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Abstract: NiO/YSZ anode layers for metal-supported solid
oxide fuel cells (MS-SOFCs) were fabricated by spark
plasma sintering (SPS). SPS parameters were optimized
in order to achive anodes of the desired microstructure.
The effect of sintering conditions on microstructure of NiO/
YSZ was studied by scanning electron microscopy and X-
ray diffractometry. Also NiO/YSZ layers were formed on
porous metal supports by a screen-printing method and
sintered in inert atmosphere and vacuum by conventional
sintering technique. At temperatures above 1,200°C in
inert atmosphere and vacuum nickel oxide dissociation
and its massive agglomeration are observed during con-
ventional sintering. SPS process allows sintering of NiO/
YSZ granules without NiO dissociation, Ni agglomeration
and the metal substrate oxidation at 1,100 °C. SPS sintered
anodes demonstrate sufficiently homogeneous distribution
of NiO and YSZ making a conduction path for electrons
and ions. Well-bonded metal support/anode interface was
obtained.
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Introduction

Solid oxide fuel cells (SOFC) involve many benefits over
the conventional ways of generating power such as high
density of energy, large efficiency, environmental friend-
liness, simultaneous generation of heat and electricity, as
well as fuel flexibility. Metal-supported solid oxide fuel
cells have many advantages as compared to electrode or
electrolyte-supported fuel cells [1]. This is related to
higher thermal conductivity and plasticity of the metal
substrate, which enhances the SOFC thermal stability and
reduces internal temperature gradients capable of dama-
ging ceramic layers. The performance of each SOFC com-
ponent is critically dependent on its microstructure. For
example, the microstructure of the anode is a key factor
for controlling fuel transport, oxidation, and electrical
conductivity [2]. Generally, the porosity of the anode
should be about 25-35% in order to avoid strong con-
centration polarization. A continuous network structure
of both Ni and YSZ, high striple-phase boundary (TPB)
length and good adherence to the other SOFC layers are
also required.

The microstructure of NiO/YSZ anode is mainly deter-
mined by processing methods. The composition of the SOFC
anode, particle sizes of the powders and the manufacturing
method are important to achieving high electronic and ionic
conductivity, high activity for electrochemical reactions.
Researchers have employed a variety of manufacturing
techniques to fabricate SOFC anodes. Among them, powder
methods, such as tape casting [3], screen-printing [4], atmo-
spheric plasma spraying [5], as well as vacuum deposition
methods including magnetron sputtering [6] and pulsed
laser deposition [7] are widely used for this purpose.
However, not all of these methods are suitable for the
manufacture of metal-supported solid oxide fuel cells. All
powder methods require high sintering temperatures (nor-
mally, 1,200-1,450 °C) of deposited layers. Jiang [8] showed
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that the lowest electrode ohmic and polarization resistance
was observed for Ni/8YSZ cermet anodes sintered at 1,400 °©
C. High sintering temperature is essential to create a rigid
YSZ structure to support the Ni phase and the formation of
Ni-to-Ni electronic contact network [9]. The sintering at a
high temperature could lead to oxidation of the metal sup-
port and the shrinkage of porous metal substrate may
occur. High temperature sintering is a time-consuming pro-
cess and will inevitably introduce many defects due to
atomic interdiffusion. Also dissociation of nickel oxide at
temperature about 1,230 °C takes place if sintering is not
carried out in an air atmosphere. Dissociation degree of NiO
phase depends not only on the temperature but also the
holding time at this temperature. Dissociation of nickel
oxide during sintering process is undesirable, because it
leads to agglomeration of Ni particles in the anode. Metallic
nickel has a lower melting point than nickel oxide: 1,455 °C
for Ni versus 1,984 °C for NiO. This means that metallic
nickel is more likely to undergo agglomeration which
resulting in a loss of structural homogeneity of the anode.
Therefore high temperature sintering is not suitable for the
manufacture of metal-supported solid oxide fuel cells.

Hence, there are a limited number of techniques for
forming electrode and electrolyte layers for metal-
supported SOFC such as vacuum plasma spray [10],
atmospheric plasma spray [11], and high-temperature sin-
tering in a reducing atmosphere [12]. Spark plasma sinter-
ing (SPS) technique has already been demonstrated as a
method to fabricate various SOFC components, mainly
electrolyte [13-15]. Typical sintering time can be reduced
from 12 h for conventional sintering, using an electric
resistance furnace, to approximately 30 min with the
use of the SPS technique [13]. Spark plasma sintering
simultaneously applies pulsed electrical current and
pressure directly on the sample leading to densification
at relatively lower temperatures and short retention
times. High heating rates of samples (hundreds of
°C min™") can be achieved and densifying mechanisms
like surface diffusion can be surpassed [14]. The heating
power is not only distributed over the volume of the
powder compact homogeneously, but moreover the heat-
ing power is dissipated exactly at the locations where
energy is required for the sintering process, namely at
the contact points of the powder particles.

Although SPS technique is mainly used for electrolytes
manufacturing, Weng etal. [16] described fabrication of
highly conductive Ni/YSZ cermet via SPS in vacuum at
1,100 °C for 1 min under pressure of 100 MPa. The cermet
density was about 96 %, which is too high for anodes. But,
the optimization of SPS of Ni/YSZ was not the main goal of
that study. Yoo etal. [17] reported fabrication of Ni/YSZ
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anode supports by high-frequency induction heated sinter-
ing (HFIHS). This sintering method is similar to SPS.
Reseachers performed sintering at 1,100-1,200°C for 3
min under different uniaxial pressures at a 133 Pa vacuum.
The porosity of the 60 vol.% Ni/YSZ cermet was 24-28 %
depending on the size of the powder particles and did not
depend on pressure during the sintering process. The sam-
ples sintered by HFIHS show higher strength and electrical
conductivity than conventionally sintered samples due to
uniform pore and grain distribution and better Ni particle-
to-particle contact.

Thus, SPS technique seems to be a promising tool for
fabrication of SOFC anodes. However, to the best of our
knowledge, there are no studies devoted to fabrication of
NiO/YSZ anode layers on metal supports by SPS. In this
study, we attempted to form NiO-YSZ layers on Ni-Al sub-
strates via SPS and conventional sintering in inert atmo-
sphere and vacuum to obtain NiO-YSZ layers with desired
microstructure and without oxidation of metal support.

Experimental

The starting materials for SPS synthesis were powders of
8 mol.% Y,05-stabilized zirconia (YSZ) zirconium (specific
surface area — 5-7 m?/g, particle size distribution d50 =
0.5-1.0pum) and NiO (specific surface area — 2-4 m?%/g,
particle size distribution d50=0.5-1.0pum) supplied by
CERA-FC Co., Ltd., Korea. The NiO and YSZ powders
were mixed for 2 h in 8,000 M Mixer/Mill planetary mill
(SPEX Sample Prep.). The composite 50 vol.% NiO/YSZ
was prepared. Also the NiO/YSZ anode layer was formed
with the use of a screen-printing paste composed of NiO
(50%)/7r0,:Y,05(50%) and produced by ESL
Electroscience, USA. Ni-16 mass% Al porous substrates
with diameter of 20mm and thickness of 2mm were
produced by self-propagating high-temperature synthesis
also known as combustion synthesis. Detailed description
of the method is presented in [18].

The mixture of NiO and YSZ powders was sintered in
SPS10-4 apparatus (Advanced Technology, USA) using a
graphite die with a diameter of 20 mm. The SPS synthesis
was carried out in Ar at 1,100 °C and the holding time was 1,
5 and 10 min. High-purity argon (purity 99.998 %; oxygen
content is 0.0002%) was used during the sintering. The
heating rate was 50°C min~' under a pressure of 10-15
MPa. Temperature monitoring was carried out using the K-
type thermocouple, placed in the closed hole of the lower
punch in 2.5 mm from the powder. The cooling rate from the
sintering temperature was 500°C min'. Pressure was
applied at the beginning of the sintering process and was
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removed after complete cooling of the sample. After sinter-
ing of the NiO/YSZ layer, the surface of the anode was
polished to remove graphite paper. The final thickness of
NiO/YSZ layer was 600 pm.

Screen-printed NiO/YSZ anodes with 60 pm thickness
were sintered in Ar atmosphere at a temperature of 1,250 °C
and in the vacuum furnace at a temperature of 1,200 °C
(residual pressure of 1.33-107 Pa). In the first case, vacuum
furnace VHT 8/22GR (Nabertherm, Germany) with graphite
felt insulation was used. In the second case, vacuum fur-
nace SNVE-16/13 (Prisma, Russia) was used. Time of iso-
thermal holding at the maximum temperature in all cases
was 2 h. The sintering temperature was selected in the range
of 1,200-1,250 °C for the following reasons: (a) at a lower
temperature sintering of YSZ granules will be insufficient,
(b) at a higher temperature the maximum exploitation tem-
perature of the Ni-16 mass% Al substrates will be exceeded
(it is equal to 1,250 °C) and considerable shrinkage of Ni-Al
substrates will be observed.

The phase composition of the products was deter-
mined by XRD analysis (Shimadzu 7000S). The XRD pro-
files were recorded using monochromatized Cu-Ka
radiation. Morphology and grain size of sintered products
were studied using scanning electron microscopy (SEM —
515 “Philips” and SEM Hitachi TM3000). The chemical
composition was determined by micro X-ray spectrum
analysis (energy-dispersive X-ray spectroscopy — EDS) at
the Camebax Micro-Beam device. Surface porosity values
were obtained from the SEM images that were imported
into the Image-] software.

Results

Conventional sintering of NiO/YSZ

Our results showed that conventional sintering of NiO/YSZ
in Ar and vacuum at temperatures of 1,200-1,250 °C led to
NiO decomposition. This heat treatment modified the color
of anode layer from green to gray indicating a change of
chemical composition. NiO reduction during sintering in
Ar is apparently caused by the high content of carbon in a
vacuum furnace, resulting from the use of graphite felt
insulation. NiO reduction during vacuum sintering is
caused by the low oxygen partial pressure in the chamber.
Taking into account that air contains about 20 % of oxy-
gen, the oxygen partial pressure under a residual pressure
of 1.3-10 Pa in the furnace was about 0.266-10> Pa. This
is almost 10 times less than the NiO dissociation pressure
at 1,200 °C (about 310~ Pa) [19].
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Figure 1 shows typical X-ray diffractogram of NiO/
YSZ layer sintered in vacuum at a temperature of 1,200 °C
and a residual pressure of 1.33-10> Pa. There is no nickel
oxide phase in the sample containing only pure nickel
phase and YSZ.
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Figure 1: X-ray diffractogram of NiO/YSZ layer sintered in vacuum at
a temperature of 1,200°C and a residual pressure of 1.33:107> Pa.

The scanning electron microscopy demonstrated that
both NiO/YSZ layers sintered in Ar atmosphere and
vacuum at temperatures of 1,200-1,250 °SC have inhomo-
geneous structure (Figure 2). The structure contains many
large Ni granules surrounded by the voids both on the
surface and in the volume of the layer.

The chemical composition of these granules was
determined by micro X-ray spectrum analysis
(Figure 3). The growth of large Ni grains occurs due
to merging of small-sized grains and is associated with
the minimization of the surface free energy. Voids are
formed in place of small-sized Ni grains. Ni agglomer-
ates have length from 1 to 6 pm after sintering in Ar
atmosphere and about 2-8 pm after sintering in
vacuum. In both cases porosity of layers obtained by
Image-] analysis is relatively high and equal to 39-
41%. The porosity was analyzed with the assumption
that the porosity on the surface is equivalent to the
overall layer porosity.

Spark plasma sintering of NiO/YSZ

According to the XRD pattern of the NiO and YSZ powders
mixture, a pure crystalline state of YSZ and NiO with a
cubic structure is observed (Figure 4, curve 1). In addi-
tion, the XRD patterns revealed the absence of extra
reflections belonging to any additional phase in the
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Figure 3: EDS spectra of large Ni grain observed in the NiO-YSZ layer
sintered in vacuum at temperature of 1,200 °C.

powder. XRD pattern of NiO-YSZ layer fabricated by spark
plasma sintering in Ar at 1,100 °C for 1 min (pressure is 10
MPa) showed that there is no NiO decomposition during
SPS. Nickel phase is not detected. As well, sample did not
change its color after sintering. This is due to the small
holding time at high temperature.

In work of Bezdorozhev etal. [20] NiO was found to
be reduced to the metallic state after SPS of NiO/YSZ
powders. The sintering was performed in a vacuum atmo-
sphere at 950-1,100°C for 1-10 min under a constant
pressure of 15 MPa (30-50 wt.% flour was added into
NiO/YSZ powder as a pore-forming agent). The reduction
of NiO was also observed for NiO/YSZ SPSed at 1,100 °C
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Figure 2: The NiO-YSZ layers surface (a, c) and
cross-section (b, d) after sintering at a tem-
perature of 1,250 °C in an argon atmosphere
(a, b) and a temperature of 1,200 °C in vacuum
at a residual pressure of 1.33-107> Pa (c, d) for
2 h.
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Figure 4: X-ray diffractograms: 1 — NiO/YSZ powder mixture,
2 - NiO/YSZ layer fabricated by spark plasma sintering in Ar at
1,100 °C for 1 min (pressure is 10 MPa).

for 1 min under a pressure of 100 MPa in the study by
Weng etal. [16]. The source of reduction atmosphere in
this case, apparently, is carbon from flour, which per-
forms the function of pore-former and reducing agent at
the same time.

Figure 5 shows the microstructure of NiO/YSZ sample
sintered by SPS in Ar at 1,100 °C for 1 min (pressure is 10
MPa). The structure consists of irregularly shaped gran-
ules with a size of 0.2-2um, which are poorly bonded to
each other.

To improve connectivity of granules the samples
were sintered by SPS in Ar at 1,100°C with a larger
holding time (5 and 10 min) and pressure of 15 MPa.
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The reduction of NiO was not observed also. It is clear
from Figure 6 that fine pores are uniformly distribu-
ted, and the network structures of NiO and YSZ are
well built up with good connectivity. Meanwhile, there
is no appreciable difference in microstructure at
holding times 5 and 10 min. The samples show
similar values of apparent porosity (about 49-50 %)
across the range of used holding times during
sintering. From Figure 6, it also can be seen that
anode and Ni-Al support has very good contact with
each other.

Sample sintered by SPS with a holding time 10 min
was maintained in hydrogen at 800°C for 2 h to Ni
reduction. The SEM images, which are taken on the sur-
face, and the cross section of the sample after reduction

Figure 5: SEM micrograph of surface of NiO-YSZ layer sintered by are shown in Figure 7.
SPS in Ar at 1,100 °C for 1 min (pressure is 10 MPa).
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Figure 6: The surface (a, c¢) and cross-section (b, d) of NiO-YSZ layers after sintering by SPS in Ar at 1,100 °C for 5 min (a, b) and for 10 min
(c, d). Pressure is 15 MPa.

Figure 7: The surface (a) and cross-section (b) of NiO-YSZ layers after sintering by SPS in Ar at 1,100 °C for 10 min and reduction in hydrogen
at 800°C for 2 h.
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From Figure 7, it can be seen that the anode has a
homogeneous distribution of Ni and YSZ granules along
the cross-section and growth of large Ni granules does
not occur, unlike the method of conventional sintering.
Grain size is not increased and is in the range of approxi-
mately 0.2-2 pm. Good bonding between anode and Ni-Al
support will result in efficient electrons transport from
the anode to current collector. It is important to note that
SPS under pressure is an effective way to avoid warping
of Ni-Al + NiO/YSZ bilayers due to the difference in sinter-
ing kinetics, thermal expansion coefficient mismatch, or
density variations [21].

Conclusion

The spark plasma sintering technique has been suc-
cessfully applied for fabrication of Ni-Al+NiO/YSZ
bilayers for metal-supported solid oxide fuel cells.
NiO/YSZ layers with the desired porosity can be effec-
tively fabricated by SPS technique with a significantly
short sintering time (5-10 min) compared with con-
ventional sintering (2 h) in an electrical resistance
furnace. Conventional sintering of NiO/YSZ in Ar
atmosphere and in the vacuum leads to NiO reduction
and formation of massive Ni agglomerates that break
down the microstructural uniformity of the anode
layer. Spark plasma sintering can reduce the sintering
temperature of NiO/YSZ up to 1,100 °C. Reduction of
NiO does not happen during SPS process. The micro-
structure of the anode was shown to be sufficiently
controllable by SPS consolidation parameters. The
final porosities of the samples sintered at 1,100 °C do
not significantly change with varying sintering time
from 1 to 10 min. An anode layer with the desired
microstructure is consolidated at a minimum pressure
of 15 MPa and a minimum holding time of 5 min. A
layer with relatively high porosity (about 50 %), suffi-
cient for effective fuel gas transport, can be fabricated
without the use of a pore-former. The metal support/
anode interface was found to be crack-free and well-
bonded.
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