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ABSTRACT

The solid oxide fuel cell (SOFC) is a promising technology with specific characteristics for generating electricity by
using hydrogen and oxidant as fuel. Typically, SOFC's use Samarium doped Ceria (SDC) as an electrolyte material as the
ionic conductivity of SDC was better at lower operating temperatures which are below than 700°C that making it a good
option for low and moderate temperature applications for SOFC. However, SDC electrolytes are cannot be densified below
1500°C. If a densified ceria-based electrolyte can be prepared at lower temperatures it can be co-sintered with another
electrode component. This simplifies the fabrication process and reduces the cost. Other than that, it can help with porous
electrode microstructure control and avoiding phase diffusion and chemical interaction problems. As a result, decreasing
the sintering temperature may be another step toward commercialising SOFC technology. The modification of electrolyte by
adding sintering aid was found as an effective method to lowering the sintering temperature. This paper, therefore, focuses
on reviewing the attempts made to modify SDC electrolyte by adding sintering aid (Li,O, CoO, CuO and FeO) in order to
lowering sintering temperature. The studies related to temperature reduction, relative density, the microstructure of grains

and conductivity of electrolyte was critically reviewed.
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INTRODUCTION

Solid oxide fuel cell (SOFC) technology faces the challenge
of commercialization due to the high fabrication cost of
SOFC components. One of the crucial stages in fabricating
and manufacturing SOFC components is the sintering
process. The sintering process needs to be controlled as to
ensure ceramics products are well densified at the macro
levels, therefore yielding products of excellent properties.
The densification of the functional advanced ceramics often
affects properties such as the microstructure, mechanical
properties as well as electrical conductivity (Naceur et al.
2014; Rodel et al. 2009; Sturm & Jancar 2014; Toor &
Croiset 2020). With regards to SOFC technology, the main
challenge is the densification of the high-performance
electrolyte such as samarium doped ceria (SDC) at low
temperature (400-700C). The high sintering temperature is
often unfavourable as this will incur high fabrication cost
(Baertsch et al. 2004).

Generally, two primary ways have been thoroughly
researched to enhance the sinterability of SOFC electrolytes.

The first strategy is to use various powder preparation
methods, such as mechanical milling, as well as chemical
combustion vapour system or co-precipitation of oxalate
(Herring 1950; Hwang et al. 2006; Lee & Choi 2004;
Palmero 2015; Z. Wang et al. 2011). Another method is
to apply sintering aids to promote the grain growth of
electrolyte (Accardo et al. 2018; Dong et al. 2010, 2011;
Fu et al. 2010; German & Rabin 1985; Gil et al. 2006; Le
et al. 2013; Lima et al.2015; Santos et al. 2018; Sudarsan
& Krishnamoorthy 2018; Villas-Boas et al. 2014; Zajac et
al. 2009; T. S. Zhang et al. 2004; X. Zhang et al. 2006; Zhu
et al. 2014). The atomic diffusivity of a basic material’s
grain boundary will change in the existence of sintering
aids, resulting in a closed packing as shown in Figure 1.
Metal oxide such as copper oxide was among the elements
that had been proved to enhance the atomic diffusivity
of material (Lima et al. 2015). Thus, Metal oxide can be
incorporated into SOFC electrolyte materials as additive
that effectively lower the sintering temperature. This factor
would significantly reduce the energy and time required for
sintering process.
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Sintering aid

FIGURE 1. Sintering aid atom diffuse into the grain boundary of
primary material.

The ionic conductivities of 20 mol percent samarium
doped cerium oxide (Sm,,Ce O, ,, SDC) as an electrolyte
for solid oxide fuel cells in intermediate temperatures are
among the highest, however it is limited to commercial
use due to its poor densification behavior (Kim 1989;
Le et al. 2013; Shi et al. 2020). In order to overcome the
higher densification temperature of SDC, which is above
1500°C, the use of sintering aid as an additive had been
actively conducted. Sintering aids are functional additives
or dopants that lead to the enhancement of the performance
of densifying mechanism (Azham Azmi et al. 2019; Muda
et al. 2019; Yahya et al.2014). There are many materials
that have been used as a sintering aid for SDC electrolyte
such as bismuth, titanium, iron, copper, manganese, lithium
and cobalt. The most common transition metals explored as
sintering aids for doped ceria are lithium, cobalt, copper,
and iron (Table 1). (Dong et al. 2010, 2011; Le et al. 2013;
Lima et al. 2015; Nicholas & De Jonghe 2007; Santos et al.
2018; Zajac et al. 2009; T. S. Zhang et al. 2004; X. Zhang et
al. 2006; Zhu et al. 2014).

There are four sections to this article: The first is
concerned with the degree of sintering temperature reduce
for SDC when co-doped with sintering aid. The second
section describes the effect of sintering aids toward relative
shrinkage and relative density of SDC which determine the
optimum sintering temperature for SDC. The third section
deals with the microstructures change for co-doped SDC in

term of grain size and the size of pore between the grain
which determine the porosity of the material. The last
section determine the conductivity of co-doped SDC which
improves the electrolyte’s total electrical conductivity by
enhancing oxygen vacancy content in the grain boundary
and lowering oxygen vacancy depletion in the space charge
layers (Han et al. 2011).

SINTERING TEMPERATURE REDUCE

The main purpose of sintering aids is to lowering down the
extravagant sintering temperature of SDC which cause the
high consume of energy along with the operational costing.
In the past decades, many researches had been conducted
in order to identify the suitable sintering aids as an additive
towards SDC. Table 1 show that the summary of preferred
choice of sintering aids used in previous researches which
are lithium oxide (Li,0), cobalt oxide (CoO), copper oxide
(CuO) and iron oxide (FeO).

From the table, the amount of sintering aids and their
ability to reducing the sintering temperature of SDC which
is originally at 1500°C was summarized and tabulated.
Based on the result, the amount of Li,O used as a dopant
was higher compared to others with concentration between
2.0-2.5 mol% where the sintering temperature of SDC can
be minimized to 1200-900°C. Other than that, CoO and
FeO as a sintering aids for SDC were conducted by using
only a small amount of concentration which were 0.25-3.0
mol% and 0.25-1.5 mol% respectively. Both sintering aids
can minimize the sintering temperature for SDC to 1400-
800°C for CoO and 1400-1200°C for FeO. The last sintering
aids had been studied was CuO. Although the concentration
of CuO used as a sintering aid for SDC is slightly higher
compare to CoO and FeO with 0.5-2.0 mol%, when
compared to other sintering aids, the sintering temperature
drop range was the lowest, with 1100-750°C. As a whole,
CuO can be considered as the best sintering aid for SDC
compared to Li,O, CoO and FeO to lowering sintering
temperature.

TABLE 1. Concentration of sintering aids and temperature reduce of co-doped SDC from 1500°C

No Sintering Aids Wit% Temperature Reduce  Article
(from 1500°C)

1. Lithium Oxide (Li,0)  2.0-2.5 mol 1200-900 (Han et al. 2011; Kim, 1989; Le et al. 2013; Preethi et al.
2019; Zhu et al. 2014)

2. Cobalt Oxide (CoO) 0.25-3.0 mol 1400-800 (Chen et al. 2012; Fu et al. 2010; Varela et al. 1999;
Yoshida & Inagaki, 2006; T. Zhang et al. 2002; X. Zhang
et al. 2006)

3. Copper Oxide (CuO)  0.5-2.0 mol 1100-750 (Dong et al. 2010, 2011; Lima et al. 2015; Santos et al.
2018; Toor & Croiset, 2020; Zajac et al. 2009; X. Zhang et
al. 2006)

4. Iron Oxide (FeO) 0.25-1.5 mol 1400-1200 (Arunkumar et al. 2014; Ding et al. 2019; Fu et al. 2010;

Sudarsan & Krishnamoorthy, 2018; Zajac et al. 2009; T. S.
Zhang et al. 2004)




RELATIVE SHRINKAGE AND DENSITY

The ratio of a substance’s density (mass per unit volume)
to the density of a specified reference material is known
as relative shrinkage and density, or specific gravity. The
optimum sintering temperature for SDC electrolyte occur
at the higher relative density which were agreed at 1500°C
with relative density of 97.3% (Khan & Akhtar 2019; Yin et
al. 2014). SDC and Li-SDC sintered shrinkage and shrinkage
rate at different heating rates were shown in Figures 2 and 3.
As the heating rate rose, it causes the increasing of maximum
shrinkage rate. As a slower heating rate was employed to
obtain the similar temperature, a lengthened scale of time
for mass diffusion and transport can be attributed.

Figures 2 and 3 indicate that the Li-SDC reached nearly
full density at nearly 900°C, whereas the SDC only reached
81.5%. Furthermore, at 10°C min™, the highest shrinkage
rate for Li-SDC was 1.1 min’, but it was only 4.6x103
min™' for SDC, which was only around 0.4% of Li-SDC. This
showed the sintering aid’s effectiveness of lithium oxide. At
898°C with 3°C min’, 953°C with 5°C min’!, and 1048°C
with 10°C min’!, the Li-SDC achieved a density of 99.5%,
according to Figure 3(a). SDC on the other hand, even when
sintered at 1250°C, a density of only 82% was reached,
regardless of the heating rate. Lithium oxide doping has
a very obvious effect. With the addition of lithium oxide,
the beginning of sintering was accelerated. Sintering was
forwarded from 600°C to 500°C at 5°C min'! of heating
rate, for example. It’s likely that the gradient in chemical
potential between the particle neck and the surface rose as
a result of the addition of lithium oxide, increasing CeO2
atom flux (Le et al. 2013).

For different Co concentrations, Figure 4A illustrates
the linear shrinkage rate versus temperature. 1% Co-doped
sample exhibits a similar shrinkage trend to that of 0.25%
Co-doped. For clarity, the curve for 1% Co doping is
omitted. The inclusion of Co pushes the initiation of sintering
towards lower temperatures, as can be seen in this figure.
Furthermore, a modest value of Co-doped significantly
lowers the maximum shrinkage rate temperature. As an
example, the maximum shrinkage rate for pure ceria
drops to 1214°C for 0.25% Co-doped SDC at 1428°C. The
difference in maximum shrinkage rate values between the
two samples is greater than 200°C. Findings indicate that
0.25% Co doping lowers sintering temperatures by more
over 200°C. However, as the doping level rises in the total
Co concentration, the values of maximum shrinkage rate
drop. As demonstrated below, it could be related by the
action of blocked pores in grain interiors and along grain
borders. 15 K/min was used as a higher heating rate to
prevent completing the greatest densification throughout the
temperature ramp. Figure 4B shows the results. Undoped
ceria densifies slowly at 1300°C, and this sample produces
just 87% relative density after 2 hours. However, a 0.25%
Co-doped sample densifies quickly, reaching over 99.0%
relative density after only 2 hours at 1300°C. This density is
greater than that of pure CeO, sintered for 2 hours at 1525°C
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(Yoshida & Inagaki 2006; T. Zhang et al. 2002; X. Zhang et
al. 2000).

Figure 5 shows the results of a study done by X. Zhang
et al. 20006, to determine the sintering behaviour of Co-
SDC or Cu-SDC. The addition of sintering aids lowers the
sintering curve from 1100°C (SDC) to 800°C (Co-SDC) and
750°C (Cu-doped), boosting densification considerably.
For both Co and Cu addition, rising the concentration from
1% to 5% shows a modest influence on the behaviour of
densification. The linear shrinkage rate as a function of
temperature is shown in Figure 5B. This graph illustrates
that the maximum shrinkage rate varies according on the
dopant type, for SDC at 1290°C with 0.58°C"!, for Co-SDC
at 913-975°C with 0.70-0.72°C"!, and for Cu-SDC at 920°C
with 1.1°C"!. The difference in temperature between SDC’s
maximum shrinkage rate and sintering aids addition is
higher than 200°C. Furthermore, inclusion of sintering aids
considerably improves the SDC’s densification rate. Cu-SDC
is more effective than the two sintering aids. With Co or
Cu assistance, the liquid phase and viscous flow sintering
procedures lead to a huge decrease in sintering temperature
(X. Zhang et al. 2000).

The result for the relative density of FeO was shown in
Figure 6. Both ceria and SDC undergo solid state sintering at
1200°C without sintering aid, resulting in similar but lesser
densification. The material attempts to minimize the surface
energy during solid state sintering, causing the growth
of grain. Development of grain initially occurs with the
production of a neck at the grain interface, and the resulting
pores between the grains close to form a network, resulting
in a density rise during sintering. For SDC, compared to pure
oxide, the addition of samarium ions inhibits the formation
of interfacial necks between ceria grains by altering the
grain’s surface energy. As a result, when compared to
ceria, a slight decrease of SDC’s density (83%) was seen
during sintering (86%). The iron functions as a sintering
aid in FDC (Fe-ceria) and FSDC (Fe-SDC) and promotes
densification at a lower sintering temperature of 1200°C.
The smallest change in strain value and lattice parameter
was recorded after sintering, indicating iron segregation in
the ceria and SDC grain boundary (Arunkumar et al. 2014).
The segregated iron result in a consistent viscous flow of
iron oxide occurs throughout the material. The capillary
force is induced, driving the viscous flow of iron oxide
throughout the grain boundary and cause a thin amorphous
metal oxide film between the grains, reducing friction. The
lower friction, grain boundary sliding increases, potentially
resulting in compact grain rearrangement and decreasing the
pores of grain boundary. SDC with 0.5 mol% iron resulted
in higher densication (98%) when sintering at 1200°C,
however SDC with 1.5 mol% iron results in a little reduction
in relative density compared to 0.5 mol% iron. In 1.5FSDC
and 1.5FDC, a greater sintering aid concentration causes
rapid grain development, which makes pore closure more
difficult, resulting in a lower density (Arunkumar et al.
2014).
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Table 2 shows the summary of relative density and
maximum shrinkage rate for selected electrolyte. From
the table, Li-SDC, Co-SDC, Cu-SDC and Fe-SDC shows
the increment in relative density compared to SDC when
undergo sintering process at temperature between 1000°C
to 1400°C. Among the electrolyte selected, Li-SDC, Co-
SDC and Cu-SDC show the highest relative density with
99% while Fe-SDC just slightly lower with 98%. Other than
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FIGURE 2. Constant heating rate sintering of SDC (a) Relative density as a function of temperature, (b) Shrinkage rate as a functional of
temperature(Le et al. 2013).
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FIGURE 3. Constant heating rate sintering of Li-SDC (a) Relative density as a function of temperature, (b) Relative shrinkage rate as a
functional of temperature (Le et al. 2013).
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FIGURE 4. (A) Shrinkage rate against sintering temperature for (a): pure ceria, (b): 0.25% and (c): 3.0% Co-doped ceria sintered at a
heating rate of 10 K/min. (B) Effect of sintering time and temperature on the density of undoped and 0.25% Co-doped ceria (T. Zhang
et al. 2002).



% Displacement

69

0.2

04
o 0]
w

4 =
3 02
=
c

8 g -04
8
o 06 1

124 1. SDC(7 m’g") -g

2. 1%Co-SDC X -08
3. 1%Cu-SDC 5 1. SDC (7 mg")
-16 2. 1%Co-SDC
o 3. 1%Cu-SDC
20 -1.2
500 700 900 1100 1300 1500 500 700 900 1100 1300 1500
Furnace Temperature (°C) Furnace Temperature (°C)
A B

FIGURE 5. (A) Linear shrinkage (displacement%) vs. sintering temperature at a heating rate of 5°Cmin™". (B) Linear shrinkage rate vs.

sintering temperature at a heating rate of 5°Cmin '(X. Zhang et al. 2000).

100 -2 sintered pellet

=]

LA
1
/

=l
=
1
—

Relative Density(%)

=}
wh
L
-
=
/
__,___E_Hq_

80_ T T T I T I
CeO, 0.5FDC 1.SFDC SDC 0.5FSDC1.5FSDC

FIGURE 6. Relative density of the CeO,, SDC and FSDC (Arunkumar et al. 2014).

TABLE 2. Summary of relative density and maximum shrinkage rate for selected electrolyte

No Electrolyte Relative Density Maximum Shrinkage Rate  Article
(at 1000-1400°C)

1. SDC ~81.5% 0.58°C'at 1290°C (Le et al. 2013), (X. Zhang et al. 2006), (Arunkumar et
al. 2014)

2. Li-SDC ~99% 1.1°C " at 953°C (Han et al. 2011; Kim, 1989; Le et al. 2013; Preethi et
al. 2019; Zhu et al. 2014)

3. Co-SDC ~99% 0.72°C ' at 975°C (Chen et al. 2012; Fu et al. 2010; Varela et al. 1999;
Yoshida & Inagaki, 2006; T. Zhang et al. 2002; X.
Zhang et al. 2006)

4. Cu-SDC ~99% 1.1°C ' at 920°C (Dong et al. 2010, 2011; Lima et al. 2015; Santos et al.
2018; Toor & Croiset, 2020; Zajac et al. 2009; X. Zhang
et al. 2006)

5. Fe-sDC ~98% 0.5°C " at 989°C (Arunkumar et al. 2014; Ding et al. 2019; Fu et al.

2010; Sudarsan & Krishnamoorthy, 2018; Zajac et al.
2009; T. S. Zhang et al. 2004)
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MICROSTRUCTURE

Microstructure including anode, cathode and electrolyte is
required by the fuel cell’s functional principle. Since the
function of electrolyte is to separate the fuel and oxidant
as two different gas compartments, it must be gas-tight.
As a result, the electrolyte layer must be dense and porous.
As the gas-tightness is maintained, with a given bulk ion
conductivity of the material, the electrolyte layer can be
as thin as feasible to reduce electrical resistance (Hussain
& Yangping 2020; Menzler et al. 2010; Shi et al. 2020; F.
Wang et al. 2019; Zakaria et al. 2020). Microstructure of
SDC increases in grain size during the sintering process.
According to previous study, the average SDC grain size was
around 770 nm, and the SDC grain was extremely porous
(Arabac1 2020; Dai et al. 2020; Yin et al. 2014).

The SDC’s microstructures with and without sintering
aids varied considerably with sintering time at 1500°C,
according to Yoshida & Inagaki (2006). SEM pictures of
SDC without sintering aids manufactured at 1500°C for
varied sintering periods are shown in Figure 7. SDC grains
grew with sintering time at 1500°C, which was proven.
However, even after 24 hours of sintering, little grains of
practically the same size as calcined powder and some big
pores were discovered. As previously reported, dense SDC
proved difficult to achieve by sintering at 1500°C from
calcined powder generated using a standard solid-state
reaction technique (Yoshida & Inagak, 2006).

All compositions demonstrated excellent microstructure
when sintered at 1400°C for 6 hours or 1450°C for 4 hours.
However, after 6 hours of sintering at 1450°C, considerable
porosity was discovered, and this oversintering had a
negative impact on the overall conductivity, particularly
of the undoped SDC. At 3°C min of heating rate, Figure
8 depicted the size of grain evolution of SDC and Li-SDC.
When the density was less than 82% at 700°C, the average
grain size of Li-SDC remained the same, but it rose fast
with the increase of relative density. At 950°C, 0.35 um
was measured. At 700°C with relative density less than
70%, however, the grain size of SDC remained practically
unchanged, and then grew after that. When sintered at
1300°C, it reached 0.22 pm, with a relative density of only
82% (Le et al. 2013).

Figure 9 displays SEM pictures of Co-SDC after being
heated to 1500°C for 10 minutes and then for 24 hours. The
composite demonstrated initiation of grain growth even after
sintering at 1500°C for 10 minutes, and at grain borders the
pores become concentrated. As for Co-SDC, all grains grew.
Co,0, was thought to increase grain development during
the early stages of sintering, based on Figure 9. All samples
were densely sintered after 24 hours of sintering at 1500°C,
however some pores remained in the grains, indicating that
grain boundaries move significantly quicker than pores
(Yoshida & Inagaki 2006).

The influence of sintering temperature and duration on
the microstructure of SDC and 0.25% Co-SDC samples is

shown by T. Zhang et al. 2002. The size of grain of SDC
sintered at 1300°C is roughly 0.7um, which is greater than
before sintered (0.4um). When sintered at 1300°C with
0.25% Co-SDC is substantially denser with 11.7 pm grain
size compare SDC sintered at 1525°C with no doping (5.3
um). These findings show that a little quantity of Cobalt
additive significantly increased densification and enhances
grain boundary movement (T. Zhang et al. 2002).

Figure 10 shows SEM images of pure SDC, copper
doped SDC (xCu-SDC, x=0.1,0.5,1.0,3.0,5.0) sintered
for 5 hours at 1100°C in air. The image of SEM for SDC
(Figure 10a) in Figure 10 is with the magnification of 10k
and the rest with the magnification of 5k. SDC used 10k
magnification because the grain size was quite smaller
which cause surface characteristics less observable when
using lower magnifications. Except for SDC and 0.1-Cu-
SDC, all samples in Figure 10 have an extremely thick
microstructure. Grain size distribution and form are similar
in samples with 0.5 mol% copper and above, with larger
grains (2 um) and smaller grains (less than 1 um). Figure 11
shows a SEM picture of SDC sintered for 5 hours at 1350°C
in the air for comparison. Figure 11 illustrates that SDC
samples do not fully densify even at 1350°C (pores present
on the surface). The tiny size of grain (near to 200nm) is
another indicator that the sample has not yet completed full
sintering. Figure 10 shows that 0.5 mol% copper is adequate
to produce maximum densification for 5 hours at 1100°C,
since copper with higher concentrations result in similar
microstructure (Toor & Croiset 2020).

Last but not least, the research regarding the used of iron
(FeO) as sintering aids was investigated. The SEM result of
sintered SDC’s microstructure, 0.5Fe-SDC, and 1.5Fe-SDC is
shown in Figure 12(a—c). The poor sintering of sintered SDC
at 1200°C is indicated by the strong porosity microstructure
on the surface (Figure 12(a)). Because SDC undergoing
sintering at solid phase, complete densication necessitates
high sintering temperature which is higher than 1400°C. In
the case of sintered xFe-SDC, however, the surface often
exhibits a dense microstructure with an average size of 100-
500nm, as well as small pinholes indicating the material
undergoing complete sintering by sintering aid’s viscous
flow around the core of grain boundary (Arunkumar et al.
2014; T. S. Zhang et al. 2004).

Table 3 show the summary of grain size for selected
electrolyte at temperature of 1000 to 1400°C. The results
show that the entire SDC electrolyte that had been doped
with sintering aids was undergoing the growth of grain
size. The grain of Li-SDC increase slightly compare to pure
SDC with increment of 0.13 pm from 0.22 pm of pure SDC
size. The other type of electrolyte shows higher grain size
compare to Li-SDC with 0.5 um (Fe-SDC), 2 pm (Cu-SDC)
and 11.7 pm (Co-SDC). The larger the grain, the less closed
pack between the grains and the more sintering aid’s viscous
flow along the grain boundary, indicating complete sintering
of the material. Finally, it may be concluded that cobalt is the
best sintering aid for SDC in term of grain size increment.
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FIGURE 10. SEM images of electrolyte samples sintered at 1100 °C; a) Pure SDC, b) 0.1- Cu-SDC, and ¢) 0.5- Cu-SDC, d) 1.0- Cu-SDC,
e) 3.0- Cu-SDC, and f) 5.0- Cu-SDC (Toor & Croiset 2020).

10um

FIGURE 12. SEM images showing microstructure (a) SDC (b) 0.5Fe-SDC and (c) 1.5Fe-SDC sintered at 1200°C (Arunkumar et al. 2014)
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TABLE 3. Summary of grain size for selected electrolyte at temperature of 1000 to 1400°C.

No Electrolyte Grain Size Article
(at 1000-1400°C)

1. SDC 0.22 um (Toor & Croiset, 2020), (Le et al. 2013), (T. Zhang et al. 2002), (Yoshida
& Inagaki, 2006), (Arunkumar et al. 2014), (Yin et al. 2014)

2. Li-SDC 0.35 um (Han et al. 2011; Kim, 1989; Le et al. 2013; Preethi et al. 2019; Zhu et al.
2014)

3. Co-SDC 11.7 pm (Chen et al. 2012; Fu et al. 2010; Varela et al. 1999; Yoshida & Inagaki,
2006; T. Zhang et al. 2002; X. Zhang et al. 2006)

4.  Cu-SDC 2 um (Dong et al. 2010, 2011; Lima et al. 2015; Santos et al. 2018; Toor &
Croiset, 2020; Zajac et al. 2009; X. Zhang et al. 2006)

5. Fe-SDC 0.5 pm (Arunkumar et al. 2014; Ding et al. 2019; Fu et al. 2010; Sudarsan &
Krishnamoorthy, 2018; Zajac et al. 2009; T. S. Zhang et al. 2004)

CONDUCTIVITY

The operational temperature of SOFCs is generally
determined across electrolyte’s ionic conduction caused
by the movement of oxygen ions via oxygen vacancies. In
recent years, it has been recognised that 20% doped-ceria
solid is the best electrolyte for intermediate-temperature
fuel cells between 500°C to 600°C, because of the higher
ionic conductivity compare to previously yttria-stabilized
zirconia (YSZ) materials with operating temperatures of
1000°C (Ding et al. 2019; Kosinski & Baker 2011; Tian et al.
2020; Yusop et al. 2020). It should be emphasised, however,
that at intermediate temperatures, the grain boundary
behaviour frequently dominates the total conductivity of a
solid electrolyte. The particular grain border conductivity
in typical polycrystalline YSZ has been reported to be
several orders of magnitude lower than the grain interior
conductivity. The existence of thin siliceous layers is largely
responsible for the blocking action of grain boundaries.
For decades, detrimental grain boundary behaviour caused
by silica oxide impurity has been known in zirconia-based
electrolytes, and for over a decade in ceria-based ceramics
(T. S. Zhang et al. 2004).

In precursor materials, the presence of SiO, impurity
is common. SiO, contamination can also come from high-
temperature sintering furnace refractories, as well as the
apparatus that used silicone grease for establishing input gas
mixes for cell test assemblies of fuel cell. Thus, removing
the grain boundaries negative effect on conductivity in total
is difficult. Therefore, numerous efforts to decrease the grain
boundary effect have been made using different sintering
aids such as Al O,, TiO, and Bi,0,. Al,O, has been shown
to be the best sintering aids for enhancing the conductivity
of grain boundary of zirconia-based electrolytes thus far.
However, earlier research has shown that adding AL O, to
doped-ceria reduces both grain border and grain interior
conductivities caused by the creation of a new phase,
GdAIO, (T. S. Zhang et al. 2004).

Metal oxides, such as LiO,, CoO, CuO, and FeO, are
good additives for ceria ceramics, as previously described
(Dong et al. 2010, 2011; Le et al. 2013; Lima et al. 2015;
Nicholas & De Jonghe 2007; Santos et al. 2018; Zajac et al.
2009; T. S. Zhang et al. 2004; X. Zhang et al. 2006; Zhu et al.

2014). LiO,, CoO, CuO, had a negative impact on the ceria
ceramics’ grain boundary conductivity as they encouraged
the propagation of silica oxide at the borders of the grain.
LiO,, CoO, and CuO as additives for ceria ceramics are
not acceptable in this regard. In contrast, FeO is the best
additives and provides the ability to scavenge of silica oxide
impurity in ceria-based electrolytes.

The influence of sintering temperature on the
conductivities of Fe-doped ceria with 0.5 at.% Fe has
also been investigated. The best sintering temperature for
Fe-doped ceria with 0.5 at.% to obtain the greatest total
conductivity is 1450°C, as illustrated in Figure 13, as opposed
to 1600°C for the undoped ceria. As a result of the electrical
measurements, iron doping can lower the temperature of
sintering. Other than that, differ from undoped samples, the
grain interior conduction controls the fluctuation in total
conductivity with sintering temperature in the 0.5 at.% Fe-
doped ceria, implying that the grain boundary conduction
greatly inhanced with addition 0.5 at.% of iron oxide.
Although sintering temperatures between 1400 and 1600°C
have no discernible effect on grain boundary conductivity,
the ideal sintering temperature must be between 1400°C and
1500°C since sintering temperatures beyond 1500°C result
in a considerable reduce in grain interior conductivity. This
is due to the fact that higher sintering temperatures allow
more Fe’* ions to enter the doped grains. (T. S. Zhang et al.
2004).
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FIGURE 13. Effect of sintering temperature on the conductivities

of the 0.5 at.% Fe-doped ceria (ogb, O, and ¢, stand for the grain

boundary, grain interior and total conductivities) (T. S. Zhang et
al. 2004).
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SUMMARY AND CONCUSION

Lithium, cobalt, copper and iron have been the most popular
ceramic oxide studied as sintering aids for doped ceria.
Referring to Table 4, SDC co-doped with 0.5-2.0 mol% CuO
can be considered as the best sintering aid for electroyte as it
can lowering the sintering temperature to the range of 1100-
750°C which was the lowest compared to Li,0, CoO and

FeO. Cu-SDC also have better relative density and maximum
shrinkage rate compared to other electrolyte. Other than
that, this review found that Co-SDC have bigger grain size
compared to Li-SDC, Cu-SDC and Fe-SDC. Nevertheless,
in term of conductivity, FeO has the better conductivity
compared to others because it can block the propagation of
Si02 impurities.

TABLE 4. Summary of Sintering Aids

No Sintering Aids Wit% Temperature Reduce  Propagation of SiO, Conductivity
(°C) impurities
1 Lithium Oxide (Li,0) 2.0-2.5 mol 1200-900 Promote Good
2 Cobalt Oxide (CoO) 0.25-3.0 mol 1400-800 Promote Good
3. Copper Oxide (CuO) 0.5-2.0 mol 1100-750 Promote Good
4 Iron Oxide (FeO) 0.25-1.5 mol 1400-1200 Block Best
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