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The effects of sintering temperature on the microstructural and physical properties of NiO-SDCC anode pellets are evaluated
in this study. Composite powders of NiO-SDCC (nickel oxide, samarium-doped ceria, Sm,,Ce,0,,) mixed with binary
carbonates (67 mol. % Li,CO; and 33 mol. % Na,CO;) was prepared, ball-milled, and oven-dried. Carbon black and
polyethylene glycol were added to the NiO-SDCC powders as pore former and binder, respectively, to fabricate NiO-SDCC
pellets. This mixture was then pressed onto a cylindrical mold under a pressure of 32 MPa. The pellets were subsequently
sintered at 600, 700, 800, 900 and 1000°C for 2 h. Phase transformation, particle size, morphology, and specific surface area
(SBET) of the NiO-SDCC composite powder were investigated. Porosity and microstructure of the NiO-SDCC anode pellets
were then evaluated after sintering. Results showed that the porosities of the NiO-SDCC pellets decreased as the sintering
temperature increased. The increments of sintering temperature reduced the porosity of the pellets, but NiO-SDCC pellets
sintered at 800°C exhibited an acceptable porosity of 32.60 %. Furthermore, surface images showed that the microstructures

of sintered pellets at 800°C were well-bonded and kept a uniform particle size distribution.

INTRODUCTION

Research and development of solid oxide fuel cells
(SOFCs) have focused significant attention to reducing
the operating temperature of the cells. Anode-supported
SOFCs with a planar configuration are generally favoured
over electrolyte-supported SOFCs because of low
operating temperatures, thereby reducing manufacturing
costs and widening the choice of materials [1-3].
Furthermore, anode-supported cells are more reliable,
stable, and able to reduce the electrolyte thickness and
resistance between electrolyte interfaces [4-6].

The performance of an anode-supported SOFC
is normally governed by anode properties, such as gas
permeability, mechanical stability, electrical conduc-
tivity, and electrochemical catalytic activity [7, 8].
Anode microstructural properties, such as porosity and
pore size distribution should be controlled and improved
after sintering process to enhance the performance of
anode-supported SOFCs [9, 10]. Moreover, porosity is
one of the significant factors that can influence triple-
phase boundary (TPB) density [11, 12]. Electrochemical
reactions can only occur at the TPB when the oxygen
ion conductor (the electrolyte), the electron-conducting
metal phase, and the gas phase come into contact with
each other. Optimization of the anode microstructure
by decreasing the particle size and enhancing the sur-
face area must be achieved to improve TPB expansion
[13, 14].

Therefore, selecting a sufficient sintering
temperature is important to control the growth of the
particle size of the anode-supported SOFC. Several
researchers have investigated the effects of sintering
temperatures on supported structures in different aspects.
Liu et al. [10] analyzed the effects of different sintering
temperatures on the particle size distributions and
grain growth activation energies of NiO-YSZ anodes.
Shimada et al. [9] investigated the influences of sintering
temperatures and pore formers (mixture of graphite
carbon and cellulose) on NiO-YSZ. They determined
that the NiO-YSZ anode substrate with 33.8 wt. % pore
former and sintered at 1350°C exhibited a high porosity
and a uniform pore size distribution. This cell had also
minimized the concentration polarization resistance and
gained a maximum power density of 3.09 W-cm? at
800°C.

Ni-YSZ, Ni-GDC, Ni-CGO, and Ni-SDC cermet
composite powders have been previously used as anode
substrates; however, all these anode materials are
operated at high and intermediate temperatures [15, 16].
Only a few studies on anode-supported SOFCs operating
at low temperatures have been conducted. Samarium-
doped cerium oxide (SDC) mixed with lithium carbonate
(Li,CO;) and sodium carbonate (Na,CO;) has potential
as composite electrolyte for SOFCs operating at less than
600°C [17-19]. Jarot et al. [20] reported that NiO-SDC
(C-carbonates) can be used as SOFC anode substrate at
low operating temperatures (< 600°C). Therefore, the
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present research focuses on the development of NiO-
SDCC anodes for anode-supported SOFC application.
Carbon black was used as the pore former in the
fabrication of anode substrates. The characteristics of the
anodes, such as phase, porosity, microstructure, surface
area, and particle size, were investigated as functions of
sintering temperatures in this study.

EXPERIMENTAL

Preparation of anode
composite materials

Binary carbonates consisting of 67 mol. % Li,CO,
(R&M Marketing, Essex, UK) and 33 mol. % Na,CO;,
(Friedemann Schmidt Chemical) were prepared. SDC
(Sm,,Ce(0,,) and carbonate (Li,CO,; and Na,CO,)
powders were weighed to a ratio of 8:2. This mixture
was ball-milled at 200 rpm for 16 h in ethanol with
ZrO, balls (diameter of 5 mm) in a zirconia bowl
(250 cm?). The ratio of powder to ZrO, balls was 4:1
[21]. After milling, the mixture was oven-dried at 120°C
for 12 h to evaporate the ethanol and calcined at 680°C
for 1 h at a heating rate of 10°C-min™' to obtain pure SDC
with carbonate powders [18, 20]. The produced SDCC
powder was ground in an agate mortar to a fine powder
with reduced agglomeration. Then, 60 wt. % NiO (99.8 %
purity with particle size of < 50 nm; Sigma-Aldrich)
and 40 wt. % SDCC were mixed and ball-milled under
the conditions applied to the SDCC powder to obtain
the NiO-SDCC anode composite powder. The obtained
mixture was then oven-dried at 90°C for 24 h and sieved
through 212 um woven wire to obtain a fine and uniform
powder.

Next NiO-SDCC composite powder was mixed
with polyethylene glycol (as binder) and carbon black
1.6 wt. % (as pore former) using an agate mortar to
prepare the anode-supported green pellets [11, 22]. The
mixture was then ground and sieved through 212 um
woven wire to obtain a fine powder. The mixed powder
(1.6 g) was uniaxially dry-pressed into circular pellets
with diameters of 25 mm under a pressure of 32 MPa.
The approximate thickness of each dry-pressed pellet
was less than 1 mm. The pellets were sintered at 600°C,
700°C, 800°C, 900°C, and 1000°C in air for 2 h at a
heating rate of 2°C'min to investigate the effects of
different sintering temperatures.

Characterization of composite
powders and pellets

The crystalline and structure phases of the powder
were examined by X-ray diffraction (XRD; Bruker
AXS Germany, D8 Advance) using Cu Ka radiation
(4 =0.15406 nm) with the operating voltage and current
of 40 kV and 40 mA, respectively. The scanning range
varied between 10° and 100°, with a step size of 0.025°

and a counting rate of 0.1 s per scanning step. The
morphologies of the NiO-SDCC powders and sintered
pellets were observed via field emission scanning
electron microscope (FESEM; Zeiss Supra-55VP).
Brunauer—Emmett-Teller (BET; Micromeritics ASAP
2020) analysis with nitrogen physisorption at —195.8°C
was used to measure the specific surface area (Sggr) of
the powders. Particle sizes and powder distributions
were analyzed by a laser scattering technique (Malvern
Instruments, Zetasizer Nanoseries). Deionized water was
mixed with the powders as a dispersant, and the resulting
mixture was sonicated for 30 min prior to measurement.
The porosity of these anode pellets was evaluated using
the standard Archimedes method.

RESULTS AND DISCUSSION

Characteristics of NiO-SDCC
composite powders

Figure 1 displays the XRD patterns of the SDCC
mixture. The raw SDC powders showed a crystallite
size of 433.2 A and a single cubic phase (space group
Fm-3m). Mixing the carbonate powders (Li,CO; and
Na,CO,) into the SDC powders did not alter the observed
phase, but increased the crystallite size of the prepared
SDCC powder to 507.0 A. Meanwhile the XRD patterns
of the NiO-SDCC mixture are shown in Figure 2. In the
NiO-SDCC composite powder, the crystallite size of the
NiO powders increased from 105.5 A to 132.0 A and pre-
sented a cubic phase (lattice parameter a = 4.18443 A).
However, the crystallite size of SDCC decreased to
484.0 A and maintained a cubic phase (lattice parameter
a = 5.43319 A). No remarkable secondary constituents
were observed in the NiO-SDCC composite powder
within the sensitivity of the XRD instrument, which is
consistent with other studies [23, 24].

Figure 3a shows the morphology of raw SDC
powder, and Figure 3b shows the morphology of the
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Figure 1. XRD patterns of Na,CO;, Li,CO;, SDC and the
SDCC composite powders.
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Figure 2. XRD patterns of SDCC, NiO and the NiO-SDCC
composite powders.

SDCC composite powders after calcination. After
calcination, the morphology of SDCC particles were
homogenous with amorphous microstructures and the
particles were coated with carbonates. Such morpho-
logy increases the ionic conductivity of electrolytes
[20, 25]. Moreover, energy-dispersive X-ray spectrosco-
py (EDX) analysis of SDCC powders shown in Figure 3¢

revealed the existence of carbonates in these composite
powders, although only 20 wt. % of carbonates were
added into the SDC.

The morphology of the NiO-SDCC powder shown
in Figure 3d illustrates that the SDCC grains interacted
well with the NiO grains and were homogenous,
compared with the raw NiO powder, as illustrated in
Figure 3c. This morphology led to the increment of
the NiO-SDCC surface area by 27.82 m*g!, compared
with the surface area value in a previous study [23].
The increase in surface area is necessary to improve the
gas diffusion channels in the anode and, consequently,
to enlarge the TPB density of the anode [9, 26]. EDX
analysis shown in Figure 3f revealed that NiO, SDC,
and carbonates existed in these composite powders after
the solid-state reaction process.

Figure 4 shows the particle size distributions of
SDC, SDCC, NiO, and NiO-SDCC composite powders.
After mixing the SDC powder with the carbonates, the
average particle size of SDCC increased to 676 nm,
compared with the size of commercial SDC powders
(279.8 nm). This increment is consistent with the
reduction in the surface area of SDCC (3.98 m*g™),

o %
d) NiO-SDCC

Figure 3. Powder morphologies of: a) SDC, b) SDCC, d) NiO-SDCC and e¢) SDCC and EDX analyses of composite powders: c)

NiO and f) NiO-SDCC. (Continue on next page)
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Figure 3. Powder morphologies of: a) SDC, b) SDCC, d) NiO-SDCC and ¢) SDCC and EDX analyses of composite powders:

¢) NiO and f) NiO-SDCC.

compared with surface area of SDC powder (9.45 m*g™).
This decrease is a result of carbonate melting and flowing
onto the surface of the SDC grains during calcination [19,
20]. The particle size distribution of NiO raw powder
(average particle size of 0.613 pum) is consistent with
that of NiO-SDCC composite powder. Mixing of SDCC
powder into NiO powder had increased the particle size
of NiO-SDCC in the range of 0.1 um to 5 um, as a result
of agglomeration, as shown in Figure 3. However, the
average particle size of NiO-SDCC composite powder
remains in the submicron level.
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Figure 4. Particle size distribution of SDC, SDCC, NiO and
NiO-SDCC powders.

Microstructure and porosity of
NiO-SDCC anode pellets

The presence of pores among grains in the NiO-
SDCC anode pellets can be clearly seen in the FESEM
surface images shown in Figure 5. These pellets were
sintered at 600, 700, 800, 900 and 1000 °C. Carbon black
was used as the pore former in the anode composite
powder to sustain a uniform distribution of porosity
in the pellet during high sintering temperatures. The

particle size of NiO-SDCC appeared to increase with the
sintering temperature. Under the same conditions, as the
particle grain size increased, the porosity of the pellets
decreased with the increase in the sintering temperature.
For pellets sintered at 600°C, the surface morphology
shown in Figure Sa revealed that these particles had
fewer connections, compared with the pellets that had
been sintered above 600°C. The surface morphologies
of pellets sintered at 700°C and 800°C shown in Figures
5b and 5c revealed good bonding between the particles
and a uniform particle size distribution and pore size.
These properties improved gas diffusion during the
electrochemical test [11]. Grain growth increased
with the increase in sintering temperature, particularly
in pellets sintered at 900°C and 1000°C, as shown in
Figures 5d and 5Se, respectively.

a) 600 °C

Figure 5. FESEM surface images of NiO-SDCC anode
pellets sintered in air at five different temperatures: a) 600°C.
(Continue on next page)
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d) 900 °C

e) 1000 °C

Figure 5. FESEM surface images of NiO-SDCC anode pellets sintered in air at five different temperatures: b) 700, ¢) 800, d) 900

and e) 1000°C.

The morphology of the anode pellets was con-
sistent with the porosity determined via the standard
Archimedes method, as shown in Figure 6. The open
porosity of each anode pellet decreased with the increase
in sintering temperature. The pore size and distribution
of sintered pellets at 1000°C significantly decreased and
became nearly unnoticeable, as illustrated in Figure Se.
Pellets sintered at 600, 700, 800, 900 and 1000°C
exhibited porosities of 43.92, 41.54, 32.60, 24.38 and
23.16 %, respectively. The anode support must feature
approximately 30 % to 40 % porosity to maximize the
oxidation reaction [5, 27, 28]. Thus, the pellets sintered
at 800°C with a porosity of approximately 32.60 %, as
estimated from their volume and weight, can be used as
support structure for SOFC single cells. Meanwhile, the
porosity of pellets sintered at 900 and 1000°C decreased
by approximately 10 %, compared with that of pellets
sintered at 800°C. This condition occurred because the

pores of the pellets were covered by the carbonates when
the pellets were sintered at a temperature above the
melting point of carbonates [19]. Insufficient porosity
may limit the catalytic activity of the anode during
the electrochemical performance test. Therefore, the
addition of carbon black as the pore former in the NiO-
SDCC pellets is considerably important to improve the
porosity of anodes [22, 29].

Porous structures were homogeneous in pellets
sintered at 700, 800 and 900°C, as shown in Figure 5.
However, mechanical failure and decreased durability
may occur if the supporting structure is too porous, as
in anode-supported pellets sintered at 600°C and 700°C,
with porosity percentages of more than 40 %. In this
regard, further investigation is required to evaluate
the mechanical strength and durability of the reduced
Ni-SDCC anode samples as a function of sintering
temperature.
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Figure 6. Variation of porosity as a function of the sintering
temperature of the NiO-SDCC anode-supported pellets.

CONCLUSIONS

The microstructural properties of the supporting
structures are crucial for the performance of SOFC
single cells. The addition of SDCC as a catalyst for
anode-supported cells changed the properties of NiO.
The coarse grains of NiO and SDCC powders were
mixed homogencously with carbon black as the pore
former via ball-milling. The morphology of the resulting
NiO-SDCC powders showed good interaction and less
particle agglomeration than the raw NiO powders. NiO-
SDCC composite powders were dry-pressed into anode-
supported pellets with a minimum thickness of less than
1 mm and sintered at five different temperatures from
600°C to 1000°C. The FESEM image of the anode-
supported pellets sintered at 800°C showed good bonding
between the particles, with an acceptable level of anode
porosity (32.60 %). Therefore, NiO-SDCC anode pellets
sintered at 800°C can be used as supporting structures
for low-temperature SOFC single cells. Hardness tests
can be conducted in the future to measure the mechanical
strength of anode-supported materials before the
fabrication of SOFC single cells.
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