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Abstract

Flame reactors are considered to be one of the promising and versatile equipment for making nanocrystalline ceramic powders.
Flame synthesis of nanocrystalline yttria stabilized zirconia (YSZ) was carried out using zirconium oxy-nitrate and yttrium
nitrate as precursors. The yttria (Y203) content was systematically varied from 8 mol% to 12 mol.% in zirconia in order to
stabilize either partially or fully the monoclinic crystal structure. Precursor solutions of 1(M) concentration were prepared
by dissolving in de-ionised water. X-ray diffraction of the as-synthesized powders confirmed that the cubic phase had been
stabilized, except in the case of 8 mol% YSZ prepared from the precursor solution. All the powders were nanocrystalline in
nature with the crystallite size increasing from 45 nm to 62 nm with increasing yttria content. Scanning electron microscopy
revealed the powder characteristics to be typical of an aerosol based processing technique. The specific surface area, measured
by nitrogen adsorption, was 14-15 m?g™. By pressureless sintering technique, more than 99% of the theoretical density was

achieved.
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Abbreviations: YSZ: Yttria Stabilized Zirconia; SOFC:
Solid Oxide Fuel Cell; XRD: X-Ray Diffraction; BET: Brunauer-
Emmett-Teller.

Introduction

Yttria stabilized zirconia (YSZ) exhibits good oxygen ion
conductivity at elevated temperature which makes it useful
for use in various applications such as anesthesia monitors,
respirators and oxygen concentrators etc. for medical
usage. Currently YSZ ceramic is being employed as oxygen
separation membrane [1] for producing oxygen enriched air
which is required for medical applications [2] and also for
producing oxygen enrichment devices which has multipole
use in biomedical engineering [3]. Also it has a wide
application as electrolyte material for solid oxide fuel cell
(SOFC). The most critical parameters for these applications
is the dense microstructure, mechanical properties and the
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ionic conductivity. These properties are dependent on various
parameters which include the processing technology of the
powders, particle sizes and sintered density [4]. Electrical
and mechanical properties of YSZ electrolyte can be enhanced
by preparing a fully dense ceramic body upon sintering. In
order to achieve the same the powder needs to be ultrafine
with a narrow size distribution [5]. The conventional solid
state reaction method usually produces large particle sizes
and inhomogeneity [6]. Using nano crystalline powder, it is
possible to reduce the sintering temperature of the same [7].
Thus various process have been developed for production
of YSZ nano- powders such as co- precipitation technique
[8], sol-gel preparation [9], hydrothermal synthesis [10] etc.
However in all these cases, multi-step reaction routes are
required and the processes are relatively complex. Gas phase
route, such as flame synthesis is having an advantage of
producing nanocrystalline particles with better homogeneity
and can be easily scaled-up to industrial level. Different
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phases of stabilized zirconia powders can be obtained by
flame synthesis process. It has been observed that tetragonal
phase of zirconia can be obtained by atomizing a solution
consisting of zirconium sulfate in water or alcohol in
presence of natural gas or carbon monoxide and hydrogen
flame [11]. Zirconium n butoxide in butanol solution was
used to prepare nanopowders of 12 - 21 nm crystallite
size by flame synthesis process with tetragonal as major
and monoclinic as minor phase [12]. Fully tetragonal phase
zirconia nanoparticle was also prepared from n- butoxide
solution with a mean crystallite size of 10 nm 90 nm [13].
Using organic solvents monoclinic zirconia nano- particles
were produced at a higher production rate of 300 to 1100 g/
hr [14]. However it is difficult to handle organic solvents in
an industrial scale. Hence the study for possibility of using
water as a solvent in place of organic solvent like benzene,
propane and ethanol is required to be investigated. Dense
and homogeneous particle through flame synthesis can be
obtained if the decomposition point of the precursors is
lesser than the boiling point of solvent. Nitrate precursors
of zirconia, such as zirconyl nitrate and yttrium nitrate
has a decomposition temperature lesser than 1000°C.
Limited work has been reported on the possibility of direct
synthesis of fully stabilized zirconia by such a route using
aqueous solvent and to understand the sintering behavior
of same. Hence, there is a case for the use of a flame based

processing route for the direct synthesis of agglomeration-
free, nanocrystalline yttria stabilized cubic zirconia using
aqueous solvent and the sintering behavior of the same.

Experimental Procedure

YSZ Powder Preparation

Zirconyl nitrate anhydrate (ZrO(NO,),, Molecular Weight:
231.23) and yttrium nitrate hexahydrate (Y(NO,),.6H,0,
Molecular Weight: 383.01 ) were selected as precursors for
preparing the solution for Flame Synthesis. The Yttria (Y,0,)
content was systematically varied at 8 mol% (abbreviated
as 8YSZ), 10 mol% (abbreviated as 10YSZ) and 12 mol%
(abbreviated as 12YSZ). For all the three batches the overall
concentration of the solution was maintained at 1(M). The
nitrate precursors were mixed in water by magnetic stirrer
ata RPM of 300-400 until a clear solution was obtained.

Flame Synthesis Process

The modular flame reactor set-up used to conduct the
experiments and preparation of nanocrystalline powders
basically consisted of a precursor delivery system, a multi-
port diffusion burner within a reaction chamber, particle
collection unit and vacuum generation system.

()

Figure 1: Schematic (a) and photograph (b) of the experimental set-up used in the flame synthesis of nanocrystalline ZrO,.

(b)

A schematic flow diagram of the same has been shown
in figure 1a and the picture of the same has been shown
in figure 1b. The mixed precursors were supplied to the
burner and reaction chamber by atomizing the same with
an ultrasonic nebulizer. Oxygen was used as both carrier gas
and combustion gas. LPG was used as fuel for generating the
flame. The flow rate of flammable gas (LPG) was maintained
at 20 SCC and that of combustion gas and carrier gas was
maintained at 20 slm and 5 slm respectively with a suitable
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mass flow controller (MKS make). Reaction chamber was
made of stainless steel and capable of hermetically sealed with
glass view port. The reaction chamber was placed vertically
and consisted of a multiport co-flow diffusion burner at
bottom. A schematic of the diffusion burner is given in figure
2a and an actual photograph of same is presented in figure
2b. The same configuration enabled independent control of
the flow rates of each gas. The flame has been established
at the burner head by a spark generator which has been
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directly placed on the top of the burner and retarded once the
flame has been established. The zirconia particles produced
from the process were trapped by the filter unit array in the
particle collection unit. To maintain a constant flow of gases
and reaction products from the reaction chamber to the

particle collector unit, a vacuum pump (PVR make, 65 m?/
min capacity) was used. After completion of the experiment,
the zirconia nanocrystalline powders were collected from
the filter and characterized.

Figure 2: Schematic (a) and photograph (b) of the diffusion burner used in the flame synthesis.

Powder Characterization

The crystallinity and phases were confirmed by X-ray
diffraction (XRD) analysis with a PANalytical X’ Pert PRO
diffractometer using Cu K alpha radiation (A= 1.5418A). The
crystallite sizes, d , of the prepared powders were calculated
following Scherrer’s equation:

dxra = M (1)

where 1 is the wavelength of the x-ray (0.154 nm) and f and
6 represent the measured FWHM and the diffraction angle,
respectively.

The specific surface area of the powders were measured
by nitrogen absorption following a BET (Brunauer-Emmett-
Teller) method using Flowsorb 2300 following ASTM
Standard of C 1069-09. Assuming mono-disperse uniform
particles, the average effective primary particle size d, was
calculated using the formula,

dser = i )
Sp

where, S is the specific surface area and p is the density.
Assuming that the crystallites and particles to be nearly
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spherical in shape, the degree of agglomeration N was found
by the equation:
d’ sr
N = (3)

d3XRD

The powder morphology of the prepared nanopowders
were analyzed by scanning electron microscopy and
transmission electron microscopy. A high resolution
scanning electron microscope (FEI Quanta 400F) operating
at 20 kv was used to characterize the size and morphology
of the prepared nano-crystalline powder. TEM samples were
prepared by ultrasonically dispersing the powder in alcohol
and subsequently placing it on a carbon coated copper grid.
TEM investigations were performed on FEI-Technai T20.
Samples for sintering study was prepared by cold pressing
of the synthesized nanopowders. Prior to cold pressing, the
same was mixed with 0.5% PVA as binder. A sample size of 8
mm diaX10 mm thick was used for sintering study. Sintering
study was carried out at a constant rate of heating of 10°C/
min up to a temperature of 1650°C. A dwell time of 60 mins
have been provided to understand if any changes occurred
during this period. The sintering study for the as prepared
nanocrystalline powders were performed by Netzsch
dilatometer DIL 402E. The change in length with temperature
was recorded and the results were analyzed with the help of
Netscz proteous software.
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Results and Discussions

Powder Characterization

Figure 3 shows the X ray diffraction patterns of YSZ
powders synthesized by flame synthesis process. For 10YSZ
and 12YSZ powders, fully cubic phase was obtained without
any calcination. This is one of the important advantage,
since calcination of same will result in increasing crystallite
size and grain size. In case of 8YSZ powder, the same was a
mixture of tetragonal and cubic phases. The crystallite size
of the tetragonal phase was 52 nm while the crystallite

size of the cubic phase found to be 56 nm. The average
crystallite size of completely cubic phased 10YSZ and
12YSZ powder was found to be 61 nm and 63 nm. The full
stabilization was happened with increase in yttria, while an
increase in crystallite size was also observed. The average
crystallite size (D,. ), specific surface area (S), average
particle size (calculated from specific surface area, D) and
agglomeration ratio N for each sample has been provided
in table 1. From the comparable values of d . and d , it is
evident that the synthesized powder was nonagglomerated
in nature.

-

Figure 3: XRD patterns of nanocrystalline ZrO2 with yttria content of 8 mol%, 10 mol% and 12 mol%.

Yttria Content [%] Specific Surface Area [m?/g] dg.. [nm] d,., [nm] N=d®, /d? .
8 15 68 52 for t 56 for ¢ 1.79
10 14 74 61 1.78
12 14.5 71 63 1.43

Table 1: Effect of varying yttria content on particle size and degree of agglomeration in flame synthesis of nanocrystalline

zirconia.

The morphology of the as-synthesized ZrO, particles was
found to be completely spherical in case of all yttria content.
The SEM pictures are presented in Figure 4a- 4c in the form.
Although a small quantity of agglomerates can be seen, most
of the particles are of uniform size. It is well known that
temperature, residence time and reaction kinetics affect
the particle morphology during flame synthesis. In general,
if the rate of sintering is slower than the rate of collision of
particles, then agglomerated particles are formed. On the
other hand, if the sintering is faster than the rate of collisions,
then regularly shaped spherical particles are formed [15-17].
The TEM image reveals that the as synthesized YSZ powder
for all the batches are agglomerates of nanoparticles. The size
calculated from the TEM images (Figures 5a- 5c) is matching
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with that of the value obtained by BET method. There seems
to be no effect in the morphology of the particles with
increasing amount of yttria. From the XRD and TEM study,
it was observed that the degree of agglomeration is low in
the as synthesized powder. However SEM image shows that
there is certain degree of agglomeration, forming a shell type
particle structure. Normal distribution graph was prepared
from the SEM particle size results and the same was provided
in Figures 6a-6¢. A mono-modal, fairly narrow particle size
distribution has been obtained for all the experiments. Table
2 gives the mean particle size from SEM and TEM study
and standard deviations of the powders synthesized with
different yttria content.
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Figure 4: SEM image of as prepared nano-crystalline powder prepared from aqueous precursor solution, (a) 8YSZ, (b) 10 YSZ,
(c) 12YSZ.

Figure 5: TEM image of as prepared nano-crystalline powder prepared from aqueous precursor solution, (a) 8YSZ, (b) 10 YSZ,
(c) 12YSZ.

Yttria Content (%) Particle Size from SEM (nm) Primary Particle Size from TEM (nm)
8 122 (28-515) 55 (45-168)
10 142 (57-662) 65 (46-171)
12 146 (56-683) 69 (49-178)

Table 2: Mean particle size from SEM and TEM study and standard deviation of flame synthesized nanocrystalline zirconia.
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Figure 6: Particle size distribution of nanocrystalline ZrO, with various yttria content from SEM study, (a) 8YSZ, (b) 10YSZ,
(c) 12YSZ.

Sintering Study equation provided below [18]:
. o (py X100°)
The shrinkage behaviour with temperature for prepared pt,T)= 3 (4)
: . : : 100+, 1))

nanopowders are obtained using Netzsch dilatometer with a
sample size of 8 mm dia X 10 mm thick. The shrinkage curve where, p(t, T)= density at the particular temperature and
was recalculated to the densification curve according to the time
Ganguly R, et al. Flame Synthesis of Nanocrystalline Yttria Stabilized Zirconia Powders from Aqueous Copyright© Ganguly R, etal.

Precursors. Nanomed Nanotechnol 2020, 5(3): 000205.


https://medwinpublishers.com/NNOA/

Nanomedicine & Nanotechnology Open Access

P4~ green Bulk Density

f(t r) = shrinkage at the particular temperature and time

The sintering curve for all the batches is provided in
Figure 7a- 7c. And the densification curve is provided in
Figure 8a-8c.
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Figure 7: Sintering curve of the as synthesized zirconia nano-crystalline powders, (a) 8YSZ, (b) 10YSZ, (c) 12YSZ.

The activation energy for the densification was calculated
from the slope of the densification curve using the formula:

In(T 'd%)z—ﬂ%ﬂn[f(p] +h A(5)

Where, T= absolute specimen temperature, 7"'= heating
rate, Q= Activation Energy, f () = function of density, A=
material parameter

Tesnperatuee (Degres

Figure 8: Temperature vs relative density curve of the as synthesized zirconia nano-crystalline powders, (a) 8YSZ, (b) 10YSZ,

(c) 12YSZ.

The activation energy for all the three batches, 8YSZ,
10YSZ and 12YSZ are around 210 KkJmol?!. The earlier
reported values for yttria stabilized zirconia submicron
powder was 550 kJmol™ and for nanocrystalline powder was
237 KJmol?! [19-27]. In the latter case, the nanocrystalline
yttria stabilized zirconia powder was prepared by a sol-
gel process and the primary particle size was 80 nm. The
lower activation energy for sintering was due to the finer
crystallite size and the nano-sized primary particles. In the

present case, the activation energy for the flame synthesized
nanopowders is marginally lower and is attributed to even
smaller particle and crystallite sizes. It might also due to the
high curvature of the surface (because of the smaller sizes)
as well as the high specific surface area of the nanopowders,
leading to a higher driving force for sintering. Homogeneous
distribution led to an improved particle to particle contact
and hence, better sintering behavior.

Sl. No Attributes Unit 8YSZ 10YSZ 12YSZ
1 Peak temperature 0C 1320 1318 1320
2 Sintering End Temperature 0C 1395 1390 1395
3 Relative Density % 99.2 99.1 99.09
4 Activation Energy kJ/ mol 213.5 209.2 209.5

Table 3: Summarized results of dilatometer study for flame synthesized nano- crystalline powder.
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More than 99% of true density was achieved for all
the batches, which in turn signifies very good sinterability
of same. The SEM micrographs are provided in Figures 9a-
9c. The microstructure obtained showed dense structure
withouthaving any porosity. This type of good microstructure

with reduced defect will be helpful in increasing the strength
of the material which is also one of the important parameter
for designing of thin electrolyte for sensors, membranes for
oxygen separators and also for electrolyte for SOFC.

-

10YSZ, (c) 12YSZ.

Figure 9: SEM image of the sintered samples prepared from as synthesized zirconia nano-crystalline powders, (a) 8YSZ, (b)

J

Conclusion

A flame synthesis method of synthesizing fully stabilized
YSZ nanocrystalline powders was developed in a single step
process which does notrequire any further calcination or any
other kind of thermal treatment procedure which in turn will
result in increasing crystallite sizes. Synthesis of stabilized
nanocrystalline zirconia was successfully carried out by the
oxidation and pyrolysis of inorganic aqueous based nitrate
precursors. The as synthesized powders exhibited cubic
structure without any further calcination step except for
8YSZ where a predominant amount of tetragonal phase
was found. The crystallite sizes of the synthesized powders
are in nano regime. Specific surface area of the powders
are found to be in the range of 14- 15 m?/ g. The primary
particle size was calculated from BET value which indicates
that the primary particles are almost free from agglomerates.
From the XRD and TEM image study, it is observed that the
degree of agglomeration is low in the as synthesized powder.
However SEM image shows that there is certain degree of
agglomeration, forming a shell type particle structure. It can
be concluded that it is possible to prepare nano crystalline
fully stabilized zirconia nano powders by flame synthesis
process, using inorganic precursors and water as a solvent.
The prepared nanopowders are further processed for
pressureless sintering. The sintering behaviour of same was
studied with dilatometer. The activation energy (210 kJ/
mol) of the as prepared nano powders are lower than that
of the previous reported value for sub- micron powder (550
kJ/mol) and nano- powder (237 k] /mol). The highly granular
synthesized nanopowders results in high curvature of the
surface area, which lower the activation energy of same.
Higher sinterability of the same will be helpful to process
it for producing further sintered product such as solid state
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electrolyte for SOFC, oxygen sensor or oxygen pumps. The
process for preparing zirconia nano powders using water
as a solvent will be helpful for producing the same in high
production rate and lower cost and thus the use of organic
solvents and regeneration of same can be avoided using
water as solvent.
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