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Abstract

Carbon black-added NiO/YSZ composites exhibited a highly porous structure due to the enhanced evolution of CO and CO, gases
associated with exothermic reactions during sintering. The addition of carbon black resulted in a decrease in the density and grain size of
NiO/YSZ composites. The porosity of NiO/YSZ composites increased with decreasing the sintering temperature and increasing the NiO
content. Additionally, highly porous Ni/YSZ cermets were fabricated by reducing the NiO/YSZ composites in (Ar+6% H,), which was
attributed to the change of NiO to Ni and then the extraction of oxygen. The carbon black used as a pore-former was highly effective for

preparing porous Ni/YSZ cermets.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are solid-state electroche-
mical devices that convert chemical energy in fuels directly
into electricity [1-4]. Recently, SOFCs have received signifi-
cant attention due to high conversion efficiency, low pollu-
tion emission, high flexibility to various fuels (H,, CHy, etc),
and the need for green technologies against climate change
[1,5]. Ni/yttria stabilized zirconia (YSZ) cermets are generally
utilized as the anode and anode functional layer in SOFC [6].
Ni acts as a catalyst owing to its relatively high electro-
catalytic activity of H, oxidation, low cost, and high chemical
stability at high temperatures. YSZ constitutes a framework
for the dispersion of Ni particles, allows for a porous
structure, suppresses the grain growth of Ni particles during
the reduction of NiO/YSZ composites and the operation at
high temperatures, and provides the thermal expansion
coefficient of the cermets acceptably close to that of other
cell components [6-9]. In addition, it plays an important role
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of ionic contribution to the overall conductivity and broad-
ens the triple phase boundary (TPB), which consists of
anode, electrolyte, and pore for reaction gas.

Since the electrochemical performance of Ni/YSZ cer-
mets depends strongly on the microstructure and Ni
content, considerable efforts have been made for the
precise control of the microstructure and Ni content [10].
Sufficient porosity is necessary for the diffusion of large
amounts of fuel and reaction products during operation at
high current densities. It is known that controlling the
process, especially sintering, is a promising route for
improving the structural and electrical characteristics.
Therefore, in the present work, we sintered NiO/YSZ
green pellets at various temperatures (1250-1400 °C).
Pore-formers such as flour and rice starch were used for
creating porous structures [8,11]. Here carbon black as a
pore-former is utilized. We investigated the effect of
carbon black, the sintering temperature, and the Ni
content on the structural properties of Ni/YSZ cermets.
In order to maximize the performance, appropriate carbon
black content as well as appropriate sintering and reduc-
tion schemes are needed.
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2. Experimental

The following commercially available powders were used as
starting raw materials: (1) NiO (99.97%; Kojundo Chemical
Co.), (2) yttria-stabilized zirconia (8YSZ; Tosoh Co.), and (3)
carbon black (Alfa Aesar Johnson Matthey Co.). The NiO,
YSZ, and carbon black powders were weighed in appropriate
proportions (Table 1). For each composition, the powders
were mixed with ethanol for 5 h at 350 rpm using a planetary
mill (Fritsch Pulverisette 6) and ZrO, balls. The mixture was
dried at 60 °C in an oven for 24 h. The dried powders
were then carefully ground in mortar and passed through a

Table 1
Chemical composition of the
designed in this study.

NiO/YSZ composites

Sample Composition (wWt%)
Sample 30A NiO:YSZ=30:70
Sample 40A NiO:YSZ=40:60
Sample 50A NiO:YSZ=50:50
Sample 60A NiO:YSZ=60:40
Sample 30B NiO:YSZ:C"=30:70:5
Sample 40B NiO:YSZ:C"=40:60:5
Sample 50B NiO:YSZ:C"=50:50:5
Sample 60B NiO:YSZ:C"=60:40:5
Sample 30C NiO:YSZ:C"=30:70:10
Sample 40C NiO:YSZ:C"=40:60:10
Sample 50C NiO:YSZ:C"=50:50:10
Sample 60C NiO:YSZ:C"=60:40:10

C” indicates carbon black.
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100-mesh sieve. Subsequently, the sieved powders were pressed
at a uniaxial pressure of 62 MPa to prepare green pellets of
3 mm-thick and 10-mm in diameter. The green pellets were
heated at 1250-1400 °C for 3 h in air and then furnace cooled.
The sintered NiO/YSZ composites were reduced at 1000 °C in
(Ar+6% H,) atmosphere for 3 h to form Ni/YSZ cermets.
The crystal structure of the NiO/YSZ composites and Ni/YSZ
cermets was analyzed with an X-ray diffractometer (XRD;
Rigaku DMAX-2500) using Cu Ko radiation at 40 kV and
100 mA. The microstructure of the fabricated samples was
investigated with a field emission scanning electron microscope
(FE-SEM; Hitachi S-4700). The bulk density of the samples
was measured by the Archimedes method.

3. Results and discussion

Fig. 1(a), (b), (c) and (d) shows the XRD patterns of the
NiO/YSZ composites (5 wt% carbon black) sintered at
1250, 1300, 1350, and 1400 °C, respectively. The NiO/YSZ
composites contain two crystalline phases, i.e., the NiO
with a cubic structure and the YSZ with a cubic structure
[12,13]. No second phases or impurities are present. It has
been reported that NiO is dissolved in 8YSZ by a highly
limited amount [14]. The solubility of NiO in 8YSZ is
below 5 mol%. The NiO dissolution in 8YSZ stabilizes the
cubic 8YSZ phase at high temperatures [15]. As expected,
by increasing the NiO content in the composites, the
intensity of NiO peaks is increased, while the intensity of
YSZ peaks is decreased. The added carbon black and
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Fig. 1. XRD patterns of the NiO/YSZ composites (5 wt% carbon black) sintered at (a) 1250, (b) 1300 (c) 1350 and (d) 1400 °C.
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sintering temperature affect neither the crystal structure
nor the phase decomposition. The crystal structure of the
sintered NiO/YSZ composites with 10 wt% carbon black
was basically the same as that of the sintered NiO/YSZ
composites with 5 wt% carbon black (not shown here).

15.0kV 12.4mm x10.0k

Fig. 2 shows SEM images of the NiO/YSZ composites
(5 wt% carbon black) sintered at 1300 °C. It is apparent
that distinct grain morphologies and pores can be seen in
these figures. It is important to note that the fabricated
NiO/YSZ composites exhibit a highly porous structure

L
5.00um

Fig. 3. SEM images of the NiO/YSZ composites (5 wt% carbon black) sintered at 1400 °C: samples (a) 30B, (b) 40B, (c) 50B and (d) 60B.
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because of the enhanced evolution of CO and CO, gases Most pores are located at the grain boundaries. A good
associated with the following exothermic reactions [16]: contact between the YSZ and NiO grains is achieved during
1 sintering. With a fixed NiO content, the porosity of the
5 C(s)+ 02(g) = CO(g)+ 110.5 kJ /mol ) composites is notably reduced when the sintering tempera-

ture is increased to 1350 and 1400 °C. At the highest
C(s)+0,(g) = COx(g)+393.5 kJ /mol () sintering temperature (1400 °C), the NiO/YSZ composites

——

5.00um
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Fig. 5. SEM images of the NiO/YSZ composites (10 wt% carbon black) sintered at 1300 °C: samples (a) 30C, (b) 40C, (c) 50C and (d) 60C.
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are fully dense. The SEM images of the NiO/YSZ compo-
sites (5 wt% carbon black) sintered at 1400 °C are shown in
Fig. 3. The NiO/YSZ composites (5 wt% carbon black)
sintered at a low temperature (1250 °C) exhibit a high
porosity due to incomplete densification (not shown here).

In addition, the grain size of the composites significantly
depends on the added carbon black content. Fig. 4 shows
SEM images of the carbon black-free NiO/YSZ composites
sintered at 1400 °C. It is also important to note that the
average grain size of the carbon black-free composites is
larger than that of the carbon black-containing composites.
This can be explained by the following two competing
effects affecting the grain size: (1) as discussed earlier, the
added carbon black generates heat due to exothermic
reactions, leading to an increased grain size; and (2) the
interaction forces between the added carbon black and grain
boundaries exert a dragging effect on the migration of the
boundaries, thereby retarding the grain growth. From these
competing effects, it is considered that factor (2) dominantly
affects the grain size. Similar behavior was found in our
previous studies regarding graphite-containing BaTiO5 [18].
The grain size of graphite-containing BaTiO; was decreased
with the graphite content, i.e., 20.1, 16.6, and 10.2 um for
0.25, 0.75, and 1.25 mol graphite, respectively.

The size of NiO grains is increased with increasing NiO
content. This is due to the fact that NiO grains easily grow
into larger grain size compared to YSZ grains during the
sintering process because the densification temperature of
NiO is lower than that of YSZ [17]. Since the solubility
of NiO in 8YSZ is very low as discussed previously, the NiO
and YSZ grains sinter separately. Furthermore, the porosity
of the carbon black-free composites is lower than that of the
carbon black-containing composites. This result indicates
that the additional porosity is obtained by adding carbon
black. At a given sintering temperature, the porosity of the
NiO/YSZ composites with 10 wt% carbon black is higher
than that with 5 wt% carbon black, which is attributed to
the larger evolution of CO and CO, gases. This means that
the porosity of the NiO/YSZ composites sintered at the
same temperature increases when more carbon black is
added. SEM images of NiO/YSZ composites with 10 wt%
carbon black sintered at 1300 °C are shown in Fig. 5.

The porosities of NiO/YSZ composites with 5 and
10 wt% carbon black, as a function of sintering tempera-
ture, are summarized in Fig. 6. This figure shows that the
porosity of NiO/YSZ composites sintered at the same
temperature tends to increase with NiO content. For
example, the porosities of samples 30B, 40B, 50B, and
60B with 5Swt% carbon black sintered at 1300 °C are
13.6%, 15.4%, 20.5%, and 22.6%, respectively. The
porosity of the NiO/YSZ composites at the same NiO
content is increased with decreasing sintering temperature.
For example, the porosities of sample 30B with 5 wt%
carbon black sintered at 1250, 1300, 1350, and 1400 °C are
25.1%, 13.6%, 6.9%, and 1.8%, respectively. In addition,
at the same NiO content and sintering temperature, the
porosities of NiO/YSZ composites with 10 wt% carbon

black are much higher than those with 5 wt% carbon
black. For example, the porosities of samples 30B and 30C
sintered at 1300 °C are 13.6% and 29.6%, respectively.

Fig. 7 shows the XRD patterns of samples 40A, 40B, and
40C reduced at 1000 °C in (Ar+6% H,) atmosphere after
sintering at 1400 °C. Samples 40A, 40B, and 40C contain the
Ni phase with an fcc crystal structure and the YSZ phase
with a cubic crystal structure [19,20]. This means that the
NiO/YSZ composites are successfully transformed to
Ni/YSZ cermets under our reducing condition. There is no
significant change in the angle of diffracted peaks of the two
phases with carbon black content. Furthermore, when the
NiO content in the cermets is increased, the intensity of Ni
peaks is increased, whereas the intensity of YSZ peaks is
decreased (not shown here). Higher Ni content leads to
higher conductivity [9]. Due to the large thermal expansion
coefficient mismatch between Ni (16.9 x 10"¢ K~ ') and YSZ
(10.8 x 107K ™1, a higher amount of Ni in the cermets
leads to higher residual stress [9,21].
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Fig. 6. Porosities of the NiO/YSZ composites with (a) 5 and (b) 10 wt%
carbon blacks as a function of sintering temperature.
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The electrochemical efficiency depends strongly on the
morphology of the Ni/YSZ cermets, which affect the
intrinsic catalytic activities and transport properties [22].
Fig. 8 exhibits the surface morphology of the Ni/YSZ
cermets (5 wt% carbon black) reduced at 1000 °C in
(Ar+6% H,) atmosphere after sintering at 1300 °C. Highly
porous Ni/YSZ cermets are successfully fabricated using
porous NiO/YSZ composites. This is attributed to the
incomplete densification and gas evolution during sintering
as well as oxygen extraction by means of the conversion of
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Fig. 7. XRD patterns of the samples 40A, 40B, and 40C reduced at
1000 °C after sintering at 1400 °C.
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NiO to Ni during the reduction treatment [23]. The porous
structure can provide sufficient TPB length and can be
beneficial for the transport of fuel gas and diffusion of the
exhaust gas, thereby promoting the reaction rate [8]. The
porosity of the Ni/YSZ cermets is increased by using the
NiO/YSZ cermets sintered at low temperature (1250 °C).
On the other hand, the samples sintered at high sintering
temperatures (1350 and 1400 °C) have lower porosity (not
shown here) in comparison with the sample sintered at
1300 °C. We can find a continuous connection of pores,
which allows the diffusion of reactants to the active
reaction area and the diffusion of reaction products from
the active reaction area [11]. The Ni phase provides a
pathway for transporting electrons and large catalytic
activity for fuel gas to react at the surface of anodes,
leading to high electrical conductivity [9,14]. On the other
hand, the YSZ phase offers a conductance of oxygen ions
and creates interfacial sites with Ni phase for anodic
reactions [14].

Table 2 shows the porosities of the Ni/YSZ cermets,
considering the NiO content and sintering temperature.
The porosity of the cermets is increased after the reduction
in (Ar+6% H,) atmosphere due to the oxygen extraction
by means of the change of NiO to Ni [23]. For example,
the porosity of sample 40B sintered at 1300 °C is 15.4%,
and the porosity of sample 40B sintered at 1300 °C
followed by reduced at 1000 °C is 26.6%. The effect of
carbon black and NiO content as well as sintering
temperature on the porosity of the Ni/YSZ cermets had
the same trend as the sintered samples. At a fixed sintering
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Fig. 8. SEM images of the Ni/YSZ cermets (5 wt% carbon black) reduced at 1000 °C in (Ar+6% H,) atmosphere after sintering at 1300 °C: samples

(a) 30B, (b) 40B, (c) 50B and (d) 60B.
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Table 2

Porosities of the Ni/YSZ cermets with 5 and 10 wt% carbon
blacks after reduction as functions of composition and
sintering temperature.

Sample Sintering temperature (°C)  Porosity (%)
Sample 30B 1250 34.5
1300 22.1
1350 13.3
1400 6.2
Sample 40B 1250 40.6
1300 26.6
1350 17.3
1400 7.3
Sample 50B 1250 47.2
1300 36.5
1350 27.2
1400 20.9
Sample 60B 1250 52.8
1300 39.2
1350 332
1400 24.4
Sample 30C 1250 50.1
1300 38.5
1350 18.8
1400 10.6
Sample 40C 1250 53.1
1300 40.3
1350 25.6
1400 12.1
Sample 50C 1250 55.1
1300 453
1350 29.4
1400 19.7
Sample 60C 1250 58.4
1300 49.6
1350 39.3
1400 28.1

temperature of 1300 °C, the porosities of the reduced
samples 40B, 40C, 60B, and 60C are 26.6%, 40.3%,
39.2%, and 49.6%, respectively. In addition, the porosities
of the reduced sample 40B sintered at 1300 and 1400 °C
are 26.6% and 7.3%, respectively. The use of carbon black
as a pore-former is a highly effective way to produce
porous Ni/YSZ cermets.

4. Conclusions
Porous NiO/YSZ composites were fabricated by the

planetary milling of NiO and YSZ powders followed by
the sintering of NiO/YSZ green pellets. The carbon

black-added NiO/YSZ composites exhibited a highly
porous structure because of the enhanced evolution of
CO and CO, gases during sintering, which was associated
with the exothermic reactions during sintering. The addi-
tion of carbon black in the NiO and YSZ powders led to a
decrease in the density and the grain size of NiO/YSZ
composites. At the same NiO content and sintering
temperature, the porosity of NiO/YSZ composites with
10 wt% carbon black was much greater than that with
5 wt% carbon black. The porosity of NiO/YSZ composites
was increased via decreases in the NiO content and the
sintering temperature. The reduction treatment under
(Ar+6% H,) atmosphere led to an increase in the
porosity, which was caused by the change of NiO to Ni
during the reduction process. The porosity of Ni/YSZ
cermets was increased with the NiO content because of the
higher porosity of NiO/YSZ composites and the greater
extraction of oxygen during the reduction treatment.
The use of carbon black as a pore-former was highly
effective in producing porous Ni/YSZ cermets.
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