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Abstract

A plasma spray process has been developed for the mass production of nanopowders for solid oxide fuel cells (SOFCs) and significant technical
developments have been achieved during the past 2 years. Ultra-fine powders of 8 mol% yttria-stabilized zirconia (YSZ) were produced directly
from a precursor solution via plasma spray process. The powders were characterized by X-ray diffraction (XRD), nitrogen absorption technique
(BET), transmission electron microscopy (TEM), particle size analysis (PSA), and thermogravimetric analyses (TG). The as-sprayed YSZ powders
with cubic phase were obtained without obvious impurity species. BET surface area of the sprayed powder reached as high as 27 m? g, indicating
an equivalent particle size of 37 nm. The powder showed mostly spherical with mean size of about 100-200 nm by TEM results. Introduction of
an organic additive resulted in a significantly increased specific surface area, accompanied by a slight decrease in grain size. This plasma spray
process has the potential to be a less costly and time saving one for nanopowder production than the existing wet chemistry processes.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are currently at the forefront
of R&D into new generations of energy conversion systems,
owing to their highly efficient and environmentally friendly
nature. So far, SOFCs have not been commercialized due to
technical obstacles, reliability problems and especially expen-
sive costs. Oxygen ionic conductors of rare earth doped zirconia
are widely adopted as electrolytes and electrode components in
both anodes and cathodes to extend the triple-phase-boundaries
(TPB) for better output performance [1,2]. Traditional meth-
ods for the production of zirconia-based electrolyte powder
are based mostly on chemical co-precipitation, such as co-
precipitation followed by azeotropically distilling in n-butanol
[3]. The powder from precipitation shows broad particle size
distribution and grain agglomeration and therefore needs more
post-treatments. These shortages in turn result in poor sintering
properties and electrochemical reactivity during SOFC opera-
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tion. Many novel techniques have been developed oriented to
highly homogeneous and ultra-fine powders in recent years,
such as microwave synthesis [4], homogeneous precipitation [5],
sol—gel processes [6—7], molecular decomposition processes [8],
mechanical alloying [9], spray-pyrolysis [10—12], hydrothermal
[13-16] and solvothermal [17] synthesis, and polymerization-
combustion routes, etc. [18—23]. Significant advances have been
achieved by these excellent studies. However, for the mass pro-
duction of a commercial powder, the cost and yield of the
process should also be taken into consideration. Plasma spray-
ing (PS) technique offers a clean, controllable, and directional
heat source. Reaction temperatures are much higher than that
obtained by fossil fuels, so it can accelerate chemical reac-
tions by several orders of magnitude. Reaction time is short and
controllable and is much shorter than traditional wet-chemistry
routes. PS processing is also a well-established and proven tech-
nology due to the low cost and simplicity of the process. It has
been widely used in a variety of applications, such as thermal-
barrier coatings (TBCs) [24], wear-resistance coatings [25] and
the layer deposition for SOFCs [26-28]. So far, the effort to
produce oxide powder for SOFC through plasma spray routine
is still very limited [29-31]. In this study, an effort was made
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to develop a process for the production of ultra-fine powders.
The powders of 8 mol% yttria-stabilized zirconia (YSZ) were
produced and characterized.

2. Experimental
2.1. Plasma spray processing

Zirconium oxynitrate hydrate (ZrO(NO3),-xH>O solution)
and yttrium nitrate hexahydrate (Y(NO3)3-6H>O (both are from
Blue Line Corp., USA) were first confirmed with the ZrO;
solid contents by heat-treating the solution. Both chemicals were
mixed with desired stoichiometry and ball-milled overnight into
a well-dispersed precursor solution. The schematic diagram for
the plasma spraying system is given in Fig. 1. The whole system
can be divided into three subsystems: precursor solution deliv-
ery subsystem, plasma spray subsystem, and powder collection
subsystem. The YSZ precursor solution was pumped into an
internal nozzle by compressed air through a two-fluid atomizer.
The atomized precursors were decomposed in the plasma stream
to form the fine powders. The sprayed powders were then col-
lected in a chamber with bag filters. The collection chamber was
filled with de-ionized water to cool down the hot powder. When
high flow rate and high organic additive content were applied
under low plasma power in order to reduce the particle size of
the powders, the as-sprayed powders were calcined at 600 °C
for 2 h to burn off the leftover additives.

2.2. Powder characterization

X-ray diffraction technique (XRD) was used to identify the
phase structure of the powders. XRD patterns were collected
in a Bruker D8 Advance diffractometer using nickel-filtered
Cu Ka radiation (k=0.1541nm). The XRD experiments were
carried out in the 26 range of 20-80° with 0.02° step~! at a
scan speed of 1°min~!. The powder specific surface area was
measured by nitrogen adsorption at 77k using an automatic
Beckman Coulter (SA3100 surface area analyzer). Before anal-
ysis, the samples were dried at 120 °C for 30 min in an oven
to remove the absorbed moisture, then degassed in vacuum at

Tungsten
cathode
z

Axial
nozzle

Pum

YSZ liquid
feed stock

Precursor delivery

Fig. 1. Schematic diagram of the plasma spraying system for the production of
ultra-fine powder.

120 °C for 15 min. Based on the BET specific surface area (S)
obtained, equivalent grain size Dpgr is calculated according to
the following equation:

DR = 00)

In this equation, p is the theoretic density of the solid par-
ticles. For 8 mol% yttria-stabilized zirconia powder with pure
cubic structure, p is 5.95 gcm’3. Particle size distribution was
analyzed using a Beckman Coulter (N4 plus submicron parti-
cle size analyzer). The powders were dispersed in de-ionized
water with 1 wt.% DARVIN C as dispersant and strongly super-
sonicated for 5 min before particle size analysis was performed.
The morphology and particle size were also investigated using
a Hitachi H-1600 transmission electron microscope (TEM).
Thermogravimetric analyses (TG) of the powder were carried
out using a Hi-Res TGA 2950 thermogravimetric analyzer (TA
Instruments) with temperature ramping rate of 10°C min~! up
to 800 °C in air.

3. Results and discussion
3.1. Processing control

The properties of the sprayed YSZ powder can be affected by
many parameters such as solution concentration, feeding rate,
plasma power, composition of plasma gas, solvents and pre-
cursors, size of the atomization nozzle, air quenching or water
quenching and post-treatment, etc. In order to optimize these
spraying parameters, specific surface areas from nitrogen phys-
ical adoption (BET) were tested for each YSZ sample as an
indicator. It is shown that about five times increase of spe-
cific surface area has been achieved during the past 2 years, as
demonstrated in Fig. 2. The technical developments are grad-
ually achieved both by the optimization of every subsystem
of the plasma spray processing, i.e. precursor solution deliv-
ery subsystem, plasma spray subsystem, and powder collection
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Fig. 2. Technical development during the past 2 years indicated by BET value.
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subsystem and by the post-treatment of sprayed YSZ powder. It
should be mentioned that so far, some parameters have not been
systematically investigated.

3.2. Phase structure

Yttria doped zirconia has about seven different phases with
yttria concentration ranging from zero to 15 mol%. Amongst
these structures, 8 mol% yttria-stabilized zirconia with cubic
phase shows the highest oxygen ionic conductivity and there-
fore is usually adopted as the solid electrolytes for solid oxide
fuel cells. Fig. 3 gives the XRD pattern of the as-sprayed YSZ
powder. The powder shows a pure cubic structure without any
detectable impurity peak after spraying. It can also be found that
the diffraction peaks are obviously widened, which suggested a
reduced crystalline size.

3.3. Particle size

Fig. 4 gives the TEM images of the sprayed powder with dif-
ferent magnification (Fig. 4A, 200k; B, 20k; C and D, 5k). The
powder suspension for TEM observation of Fig. 4D is more con-
centrated than that of Fig. 4C. From Fig. 4A and B, the mean
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Fig. 3. XRD pattern of the plasma sprayed YSZ powder.

particle size can be estimated at about 100-200 nm. No extra
large particles (>5 wm) can be found in TEM photos. Fig. 4C
and D show more particle morphology with varying suspension
content for TEM observation. Large particles can be found more
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Fig. 4. (A-D) TEM photos of the plasma sprayed powder.
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Table 1

Comparison of PSA and BET results

Sample Conditions PSA (um) BET (m? g~ 1) Dggt (nm)

061108-2 No additive 1.769 12.2 83

061115-2F Organic additive 2.145 20.0 50

061115-2F Organic additive calcined at 600 °C for 2h 1.937 27.0 37

in more concentrated TEM sample, as shown in Fig. 4D. Fig. 5 100

gives the plot of particle size distribution for the sprayed.pow— calahisd puamile

der. PSA result shows the powder has a mean particle size of

about 1.3 pwm with broad particle size distribution (100 nm to =r

10 pwm). Large particles (>5 um) are also detectable, although R

they are only a small proportion of the total particles. According = .

to the results of TEM and PSA, weak agglomeration of smaller g Freshly-sprayed powder
. . . . . -

fine grains exists in the sprayed powders. Besides the high sur- 2

face energy of the fine powders, the surface charge from the £ ol

plasma environment could be another possible reason, which ;

significantly modifies the surface properties of the sprayed

powder. o |

3.4. Organic additive B T S T S

Organic additive in a stock solution can produce large amount
of gases under plasma temperature with the assistance of air,
and thus makes the sprayed powder looser. Moreover, the gas
can adsorb plasma energy and in turn reduce energy density. In
this way, formation of powder with fine grain size is expected.
Table 1 shows the effects of the organic additive on powder
characters. With the introduction of an organic additive, the
BET area can be improved from 12.2 to 20.0m?>g~!. Con-
sequently, the equivalent particle size decreases from 83 to
50nm. However, a large amount of thermal gravimetric loss
can be observed, as shown in Fig. 6. Freshly sprayed pow-
der gives a total weight loss of about 19 wt.% up to 800 °C.
The weight decrease before 150 °C should be attributed to the
absorbed water, which is mainly introduced in the powder col-
lection step. Other weight losses originate from the incomplete
decomposition of nitrates and organic additive. The incomplete
decomposition comes from the weakness of the applied plasma
power and the length control of the plasma plume. Using a
higher plasma power and a longer plasma plume can avoid this
incomplete decomposition. In this case, however, lower spe-
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Fig. 5. Particle size distribution of the plasma sprayed powder tested in water
solution with DARVIN C as dispersant.
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Fig. 6. TG results of the freshly sprayed powder and the calcined one.

cific surface area and larger grain size would be resulted. With
the powders post-calcined at 600 °C for 2h, the nitrates and
organic leftover are fully burned off and the specific surface
area increases significantly from 20.0 to 27.0m? g, as shown
in Table 1. Dggt also shows a slight decrease from 50 to 37 nm
after post-treatment.

4. Conclusions

A simple, cost-effective and easily scaled process for the
nano-YSZ powder production method through plasma spray
routine has been developed in Northwest Mettech Corp. and
significant technical developments have been achieved during
the past 2 years. Pure YSZ powders with cubic phase can be
obtained without obvious impurities species. BET specific sur-
face area of sprayed powder reaches as high as 27m? g™,
indicating an equivalent particle size of 37 nm. Mean particle
size by TEM observation is about 100-200 nm while the powder
shows weak agglomeration. Considering the significant time-
and cost-saving, plasma spray process shows promising poten-
tial for the mass production of ultra-fine oxide powders for solid
oxide fuel cells.
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