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Abstract

Growth of hexagonal shaped single crystal yttria stabilized zirconia nanoparticles has been observed in the vapors emanating from
solid targets vaporized using CO, laser in CW and pulsed modes of operation. The mean size and yttrium concentration in these
nanoparticles are found to be in the range of 540 nm and ~10.4-11.6 wt% respectively, which depend on the laser power density and
the gaseous environment used during the growth process. Nanoparticles synthesized with pulsed mode of laser operation were found to
be smaller in size compared to those generated in the CW mode. It was also found that formation of these nanoparticles was more
pronounced in helium gas environment compared to those in nitrogen and argon. X-ray and electron diffraction studies showed that in
all experimental conditions the generated nanoparticles were in cubic phase. From high resolution TEM it was observed that the
nanoparticles with identical orientations coalesced with each other in line with the oriented attachment theory.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Zirconia (ZrO,) is one of the promising ceramic materi-
als whose nanosized particles are extensively used in
various applications such as fuel cell, catalyst, display
devices, bio-medical systems etc. Zirconia exists in three
phases namely monoclinic, tetragonal and cubic. At room
temperature, zirconia is stable in monoclinic phase, and
upon heating it transforms to tetragonal and cubic phase
at temperature ~1170 °C and ~2360 °C respectively [1].
However, the dopants such as MgO, CaO, CeO, Y,0; etc.
can stabilize zirconia in tetragonal and cubic phases at
room temperature depending upon their concentrations
[1]. Tetragonal and cubic phase zirconia are desirable in
several applications such as oxygen sensors [2], catalysts
[3], fuel cells [4] etc. For solid oxide fuel cell (SOFC)
applications the zirconia based nano powders e.g. yttria-
stabilized zirconia (YSZ) are extensively used as electrolyte
material because of its high oxygen ion conductivity [5-9].
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Therefore efforts are being made for developing simple and
cost effective methods for the synthesis of powders of
nanometer size YSZ. Several methods such as spray
pyrolysis [10], sol-gel based technologies [11], hydrother-
mal synthesis [12,13], laser ablation [14,15], and laser
vaporization (LAVA) [16-19] etc. have been developed
for producing YSZ nanoparticles with controlled shape
and size. LAVA method has been shown to be effective,
economic and versatile technique for large scale produc-
tion of variety of nanosized particles. Generally it is
observed that the zirconia nanoparticles produced by
LAVA and laser ablation techniques are mostly of sphe-
rical shape [16-19]. Since shape of the nanoparticles also
affects the physical and chemical properties, it is therefore
important to study the conditions for the growth of
nanoparticles of various shapes. The hexagonal YSZ
nanoparticles may be particularly interesting for enhancing
packaging density of electrolyte in SOFC. In this report we
present our studies on CO, laser based LAVA method for
the growth of hexagonal shaped YSZ nanoparticles in
cubic phase. The laser was operated in continuous (CW)
and pulsed modes and we investigated the effects of laser
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power density and ambient gas on the shape, crystalline
structure and stoichiometry of the YSZ nanoparticles. The
results of these studies are presented and discussed in
this paper.

2. Experimental details

A home built transverse flow CO, laser was used in the
present study with maximum power of 3 kW in CW mode.
Pulsed mode operation of laser was achieved by pulsing
the input discharge current through a programmable
switched mode power supply. It provided control of pulse
repetition rate from 1 Hz to 1 kHz with duty cycle from
10% to 90% [20,21]. The target for the experiments was
5 mm thick and 25 mm diameter YSZ pellets prepared by
powder metallurgy route. It involved blending of micron-
sized ZrO, and Y,03; powder (10 mol%), followed by
uniaxial pressing to 10 MPa for 3 min. The pellet was
sintered in air with following thermal cycle. Initially the
temperature of the pellet was increased to 450 °C at 3 °C/
min rate and maintained for 3 h. Later the temperature of
the pellet was increased to 1600 °C at the same rate and
kept for 4h and then cooled to room temperature at
cooling rate of 3 °C/ min.

Schematic of the LAVA process used for nanoparticle
generation is shown in Fig. 1. The YSZ target was
mounted inside a vacuum chamber on a rotating holder
for uniform irradiation of target material. The chamber
was first evacuated to a base pressure of 1 mbar using a
rotary vacuum pump, followed by pressurizing with
suitable carrier gas upto 600 mbar keeping the gas flow
rate at ~61/min. Experiments were carried out with
helium, argon and nitrogen as carrier gases. Laser was
focused on to the target using ZnSe lens of focal length of
220 mm to achieve power density in range of 12-24 kW/
cm? in CW mode. While for the pulsed mode of LAVA
process, the laser was operated at 20 Hz repetition rate
with 50% duty cycle providing 3 kW/cm? average power
density. Under these power densities of laser irradiation
the target temperature increases to more than its evapora-
tion temperature. Evaporated target materials are then re-
condensed into nanometer sized particles under suitable
carrier gas environment. Re-condensed nanoparticles were
carried away through carrier gas and collected using a
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Fig. 1. Schematic of laser vaporization (LAVA) setup.

foam filter. YSZ nanoparticles collected from foam filter
were characterized using X-ray diffraction (XRD), Energy
Dispersive Spectroscopy (EDS) and transmission electron
microscopy (TEM).

3. Result and discussion

X-ray diffraction of YSZ nanoparticles obtained with
helium, argon, and nitrogen gas environment at different
CW and pulsed laser conditions are shown in Fig. 2. All
the peaks in the diffraction pattern are similar to fluorite
type cubic structure [22]. No peak for yttria, monoclinic or
tetragonal zirconia was detected, which indicates that solid
solution of yttria and zirconia formed successfully. The
most intense peak (111) of the diffraction pattern was used
for the estimation of particle size using the Scherrer’s
formula, d=0.89:./f cos(6), where d is crystallite size, / is
wavelength of Cu Ko radiation (1.54 A), p is peak broad-
ening (in FWHM) and 6 is angle of diffraction. Estimated
particle sizes are given in Table 1. Under CW mode of laser
operation, with different carrier gases, the average particle
size is observed to be smallest when helium gas is used.
This observation is attributed to higher thermal conduc-
tivity of helium gas with respect to argon and nitrogen.
Higher thermal conductivity of helium cools the evapo-
rated materials rapidly and therefore restricts the further
growth of nanoparticles. When pulsed mode of laser
operation is employed with helium as a carrier gas, the
average size of the nanoparticles generated were less than
those obtained with CW mode of laser operation. This is
attributed to less interaction time between plume and laser
energy [16]. It is also observed from Table 1 that the
estimated size of particles increases as power density
increases in CW mode of operation. Power density depen-
dent studies were made only with helium as carrier gas.

Another important feature brought out by X-ray dif-
fraction study is that the (111) diffraction peak for
nanoparticles grown using pulsed laser is shifted towards
lower 26 side with respect to those grown using CW laser
(see inset in Fig. 2). This preferential reduction in diffrac-
tion angle is indicative of increase in inter-planar spacing
(di11). This relative increase in inter-planar spacing (or
lattice parameter) is possibly due to relative change in the
stoichiometry of yttrium in nanoparticles with respect to
that in the target material. Energy Dispersive Spectroscopy
(EDS) studies were carried out to investigate the possible
role of yttrium concentration in YSZ nanoparticles and
subsequent increase in the lattice parameter. Table 2
provides chemical composition (in wt%) of YSZ nanopar-
ticles produced with helium environment. It was found
that for all laser power densities and in both modes of the
laser operation the yttrium concentration in YSZ nano-
particles was lower than the initial yttrium concentration
(~13 wt%) in the target material. This observation of loss
of yttrium concentration in nanoparticles with respect to
target material is commensurate with earlier reports of
similar loss of yttrium in powders and thin films produced
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Fig. 2. XRD diffraction patterns of laser generated YSZ nanoparticles under different experimental conditions. Shift in positions of (111) peak is shown

as enlarged image in the inset.

Table 1

Power Mode of laser Gas Particle size (nm)
density (kW/cm?) operation

XRD TEM
3 (Average ) Pulsed He 19.45 9.83
12 CW He 20.84 17.36
19 CW He 23.62 15.52
24 CW He 23.64 12.63
12 CW N, 21.80 -
12 CW Ar 34.61 -
Table 2
YSZ composition of nanoparticles by EDX analysis (wt%).
Power density Mode of laser Zr Y (0] Hf
(kW/cm?) operation

3 (Average ) Pulsed 70.78 11.64 16.93 0.64
12 CW 74.16 10.38 14.66 0.80
19 CW 71.45 11.19 16.41 0.95
24 CwW 72.01 11.38 15.8 0.81

by laser evaporation methods [23,24]. However, the rela-
tive loss in yttrium concentration in nanoparticles was
found to be influenced not only by the mode of laser
operation but also the laser power density used. In CW
mode of laser operation, the concentration of yttrium in
nanoparticles was observed to increase with increase of
laser power density. While with the pulsed mode of laser
operation the yttrium content in nanoparticles was rela-
tively higher. The possible reasons for the relative increase
of yttrium with increase in laser power density could be
higher kinetic energy of evaporated materials. Because of
higher kinetic energy the evaporated materials follow a

straighter path. This leads to reduction in mass-dependent
angular spread or scattering and hence generates nano-
particles with composition close to that of the target
material [25-27]. While for nanoparticles generated under
pulsed mode of laser operation the additional contributing
factor for the higher concentration of yttrium (with respect
to CW mode of laser operation) could be the shorter
interaction time (25 ms, the laser pulse duration). This
short interaction time leads to short time for scattering,
thereby reducing the relative loss of yttrium. This change
in yttrium concentration in laser-generated nanoparticles,
as a result of change in mode of laser of operation or
associated power density, is responsible for the change in
lattice parameter. Kotov et al. reported an increase in
lattice parameter of YSZ nanoparticles with increase in its
yttria content [23]. Therefore the relatively larger inter-
planar spacing (d;;;) or reduced diffraction angle, as
observed in Fig. 2, for nanoparticles produced under
pulsed mode of laser operation is because of higher yttrium
content.

Fig. 3 shows transmission electron micrographs of nano-
particles generated in the pulsed and CW mode of laser
operation under helium atmosphere. The particle size dis-
tribution histograms of these nanoparticles are shown in
Fig. 4. The histogram data were fitted with the Gaussian and
log-normal functions. The Gaussian function is given by

Y(x)= Y(0)+[4/{o/(m/D}] x exp[~2 x (x=p)*/a’] (1)
and the log-normal function is given by
Y(x) = Y(0)+[4/(0 x x x /2m)lexp[—{In (x/w}*/26"]  (2)

where u is mean diameter and o is standard deviation in the
respective fitting. The log-normal function provides better
fitting in all cases. The mean diameter of nanoparticles
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generated in pulsed mode with 3 kW/cm? laser power density
was ~9.83 nm. While with CW mode of laser operation with
power densities 12, 19, and 24 kW/cm? the mean diameters of
nanoparticles were 17.36, 15.52, and 12.63 nm respectively.

Fig. 5 shows the TEM images of nanoparticles produced
in helium, nitrogen and argon atmospheres under CW
mode of laser operation with power density of ~12 kW/
cm?. The size distribution histograms of nanoparticles
generated in nitrogen and argon atmosphere were also
best fitted with the log-normal function. Particles produced
with helium gas were observed to be smaller in size and
weakly agglomerated while in case of argon and nitrogen
as carrier gas the nanoparticles were of large size with
substantial agglomeration. This shows that the nature of
carrier gas strongly affects the particle formation and
growth dynamics. This could be explained on the basis
of difference in thermal conductivities of different gases.
As the thermal conductivity of the carrier gas decreases
(Kar < KN, < Kye) the cooling rate of evaporated material
also decreases. This enhances the collision probability of
evaporated materials that leads to the growth of large sized
aggregated particles.

For detailed information about the internal structure
and the morphology of nanoparticles we studied the
Selected Area Electron Diffraction (SAED) pattern.
Fig. 6 shows the SAED pattern of nanoparticles grown
using CW laser with helium carrier gas. The ring type
diffraction pattern indicates random orientation of nano-
crystals. Similar SAED patterns were obtained for nano-
particles generated in other experimental conditions.
Analysis of SAED patterns indicate cubic phase of gener-
ated YSZ nanoparticles. First ring corresponds to {111}
plane of the cubic phase of zirconia and second, third and
fourth rings correspond to {200}, {220} and {311} planes
of the cubic phase of zirconia respectively. High resolution

TEM (HRTEM) micrograph of nanoparticles, as shown in
Fig. 7, suggests most of the particles are hexagonal shaped
single crystallites. It also shows that crystal lattice planes
are perfectly aligned. The lattice spacing is about ~0.3 nm
corresponding to the interplanar spacing of {111} planes.

The comparison of average size of nanoparticles
obtained from XRD and TEM image analysis is also
shown in Table 1. Analysis of TEM micrographs showed
that nanoparticles mean size decreases with increase in
laser power density in CW mode of laser operation. While
XRD analysis suggests particle size increases with increase
in laser power density. This contradictory dependence of
particle size with power density can be attributed to the
hexagonal shape of particles and the method of sample
preparation for XRD and TEM measurement [28,29]. The
high resolution TEM (HRTEM) image, as shown in Fig. 7,
clearly shows hexagonal shaped morphology of YSZ
nanoparticles. As hexagonal shape is best known for high
filling factor, therefore during sample preparation for
XRD measurement the particles may agglomerate along
their edges due to the Van der Waals force and hence
reduces the probability of measuring diffraction pattern
from an isolated nanoparticle. While in TEM measurement
these weakly agglomerated particles are broken into
individual particles by sonication and hence can be imaged
individually.

The hexagonal shape and single crystalline nature of
nanoparticles of YSZ are of particular interest. Most of the
reports on synthesis of YSZ nanoparticles grown via LAVA
method have shown polycrystalline and spherical shape
nanoparticles of YSZ [18,30]. We have obtained single
crystalline hexagonal shape nanoparticles of YSZ using
LAVA based method which may be of advantage for
applications such as electrolyte for oxygen sensor and
SOFC. The observation of hexagonal shape nanoparticles

Fig. 3. TEM images of YSZ nanoparticles produced under helium gas atmosphere grown under (A) pulsed mode of laser operation with power density of
3 kW/em? and under CW mode of laser operation with power density (B) 12 kW/cm?, (C) 19 kW/cm? and (D) 24 kW /cm?.
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Fig. 4. Histograms of size distribution of YSZ nanoparticles shown in Fig. 3.

of YSZ in our experimental setup could be due to different
conditions of evaporation process and re-condensation
parameters. Two different models are widely used to explain
the growth and final morphology of particles following the
bottom up approach of growth. The first one is the classical
crystal growth theory or Oswald ripening (OR) theory [31]
and other is Oriented Attachment (OA) theory [32].
According to the OR theory the larger particles grow by
consumption of smaller particles because the total surface
energy of small particles is high compared to surface energy
of large particles. In the OA theory, particles grow into
single crystal or twins through self-organization by sharing
a common crystallographic orientation. This self-organiza-
tion growth mode plays very important role in producing
peculiar morphology of nanoparticles. OA theory has been
successfully used to explain the growth process of different
shape of nanoparticles synthesized by the hydrothermal,
vapor phase and wet chemical methods [32,33]. We consider
the OA theory for explaining the formation of hexagonal
shape nanoparticles of YSZ.

Synthesis of nanoparticles by the LAVA method
involves two processes namely the nucleation and the
growth. Final morphology of nanoparticles is affected by
both these processes. Under OA mechanism two or more

particles organized themselves in such a way that they
share a common crystallographic orientation and form a
single crystal or twins. HRTEM image of particles coagu-
lated along a common crystallographic axis, as shown in
Fig. 8, further confirms and compliments the growth of
nanoparticles which indeed occurs by OA mechanism. The
{111} planes in cubic zirconia is highly stable in compar-
ison with others planes. Therefore to minimize surface
energy the primary particles combine in {1-10) direction
(perpendicular to {111} plane) and <111) direction
(parallel to {111} plane) by sharing a common crystal-
lographic orientation and grow in hexagonal shape
because the Van der Waals forces are minimum at
hexagonal faces [33].

4. Conclusion

Laser vaporization based method was used for the
generation of yttria-stabilized zirconia (YSZ) nanoparti-
cles. Under the conditions of the experimental parameters
we observed hexagonal shaped YSZ nanoparticles in cubic
phase. Comparative studies were carried out for the
synthesis of these nanoparticles under three different gas
environments namely helium, nitrogen, and argon and in
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Fig. 5. TEM images of YSZ nanoparticles produced at power density
12 kW/em? in (A) helium, (B) nitrogen and (C) argon gases.

two modes of laser operation i.e. pulsed and CW. Forma-
tion of hexagonal shaped YSZ nanoparticles was more
pronounced in helium gas environment compared to
nitrogen and argon. The mean size and yttrium concentra-
tion in these nanoparticles were found to depend on the
laser power density and the environment during the
growth process. The mean size of nanoparticles was
smallest and nanoparticles were less agglomerated in
pulsed mode of laser operation compared to those nano-
particles generated in the CW mode of laser operation. X-
ray and electron diffraction studies showed that in all

Fig. 6. Selected Area Electron Diffraction (SAED) pattern of YSZ nano-
particles produced using CW laser and under helium gas environment.

Fig. 7. HRTEM images of YSZ nanoparticles produced using CW laser
and under argon atmosphere.

Fig. 8. Common crystallographic orientation of YSZ nanoparticles
produced using CW laser under helium atmosphere.

experimental conditions the generated nanoparticles were
in cubic phase. Possible mechanism of hexagonal shape of
nanoparticles was provided on the basis of the OA theory.
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