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Abstract

Citrate—nitrate combustion synthesis was used for the preparation of NiO-YSZ. The main advantage of the preparation method used was
reflected in the fact that after the synthesis both phases NiO and YSZ were randomly distributed on a nanometre level. The prepared NiO-YSZ
powder composites were shaped, sintered and reduced to Ni-YSZ and subsequently submitted to microstructure investigations. Relative sintered
densities higher than 90% were obtained at sintering temperatures as low as 1200 °C. A sintering temperature 1200 °C was also recognized as the
preparation temperature that provided the smallest Ni grains in the final Ni-YSZ cermet with an average Ni-particle diameter as low as 0.27 pm.
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1. Introduction

Due to their high efficiency and environmental friendly
nature, solid oxide fuel cells (SOFCs) are considered to be one
of the most promising energy converters for the future [1,2].
The requirements of any potential electrode material in a SOFC
are high electronic and ionic conductivity, stability under
operating conditions, chemical and thermal expansion compat-
ibility with other cell components, electrochemical activity and
appropriate microstructure [3-5]. Nickel-yttria-stabilized
zirconia cermets (Ni—-YSZ) are, despite some drawbacks
related with long term stability, the most widely adopted
materials for SOFC anodes, mainly due to their good electro-
catalytic properties against low price [6,7].

In general, at the anode site, fuel gas is electrochemically
oxidized at the Ni-YSZ-fuel interface, called the triple phase
boundary (TPB) region. It is well known that the higher the TPB
length, the better electrochemical activity of the anode [8,9].
Therefore, both the activity of Ni-YSZ and their stability are
strongly influenced by the cermets’ morphology and micro-
structures such as grain connectivity, grain size, pore size and
pore size distribution [10,11]. Many papers have been published
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describing different approaches to the microstructure optimiza-
tion of Ni-YSZ cermets [12—-14] and they seem to have one
common aim: the need for nano-sized cermet composition.
Specifically, according to the percolation theory, the electrical
conductivity of two-phase composites is determined by the size
and shape of particles as well as their volumetric fraction [15].
Finer conductive particles tend to be percolated through the
composite material at lower concentrations and lower sintering
temperatures, thus resulting in higher freedom in tailoring the
Ni—-YSZ composition. It was also reported that very homo-
geneous and ultrafine-Ni—YSZ mixtures enable both improved
current—potential characteristics and enhanced initial stability of
the electrochemical performance [16,17]. The increased
electrochemical activity of very fine Ni—YSZ mixtures is
understood in terms of increased TPB length [18,19]. The
porosity of the anode cermet, often regarded as a third insulating
phase, is another very important microstructure characteristic.
Since porosity in Ni-YSZ cermet is mainly formed during the
final stages of the cermet preparation (reduction of NiO to
metallic Ni), itis reasonable to predict that uniform porosity with
controlled pore size distribution can be achieved from NiO-YSZ
mixtures initially formed of nano-sized particles.

In order to prepare Ni-YSZ cermets composed of ultrafine
particles, conventional methods, such as mechanical mixing
and ball milling, are no longer appropriate. Therefore, the
development of a process, as cheap and as simple as possible,
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leading to produce porous anode layers containing nano-sized
mixed particles is an intensively investigated objective. Several
routes, such as coprecipitation [20,21], spray pyrolysis [22] and
aerosol flame deposition [23] have been used to prepare small
particle-sized powders but the preparation of complex metal
oxides by combustion synthesis has recently become an
important area of research due the promising results of this
technique compared to the conventional method [24,25]. The
main advantage of combustion synthesis is the ability to
produce complex oxide powders directly from the precursor
solution. Therefore, the combustion synthesis could be, in
principle, a good method for preparing the composite powder of
Ni—YSZ with uniform distribution of fine Ni particles within
the YSZ framework. In this respect, combustion synthesis for
Ni—YSZ cermet preparation has already been successfully
applied by some authors. Ringuede et al. [26] established the
reaction system employing nitrate as oxidizing reagent and urea
as the fuel component. Aruna et al. [27] prepared Ni—-YSZ
cermet powder using carbohydrazide as the fuel component,
while Kim et al. [28] based the combustion system on the
nitrate—glycine reaction.

The aim of this work is to demonstrate that nano-scaled
highly sinterable NiO-YSZ dispersions can be prepared using
combustion synthesis technique. High sinterability of the
prepared powders is of prime importance for the preparation of
dense bodies at relatively low temperatures (below 1200 °C).
With a detailed examination of the densification process of such
ceramic powders and compact characteristics, we also
demonstrated microstructure evolution from synthesized
NiO-YSZ nano-powder to Ni-YSZ anode cermet.

2. Experimental procedure

NiO-YSZ composite powders were prepared with a
modified combustion synthesis. The combustion system was
based on the citrate—nitrate redox reaction. In this combustion
method, the starting materials were ZrO(NOj3),-6H,0,
Ni(NO3),-6H,0, Y(NO3)5-6H,0, nitric acid (65%), and citric
acid (analytical reagent grade). All solid compounds were
dissolved with minimum additions of water in the amounts that

1200

M. Marinsek, K. Zupan/Ceramics International 36 (2010) 1075-1082

assure the desired Ni content in final cermet (50 vol.% Ni).
ZrO(NOs),-6H,O and Y(NO3);-6H,O additions were calcu-
lated to assure final YSZ composition to be ZrygsY0.1501 03.
The five-reactant solutions were mixed together to prepare the
reaction mixture and then treated under vacuum (20 mmHg) at
60 °C until the solution transformed into a bright green gel.
Typical amounts of precursors used in one batch were 4.764 g
ZrO(NOs),-6H,0, 14989 g  Ni(NO;),-6H,O, 0.936¢
Y(NO;)3-6H,0, 7.369 g C¢HgO7-H,0, and 4 mL. HNOj;. The
gel was then gently milled in an agate mortar and uniaxially
pressed (17 MPa) into pellets (¢ = 12 mm, height ~30 mm).
Such samples were placed on a corundum plate and ignited at
the top of the pellet (Fig. 1). A rapid increase in temperature
inside the reaction zone was visually observed, and also
measured as temperature profile using an optical pyrometer
(Ircon, IPE 140, based on sample brightness). The measuring
range of this pyrometer is from 50 to 1200 °C and it has a very
quick response time (1.5 ms). The accuracy of optically
measured temperature was 2.5 °C below 400 °C and +0.4%
of a measured value (in °C) above 400 °C. High temperatures
were reached in a short reaction time by the self-generated heat
of the reaction, yielding nano-powders or loose agglomerates of
nano-crystallites. The peak temperature reached during the
synthesis was measured as 1153 °C and the wave velocity
0.5mms~'. The samples cooled down from their peak
temperature to 50 °C in approximately 80 s. The grain size
of both phases in the synthesized composite material (prior to
attritor milling) was investigated by TEM (JEM-2010F TEM/
STEM, operated at 200 keV, equipped with an URP pole-piece
(Cs=0.48 mm), EDS and PEELS). The powders for TEM
microscopy were gently crushed in an agate mortar. A dilute
suspension was prepared in absolute alcohol. A drop of the
suspension was deposited on a holey carbon-coated copper
grid, which was subsequently dried. In the TEM mode, both
bright-field (BF) and dark-field (DF) images were recorded
with the corresponding electron diffraction patterns (SAED).

After the synthesis, the powders were milled in attritor mill
(4 h). The samples were then used for green body preparation
and microstructure development tests during sintering. Particle
size distribution of both attritor-milled and unmilled samples
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Fig. 1. Photograph of a typical citrate—nitrate gel combustion process for NiO-Y SZ preparation together with typical temperature profile measured in a single spot.
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Fig. 2. Bright-field (BF) low magnification TEM image of the as reacted sample (left picture) and HRTEM image of the as reacted sample (right picture).

were measured using a MICROTRAC S 3500 particle sizer. For
sinterability tests, milled samples were uniaxially pressed into
pellets (100 MPa) and sintered at different temperatures
(1150 °C, 1200 °C, 1250 °C, 1300 °C, 1350 °C, 1400 °C).
Material shrinkage during sintering was measured separately
using a LEITZ WETZLAR heating microscope. For micro-
structure determination, sintered tablets were polished (dia-
mond paste 3 and 0.25 pm), thermally etched, reduced at
900 °C (2 h) in H,/Ar atmosphere and subsequently analyzed
with a SEM (Zeiss FE SUPRA 35 VP). Phase compositions of
the samples were analyzed by EDS, supported by INCA
software (Oxford Instruments). The quantitative analysis of the
microstructures was performed on digital images (images were
digitized into pixels with 255 different gray values using Zeiss
KS300 3.0 image-analysis software).

3. Results and discussion

One of the main advantages of the combustion synthesis is
its self-sustaining heat generation, which enables rapid heating
of a reaction system. That means combustion synthesis takes
just a few seconds to turn a mixture of reactants into a new solid,
as opposed to the much longer time required for the same
process to be conducted in an oven as solid state reaction. In the
case of the NiO-YSZ citrate—nitrate combustion synthesis, the
maximum temperature gradient inside the reaction zone
(calculated on a basis of the temperature profile measurements)
was 1164 K s~'. Such a high temperature gradient and short
reaction times resulted in a unique powder mixture composed
of nano-sized partially agglomerated particles (Fig. 2).
According to TEM investigations, these nano-particles are a
random mixture of NiO and YSZ. The average measured
crystallite size estimated from the HRTEM image for the two
phases was 6.5 + 2 nm. Such an oxide mixture was the starting
material for the final Ni-YSZ cermet preparation.

The ideal microstructure of the final Ni-YSZ cermet is
composed of very small grains of both phases (preferably sub-
micrometer or nano-sized) in order to increase the TPB length.

In contrast, Ni-YSZ also has to exhibit continuity of both
phases throughout the cermet, since it must serve both as an
electronically and ionically conductive material. High con-
ductivity, in principle, is achieved when good contact between
particles is ensured; this is normally accomplished through
sintering. However, sintering also means grain growth, which is
in contradiction to the desire to preserve NiO-YSZ nano-
distribution. However, if the sintering temperatures required for
NiO-YSZ densification can be lowered, then fine oxide
mixtures can also be preserved in the sintered structures.
The sintering temperature of the prepared NiO-YSZ
mixture was influenced by milling it in the attritor. Since a
relatively large amount of volatile products are released during
the citrate—nitrate combustion [29,30], NiO-YSZ after the
synthesis is composed of soft agglomerates, which can be easily
reduced in size. The main agglomerate size before and after
attritor milling was 25.72 pm and 0.28 wm, respectively;
expressed with specific surface area, it increased from 4.7 m%/g
in the unmilled sample to 22.0 m?/g in attritor-milled sample.
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Fig. 3. Relative linear shrinkage and shrinkage rate versus temperature of
unmilled and milled samples, respectively, together with particle size distribu-
tion in unmilled and milled samples.
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Fig. 4. SEM micrographs of samples obtained after sintering and subsequent reduction of NiO-YSZ green bodies (mind that magnification bars are not identical).
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An effect of agglomerate size reduction on sintering
temperature is presented in Fig. 3. Besides essentially lower
sintering temperature (determined as 1200 °C for attritor-
milled sample and 1420 °C for unmilled sample), shrinkage in
the attritor-milled sample can be described with only one
densification process as illustrated with the shrinkage rate
curve. Contrarily, unmilled sample sinters through several
stages with different shrinkage rates as a result of inter- and/or
intra-agglomerate sintering.

The relatively low sintering temperature determined for
attritor-milled sample may be very important from the
applicability point of view. Specifically, due to the fact that
lanthanum—strontium—manganite (LSM) cathode material may
react with YSZ electrolyte at temperatures above 1200 °C
forming a poorly conductive La,Zr,0; phase [31], a single cell
is normally prepared through several sintering processes. First,
the anode and electrolyte layers are co-sintered at higher
temperatures (up to 1400 °C) and then the cathode layer is
applied and co-sintered at temperatures up to 1200 °C.
Successful sintering of NiO-YSZ anode material at tempera-
tures below 1200 °C may result in a diverse SOFC preparation
procedure, in which all layers are co-sintered in a single step.

In order to obtain more detailed information about the
microstructure development, NiO-YSZ green bodies prepared
from the attritor-milled powder were sintered under various
sintering conditions. Sintering temperatures were defined
according to the obtained shrinkage curve. The presented
microstructures (Fig. 4) revealed that the nano-sized oxide
mixture was no longer present in the sintered cermets. Instead,
the one-phase dominance grew but remained well within the
sub-micrometer range if the cermets had been sintered at
relatively low temperatures. Additionally, it is evident that a
relatively dense structure can be prepared using sintering
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temperatures no higher than 1200 °C. This is important because
dense structures after sintering also ensure good contact
between particles and continuity of both phases. Continuity of
phases is essential not only with regard to conductivity, but also
for microstructure stability. One good example of the
insufficiently stable NiO-YSZ microstructure is shown in
the case of sample A (sintered at 1150 °C). Although in this
case grains of both phases were the smallest after sintering,
compared to other investigated samples, the situation changed
when the sintered sample was reduced. During the reduction,
newly formed metallic Ni particles showed excessive grain
growth. This phenomenon is a consequence of the fairly
different surface energy of Ni and YSZ, which causes the
hetero-grains at the interface to lose chemical affinity.
Consequently, coarsening of the Ni phase proceeds appreciably
due to poor adhesion of the metal to the ceramic material at
elevated temperatures. From a practical point of view, excessive
growth of the Ni grains results in the TPB length reduction. It is
also realistic to expect that cermets whose morphology changes
so much during the NiO reduction will undergo major
microstructure modifications also in any potential long term
use in SOFC. In all other samples (B to F), the grain growth of
both phases (also in the reduced state) was controlled
predominantly with the sintering temperature and no excessive
enlargement of Ni grains after the reduction was noticed. Some
microstructure parameters related to the sintering and reduction
processes are summarized in Table 1.

Since all microstructure parameters important for exact
cermet analysis are sometimes difficult to deduce simply from
SEM micrographs, a detailed quantitative microstructure
analysis on sintered and reduced samples was performed.
For statistically reliable data in each case, 5-10 different
regions were analyzed. The results of the quantitative

Table 1
Sintering parameters of various NiO-YSZ tablets.
Sample Tsinar (°C) ALIL (%) Pret (%)
Diameter Height Density Sintered state Reduced state

A 1150 15.2 15.3 15.2 72.6 55.3
B 1200 21.7 20.6 21.2 914 70.9
C 1250 232 22.5 22.4 96.4 73.4
D 1300 232 22.8 22.7 97.7 74.3
E 1350 233 22.3 22.7 95.8 73.5
F 1400 22.9 222 224 95.2 73.8
Table 2
Quantitative microstructure analysis of the sintered samples.
Sample Porosity, & (%) d (um) Shape factor, d, (um) d, (pm)

Geometrical Microstructural NiO YSZ Pores NiO YSZ Pores NiO YSZ Pores NiO YSZ pores
A 27.4 27.3 0.10 0.10 0.16 0.79 0.78 0.49 0.11 0.11 0.21 0.11 0.10 0.23
B 9.6 8.6 0.23 0.17 0.24 0.80 0.80 0.55 0.26 0.18 0.28 0.27 0.20 0.30
C 3.6 32 0.37 0.31 0.39 0.83 0.81 0.59 0.40 0.32 0.40 0.40 0.34 0.39
D 23 2.5 0.42 0.43 0.56 0.83 0.81 0.53 0.48 0.42 0.49 0.47 0.43 0.47
E 22 1.7 0.54 0.53 0.68 0.86 0.82 0.58 0.59 0.55 0.54 0.58 0.49 0.53
F 2.8 1.7 0.76 0.69 0.68 0.78 0.75 0.56 0.86 0.69 0.79 0.87 0.71 0.73
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Table 3
Quantitative microstructure analysis of the reduced samples.
Sample  Porosity, & (%) d (um) Shape factor, ¥ d, (um) d, (um)

Geometrical Microstructural Ni YSZ Pores Ni YSZ Pores Ni YSZ Pores Ni YSZ Pores
A 447 41.2 0.44 0.10 0.16 0.78 0.80 0.54 0.46 0.12 0.19 0.49 0.12 0.24
B 30.1 29.9 0.27 0.17 0.19 0.83 0.80 0.53 0.29 0.20 0.30 0.28 0.18 0.25
C 26.6 32.0 0.46 0.34 0.23 0.88 0.81 0.59 0.49 0.33 0.34 0.48 0.35 0.31
D 25.7 32.6 0.55 0.45 0.35 0.85 0.81 0.60 0.56 0.45 0.51 0.59 0.44 0.45
E 25.5 31.3 0.71 0.56 0.68 0.86 0.82 0.47 0.73 0.60 0.99 0.75 0.55 0.97
F 25.2 28.5 0.98 0.70 0.96 0.85 0.83 0.39 1.01 0.74 1.39 0.98 0.72 1.49

microstructure analysis are summarized in Tables 2 and 3.
Parameters d, d, and d, are represented as the diameter of the
area-analogue circle — DCIRCLE and intercept lengths in x and
y direction — FERETX, Y, respectively. Porosity & was
determined as geometrical porosity (from tablet dimensions)
and as microstructural porosity (from microstructure analysis).

According to the results of quantitative microstructural
analysis, the porosity of the sintered samples decreased with the
sintering temperature, as expected. The higher sintering
temperature also resulted in pronounced grain growth. An
average particle size of both phases NiO and YSZ is very
similar in a green state and at low sintering temperatures.
However, an average particle size of NiO exceeds YSZ average
particle size at higher sintering temperatures. From this fact, we
may deduce that NiO in NiO-YSZ composite sinters first and
more intensely. Additionally, with higher sintering tempera-
tures, the grains of both phases became rounder. Relatively
small average particle diameters (i.e. 0.1 pm at 1150 °C) would
usually mean that exact EDS analysis is impossible, due to
insufficient resolution of the instrument. However, with careful
sample preparation, precise microscopy and, above all, the use
of the CAMEO function in INCA software which enables
coloring of grains according to their chemical composition,
distinguishing between NiO and YSZ became feasible (Fig. 5).
From such colorized pictures different gray values for NiO and
YSZ can be easily obtained.

The two most apparent differences between sintered and
reduced samples are in the increased porosity, and in the
increased Ni relative to NiO particle size. One well-known fact

when describing the microstructure of the Ni—YSZ anode
cermet layer is that its appropriate porosity is between 30 and
40% [32-35]. Considering that about 41.1% of initial volume of
NiO is transformed into pores during NiO reduction to Ni, the
porosity of the sintered bodies should be close to 10%. Bearing
in mind that for high TPB value an average particle size of both
phases should also remain as small as possible and that for
suitable electrical properties contact between particles should
be good, the sintering temperature for sample B was chosen as
the most appropriate preparation procedure. A sintering
temperature of 1150 °C (sample A) may be considered too
low due to the clear microstructure instability of the final Ni—
YSZ cermet which was characterized as exaggerated Ni-
coarsening. Sintering temperatures higher than 1200 °C, in
contrast, will enlarge the average grain size of each phase
without substantial improvement of the microstructure stability,
which is an undesirable process when preparing nano-scaled
Ni—YSZ composite. The final average particle sizes of Ni and
YSZ in sample B, 0.27 pm and 0.17 pm respectively, are
relatively large compared to the initial NiO—YSZ mixture after
the synthesis. However, the nano-sized initial oxide mixture
and careful powder treatment enabled the preparation of well
sintered bodies with relative densities above 90% in addition to
subsequently reduced cermets in which the average particle
sizes of both phases are still well within the sub-micrometer
range.

A more in-depth image analysis was performed using the
line intercept method. Using this method, we obtained
information about the number of contact points N; between

Fig. 5. The obtained SEM micrographs of sample B after the reduction using INCA software (a) and optimized digital grayscale same image (b).
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Fig. 6. Contiguity of Ni—-YSZ in cermets submitted to various sintering
temperatures.

grains of one phase or between grains of different phases in a
unit length. However, since all these parameters gave only two-
dimensional information, 2D to 3D data transformation was
done according to the Gurland principle [36,37] and modified
as suggested by Lee et al. [38] based on quantitative
microscopic theory [36,37,39], Lee modified Gurland’s
equation so that a three-phase composite (Ni, YSZ and pores)
can be described as follows:
2Ny,

Coa = S8 1
2NLW+NLQ;;+NLW M

_ Ni,
2Ny, +NLotﬁ +NL01}/ +2NLﬂﬂ +NLﬁy

Cap 2)

In the above equations, symbols «, 8 and y represent three
phases Ni, YSZ and pores, respectively, N, Ni, 5 N Lay» N, Lg
and N, are the number of contact points in a unit length
between adequate phases, and C,, and C,g are the contiguities
which represent a degree of contact of adequate phases in a
three-phase mixture. A similar approach to three-dimensional
structural information was also proposed by Simwonis et al.
[40] calculation of the contiguity between Ni and YSZ revealed
interesting and somehow expected results: the highest Cni_ysz
value was obtained in the case of sample B which was sintered
at 1200 °C (Fig. 6). This phenomenon was ascribed to the
relatively small one-phase dominance in the final Ni—-YSZ
cermet. An average Ni grain in the final sample B was
calculated to be much smaller than an average Ni grain in the
sample A. At the same time, the average YSZ grain did not
grow too extensively when comparing samples A and B.
Additionally, poor chemical affinity between Ni and YSZ and
excessive Ni sintering due to relatively loose ceramic frame-
work in sample A reduced the number of contact points in a unit
length between Ni and YSZ (Np, ,, value). With a relatively
low Npy, v, value, Cni—ysz also decreased. Cni_ysz values
calculated for samples C-F relative to the Cy;_ysz value for
sample B are again lower. This may be understood with respect
to the microstructure development during the sintering process.
Since NiO and YSZ sinter separately, growth of one-phase
dominance reduces the N, value between different phases and
increases the N; value between grains in one-phase region.

From this point of view, preparation parameters for sample B
were again chosen as the most appropriate synthesis path for
obtaining sub-micrometer Ni-YSZ cermets with a relatively
highly-expressed TPB area.

4. Conclusions

Nano-sized NiO-YSZ composites were synthesized with
citrate—nitrate combustion of the initial reactive mixture. The
average crystallite size after the synthesis for the two phases
was estimated to be 6.5 &2 nm. Such crystallites, partially
agglomerated into soft agglomerates, were also the starting
material for the investigations of microstructure development
during the sintering. Relatively dense bodies (p,.;. 91.4%) were
prepared at sintering temperatures as low as 1200 °C. Higher
sintering temperatures did not significantly increase relative
sintered density. A sintering temperature of 1150 °C was
recognized as insufficient due to clear microstructure instability
during further thermal treatment of the composite. The average
grain size of YSZ phase was influenced by the sintering process
and was enlarged with the increasing sintering temperature.
NiO grains also grew with increasing sintering temperature;
however, the dimensions of the final Ni grains formed during
the reduction were very much influenced by the microstructure
stability of the YSZ framework established during sintering.
The smallest Ni grains, still well in a sub-micrometer range (d
0.27 pm), as well as the highest contiguity value between Ni
and YSZ phases were obtained in the sample sintered at
1200 °C. Smaller Cj_ysz values calculated for samples
sintered at 1150 °C or temperatures higher than 1200 °C were
ascribed to relatively larger Ni grains or the increased one-
phase dominance region of both phases.
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