts and dissociates into ZrO(g), Zr vapor and oxygen. Zirconium vapor
and ZrO(g) move downstream and react with oxygen to form molecular clusters of ZrO,
that condense on the cold wall of the reactor as nano sized spherical particles. The high
guench rate inhibits grain growth and favours the formation of nano-crystalline powder.
Formation of nano-structurally stabilized metastable phases in reactive plasma processing
has been reported by Ananthapadmanabhan et al [27, 39]. These authors have studied in
detail the “inflight” formation of nano-crystalline alumina and titania in a thermal plasma
jet.

It is seen from table 3 that there is considerable variation in the phase composition of
the powders collected from various locations of the plasma reactor. The tetragonal
content in the product increases from sample A to C. This observed variation of phase
composition in different regions can be explained as follows.

As the particles traverse the plasma jet, larger particles(>20 nm) tend to collect on the
torch head and top of the reactor wall, whereas particles below 20 nm tend to float in the
gas and settle on the lower side of the reactor wall and side flanges of the collection
chamber. Further the gas temperature is higher near the torch head boundary and this
“thermal effect” favors cluster growth and particle association leading to bigger particle



size on the torch head. Thus, the fraction of large-sized particles (>20 nm) is more in the
powder sample collected from the torch head section compared to that collected from the
flanges on the collection chamber. Since smaller particle size favors the formation of the
tetragonal phase, powder sample collected from the flanges on the collection chamber (C)
has a relatively larger concentration of the tetragonal phase. On the other hand, powder
collected from the torch head has a higher percentage of larger particles and consequently
higher concentration of the monoclinic phase.

Close scrutiny of the x-ray diffraction, Raman spectroscopy and TEM results of the
samples collected from the different locations lead to interesting analysis. It is seen that
as the particle size decreases, the relative amount of the tetragonal phase increases. It is
also evident from the various results that the tetragonal phase gets stabilized as the
particle size goes below about 20 nm. Particle size distribution in the samples collected
from different locations shows that powder collected from the flanges in the collection
chamber (i.e. the farthest end from the plasma torch), sample C, has the maximum
amount of the finest fraction, whereas that collected from the torch head end has the
maximum amount of coarser particles. Particle size distribution in sample B(ie. from the
reactor wall) lies between those of A and C.

The synthesis of nanocrystalline powders of zirconia often produces the tetragonal phase,
which for coarse-grained powders is stable only at high temperatures and transforms into
the monoclinic form on cooling. However, as the particle size approaches nano-scale,
surface energies become significant in stabilizing the tetragonal phase. This stability
reversal has been suggested to arise due to differences in the surface energies of the
monoclinic and tetragonal polymorphs. Monoclinic ZrO2 was found to have the largest
surface enthalpy and amorphous zirconia the smallest [40]. Therefore, with increasing
surface area (decreasing particle size), the monoclinic phase becomes less stable and the
tetragonal phase gets stabilized. Garvie had proposed a critical size of ~ 30 nm, below
which the metastable tetragonal phase is stablilized in zirconium oxide [6]. However,
Michael W. Pitcher et al have recently shown that apart from crystallite size, there are
other factors such as presence of water molecules, lattice strain, impurities, etc that can
influence phase structure [40-43]. This possibly explains the reason for the observation of
monoclinic phase even below 30nm in the present study.

Conclusion

A one-step process to synthesize nanocrystalline ZrO, powder by reactive plasma
processing is reported in this work. Zirconium hydride was used as precursor material,
which was injected into the plasma jet and allowed to react with oxygen to form nano-
sized ZrO, powder. X-ray diffraction results show that the product is a mixture of
monoclinic and tetragonal phase with larger sized particles ( >20nm) having the
monoclinic structure and the finer particles ( < 20) having the tetragonal structure. FT-
Raman, FTIR and TEM studies confirm the results of XRD.
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Table 1:

Operating parameters.
Operating parameters Values
Torch input power (KW) 10-16
Arc voltage (V) 40
Arc current (A) 250-400
Primary plasma gas(Ar) flow rate (LPM) 30
Secondary gas(Ny) flow rate (LPM) 2
Carrier gas (Ar) flow rate (LPM) 10
Reactive gas (O,) flow rate (LPM) 20
Precursor powder (ZrH; ) feed rate (g/min) 5

Table 2:

Sample identification.



Sample Region of collection

A Torch head

B Reactor

C Flanges of collection chamber
Table 3:

Phase composition of powder collected from different regions.

Sample | Monoclinic Xm | Tetragonal Xt
(%) (%)
A 80 20
B 62 38
C 56 44
Master Contrrol
Console
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— Reactor
Flasina Torch
D' Power Powder feed
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Gas feed Water cooling
SVEteln SVEtein
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Fig.1 Schematic of plasma reactor (1- water cooled cathode with power cable, 2-
insulator module plasma gas feed port, 3 - water cooled anode with power cable, 4 -
powder feed port, 5 - reactive gas injecting flange with feed port, 6- torch head section, 7
- plasma jet, 8 - water cooled reactor region, 9 - flange, 10 - collection chamber )
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Fig. 2 X-ray diffraction patterns of nano-crystalline ZrO, powders synthesized at
different powers: (a) 10 kW, (b) 12 kW and (c) 16 kW
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Fig. 3 X-ray diffraction pattern of reactive plasma synthesized nanocrystalline ZrO,,
collected from different locations (16 kW): (a) sample A, (b) sample B and (c) sample C
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Fig.5 FT-IR spectra of reactive plasma synthesized nanocrystalline ZrO,- sample C
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Fig. 6 TEM photographs and particle size distribution of reactive plasma synthesized
nanocrystalline ZrO,: (a) and (d) sample A, (b) and (e) sample B, (c) and (f) sample C



