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Abstract

Since a nickel-containing anode (Ni content of generally >40 vol%) and electrolytes are commonly co-fired at high temperature (>1200 °C) in
solid oxide fuel cell (SOFC) manufacturing, if Ni diffuses toward the electrolyte, the effects of the NiO on the properties of the electrolyte become
relatively important. In the present study, nickel was added directly into the electrolyte ceramic, 10 mol% yttria-doped ceria (10YDC), during
powder preparation to investigate the effects of the presence of NiO on the related properties of YDC electrolyte. 10YDC ceramics were sintered
from spray pyrolyzed powders with various amounts of nickel addition (<15 at%). The phase of the resulting powders was identified as a mixture
of YDC and NiO after calcination in air. The grain size of as-pyrolyzed YDC particles decreased as NiO addition increased; however, the grain size
of sintered YDC composite was increased by a small addition of NiO. NiO is believed to dissolve in YDC at high temperature, but it exhibits
negligible solubility at room temperature. The excess NiO tended to segregate at the grain boundaries and thereby retard the grain growth in YDC
matrices. The ac impedance data revealed that the precipitated NiO may reduce the conduction activation energy of the YDC electrolyte, increasing

the conductivity of the YDC composite.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The solid oxide fuel cell (SOFC), which offers efficient
power generation with low emission of pollutants, is one of the
most promising electric power conversion systems. However,
the high operating temperature and durability of SOFC
materials raise the cost of development and limit practical
application, so reducing the cost and lowering the operating
temperature are important issues in the development of the
SOFC system [1]. Thus, intermediate-temperature solid oxide
fuel cells IT-SOFC) have recently been receiving considerable
attention due to the improved cost performance [2].

In recent years, research and development on IT-SOFC
electrolytes have discovered that doped ceria-based solid
electrolytes such as YDC (yttria-doped ceria) [3,4], SDC
(samarium-doped ceria) [2,5,6] and GDC (gadolinium-doped
ceria) [7-10] can be used as the electrolyte materials to replace
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YSZ (yttria-stablized zirconia), a high-temperature electrolyte,
due to their high ionic conductivity in an intermediate
temperature range (400-700 °C). However, in the operating
temperature range and long-term operation, the anode
materials, mainly consisting of a metal and an oxygen-
conductive electrolyte, such as so-called cermet, may suffer
metallic diffusion from the anode, which can affect the related
properties of the solid electrolyte.

Nickel is commonly used as a metal component due to its
high electronic conductivity, excellent hydrogen oxidation-
catalytic properties, and high cost-effectiveness. During co-
firing of anode supported and/or electrolyte supported fuel cells
at a temperature higher than 1200 °C, the added nickel may
vaporize, resulting in the loss of the nickel content in the
ceramic composite. The metallic diffusion of Ni into the
electrolyte materials is thus of crucial importance in such a
process. Ou et al. [6] have estimated that the depth of Ni
diffusion in the SDC electrolyte may be ~1 pm after co-
sintering at 1400 °C for 25 h. The content of Ni in electrolyte
has been estimated to be up to 18-22 at% near the anode/
electrolyte interfaces. Although the Ni in the SOFC anode is
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generally around 40 vol% (~62.9 at% for Ni in 10YDC for a
comparison with the present study) to ensure sufficient
electrical conduction and catalytic properties [2], to the best
of our knowledge, the effect of a small amount of diffused Ni
content on the properties of the electrolyte material has not
been clearly determined.

At intermediate temperatures, YDC may not have the
highest ionic conductivity of all the doped ceria electrolytes,
but it is the least costly. Thus, YDC is a promising replacement
for the high-temperature electrolyte YSZ as the electrolyte
material in SOFCs [11,12]. Various processes have been used to
prepare doped ceria electrolytes, such as conventional solid-
state ball milling [13-15], co-precipitation [5,11,16], sputter
deposition [3], chemical vapor deposition (CVD) [4,17], sol-
gel [18,19], and spray pyrolysis [2,8,10,20-22]. Spray pyrolysis
(SP) has been widely utilized to synthesize nanocrystalline
powders because it is a continuous process conducted under
ambient pressure. Such a process is more economical than other
processes, which involve numerous complex steps or must be
performed under vacuum. Moreover, SP offers considerable
possibilities for controlled synthesis of advanced ceramic
powders and films due to its chemical adaptability [23].

Although many studies have used SP to prepare anode
(cermet) and/or electrolyte for SOFC applications, most of
them have stacked the anode/electrolyte together to form a
“cell stack” for investigations of SOFC performance. As a
result, the plain effects of diffused Ni in the electrolyte, as well
as the use of pyrolyzed powders, have not been studied yet. Ni
diffusion in electrolyte during operation of the SOFC has been
reported by Ou et al. [6]. The methodology is to add Ni directly
into the YDC ceramic, assuming that the Ni has diffused and
exists within the YDC electrolyte. In the present study, Ni-
doped YDC was prepared by SP from acetate based precursors.
The effects of the Ni on the related properties of YDC are thus
investigated.

2. Experimental procedures

To investigate the effect of Ni on the properties of YDC
electrolyte, Ni was directly added into the YDC ceramics
during powder preparation. 10 mol% yttria-doped ceria
(10YDC) powders with and without Ni additions were
homogeneously prepared using a bench-scale spray pyroly-
sis/electrostatic deposition (SP/ESD) system. The laboratory
scale SP system consisted of a droplet generator, a homemade
three-zone furnace, and a high-voltage cylindrical electrostatic
collector. Precursor droplets were generated by a conventional
ultrasonic nebulizer (King Ultrasonics Co., Ltd., Taiwan) with a
resonant frequency of 1.65 MHz. The reaction temperature in
the middle zone was set at 650 °C for powder formation. Details
of the experimental set-up are described elsewhere [24,25]. The
reaction temperature was determined by data from thermo-
gravimetric analysis (TGA, Pyris 1 TGA, Perkin Elmer Co.,
USA) for the as-received precursors. The TGA was carried out
under flowing air for removal of the product gases, with a
heating rate of 40 °C/min. The precursors used for generation of
10YDC powder were CeA (cerium acetate) and YAH (yttria

acetate hydrate) in an Y,03/CeO, molar ratio of 10/90. The
chemical formulas of CeA and YAH are Ce(C,H50,)5-1.5H,0
(99.9%, Alfa Aesar, A Johnson Matthey Co.) and
(CH5CO,);Y-xH,0O (Aldrich Chem. Co., Inc), respectively,
and the chemicals used were reagent grade, with >99% purity.
Nickel acetate hydrate (NiAH) was used as the precursor for the
additions of NiO. The chemical formula of NiAH is
Ni(C,H50,),-4H,0 (Showa Chem. Co., Ltd.). The respective
molecular weights of CeA, YAH, and NiAH reported by the
manufacturers are 344, 266, and 249. The concentrations of
precursor solutions, (CeA + YAH) or (CeA + YAH + NiAH) in
de-ionized water, were both 1.0 wt% for atomization.

To further remove the residual organics and confirm the
formation of the oxides in the resulting powders, the as-
pyrolyzed powders were calcined at a temperature of 950 °C for
5h in air (TF55035A, Lindberg/Blue M, USA). The heating
and cooling rates were 5 °C/min. The powder was formed into
disks 8 mm in diameter and ~1.5 mm thick by uniaxial
pressing at 60 MPa; no binder was used in the present study.
These compacts were buried in pure ZrO, powder and sintered
in a covered alumina (Al,Oj3) crucible at 1600 °C for 10 h in air
(BF51314C, Lindberg/Blue M, USA) without any sintering aid.
The heating and cooling rates were both 5 °C/min. The
crystallites in as-pyrolyzed particles were observed using high-
resolution transmission electron microscopy (HRTEM, JEOL
3000F, Japan). The morphology of as-pyrolyzed powders and
sintered compacts was observed using field emission scanning
electron microscopy (FE-SEM, JSM-6700F, JEOL, Japan). The
phase identification was examined using X-ray diffractometry
(XRD, D8 SSS, Bruker, German).

A lighter-colored surface layer was observed on the Ni-
containing specimens after sintering. The vapor pressure of
NiO is high at temperatures near its melting point (1955 °C)
[26], and this high pressure resulted in a thin, Ni-depleted
surface layer after sintering. This was corroborated by the
observation of a green NiO-coated layer on the covered ZrO,
powder and the inner surfaces of the crucible. Both surface
layers of the sintered disks were removed by grinding with SiC
sandpaper before any measurements were taken. Since the
specimens were buried in a pure ZrO, powder bed during
sintering, this procedure also removed the ZrO, diffusion layer.
The final density was determined using the Archimedes
method. The solubility of NiO in 10YDC can be assumed to be
negligible (as will be demonstrated later); therefore, the
theoretical density of the NiO-added 10YDC was estimated
using values of 7.01 g/cm’ for 10YDC and 6.67 g/cm? for NiO.
The polished surfaces were prepared by grinding with SiC
particles and polishing with 0.3 pum «-Al,O;3 particles. The
grain boundaries and microstructures were revealed by thermal
etching of the composites at 1470 °C for 30 min. The
microstructure was observed via scanning electron microscopy
(SEM). The amount of Ni within the 10YDC grains was
determined using electron probe microanalysis (EPMA, JXA-
8200, JEOL Co., Tokyo, Japan) before thermal etching at an
accelerated voltage of 30 KeV. An undoped 10YDC specimen,
prepared using the same procedures, was used as the reference
specimen.
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The sintered specimens for electrical property measure-
ments were polished, and both surfaces of the disk specimens
were screen-painted with a platinum (Pt) paste. Two flat-
pressed Pt wires with a diameter of 0.5 mm (thermocouple
grade) were attached to the Pt paste. The as-pasted specimens
with Pt wires were heated to 1000 °C for 20 min in air for the Pt
electrode sintering. The electrical properties of the 10YDC
specimens with and without Ni addition were examined using
ac impedance spectroscopy (Hioki 3532-50 LCR Hitester,
Japan) within a frequency domain of 42 Hz to 5 MHz, an ac
amplitude of 50 mV, and 50 mV bias. The impedance spectra
were recorded in a tubular furnace at a temperature range of
400-700 °C under ambient atmosphere. The total electrical
conductivity of the specimens was estimated from the
impedance spectra using the impedance analysis software
provided by the instrument manufacturer (ZView, 2nd ed.,
Scribner Associates Inc., Southern Pines, NC) for equivalent
circuit analysis.

3. Results and discussion

In the beginning of the present study, the weight losses of the
as-received precursors during heating were confirmed by their
TGA data, as shown in Fig. 1. Curve (a) shows that CeA
experienced three major weight loss mechanisms in the
temperature ranges of 100-200 °C, 300—420 °C, and 420-
680 °C. Based on the molecular weights of CeA and its
decomposition products, the first and the last loss mechanisms
are attributable to dehydration and conversion into CeO,,
respectively. The middle weight loss mechanism is attributed to
decomposition of CeA to acetic acid and cerium hydroxide
(Ce(OH);3) [27]. Curve (b) shows that the YAH was dehydrated
and converted into yttrium hydroxide at a temperature below
430 °C, after which it converted into yttrium oxide in the
temperature range of 430-630 °C. Moreover, the NiAH, curve
(c), finished its conversion into nickel oxide at a temperature
below 480 °C. These results suggest that the reaction
temperature of these precursors should be set at a temperature
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Fig. 1. Thermogravimetric analysis (TGA) curves of precursors (a) CeA, (b)
YAH, and (c) NiAH.

higher than 650 °C to ensure that the primary oxidization
reaction of the precursors occurs during SP.

Fig. 2 shows the SEM micrographs of the SP resulting
powders obtained at the reaction temperature of 650 °C with
increases in the NiO content. The YDC particles were spherical
and had uneven surfaces. Due to the broad drop size distribution
generated by the 1.65 MHz nebulizer, based on the theory of the
one-particle-per-drop mechanism [23], the size of the YDC
particles ranged from 80 nm to hundreds of nanometers. It can
be noticed that the particle size first increased with the increase
in NiO content, and it subsequently decreased when 15 at%
NiO was added. The YDC particles tended to form a hollow
structure due to the surface precipitation of the precursor CeA
during SP [23,27]. The shriveled surfaces of the particles may
have resulted from shrinkage during cooling, when the hollow
particles travelled out of the tubular reactor. The shrinkage of
the SP particles was more severe with increases in NiO content.
This suggests that the inhomogeneous distribution of the added
NiO in the YDC particles resulted in different shrinkage rates
on the surface of the particle shell during cooling. Such a
particle structure may have influenced the following con-
solidation of the NiO-added YDC green compacts.

To confirm the product phase of the SP powders before and
after calcination, as well as their crystallinities, X-ray
diffractometry was carried out as a function of NiO content
in ambient conditions, as shown in Fig. 3. Fig. 3(a) shows the
XRD patterns of the as-pyrolyzed YDC powders containing
various amounts of NiO. The SP powders were identified as a
phase of yttria-doped ceria with a fluorite structure. No
significant differences in phase identification were revealed for
YDC powders when the NiO content was increased. However,
it should be noted that the widths of the diffraction peaks
broadened with increases in NiO addition. This broadening
suggests that the crystallinity of the SP YDC powders was
inhibited by NiO addition. The size of the nanocrystallite was
estimated by Scherrer’s formula to range from 1.4 to 1.9 nm,
showing a trend of decreases with increased NiO content (to be
shown in Fig. 6). The crystallite size was confirmed by TEM
observation. Fig. 4 shows the HRTEM micrographs of the as-
pyrolyzed YDC particle with and without NiO addition. Note
that the SP particle was nanometer-sized and polycrystalline in
structure. Amorphous and nanocrystalline structures are
commonly observed in SP powders. The nanosized grains
may be attributed to the relatively short residence time (~5 s) of
the precursor drops during SP, which did not allow much time
for the generated grains in the YDC particles to coalesce. That
is, each resulting CeO, particle contained many extremely
small crystallites after SP. The crystallites are denoted with
irregular open polygons in the HRTEM images. As seen in the
micrographs, the crystallite of NiO-added YDC was slightly
smaller than that of the unadded one. The addition of NiAH
precursor may prolong the crystallite formation of YDC in the
particle during SP. Moreover, residual organics were believed
to exist in the SP powders and may have inhibited the
crystallization of YDC. Fig. 3(b) shows the XRD patterns of the
heat-treated YDC powders as a function of NiO addition. The
sharp diffraction peaks suggest that the heat-treated powders
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Fig. 2. FESEM micrographs of SP powders obtained at a reaction temperature of 650 °C: (a) 10YDC, (b) (10YDC)ys(NiO)s, (c) (10YDC)go(NiO)q, (d)

(10YDC)g5(NiO);s.

were well-crystallized, identifying them as a phase of YDC
with a fluorite structure. Diffraction peaks of NiO are indicated
for the powders containing 10 and 15 at% NiO contents, while
those for 5 at% NiO are not obvious due to its low amount of
addition.

The heat-treated powders were formed into discs by uniaxial
pressing for follow-up sintering processes. Fig. 5 shows the
SEM micrographs of the sintered YDC bulks with various
amounts of NiO addition. The grain size increased when 5 at%
NiO was added, and then decreased with further increases in
NiO content. Fig. 6 shows the grain sizes of the respective as-
pyrolyzed YDC powders and the sintered bulks derived from
the corresponding SP powders as a function of NiO content.
The effect of NiO addition on the crystallite size of the as-
pyrolyzed powder has been discussed earlier. It can be seen in
Fig. 6 that the grain size of the sintered YDC bulk ranged from
5 pm to 20 wm and reached its highest value when a small
amount of NiO was added. This phenomenon is generally
thought to be due to the presence of a phase in a volatile state or
the dissolution of an additive in the matrix during sintering [28].
The distribution of NiO may not be uniform when the amount
of NiO is small. Such heterogeneity, including partial
dissolution of the additive (if dissolution occurred in this
system at high temperature), may have triggered the grain

growth during sintering. NiO is volatile during sintering at
1600 °C (the melting point of bulk NiO is 1955 °C), so it may
have dragged the nearby grains close together during the
vaporization process. Grains preferentially coalesce with their
adjacent grains when the NiO drains in the grain contacts. The
grain growth was thus significant when a small amount of NiO
was added.

With increased amounts of NiO added, a uniform
distribution of the NiO phase in YDC would be obtained
more easily. The inhibition of grain growth tended to start when
there was excess NiO on YDC grain boundaries. Fig. 7 shows
the SEM micrographs of YDC doped with 10 at% NiO after
appropriate thermal etching, imaged by secondary electrons
(SE) and back-scattered electrons (BSE), respectively. The BSE
image gives more specific information on the distribution of the
phases present than does the SE image. As seen in both
micrographs, a secondary phase can be noticed at the grain
boundaries in the YDC ceramics. Although NiO is probably
dissoluble in YDC at high temperature [29], the solubility of
NiO in YDC has been reported to be improbable at room
temperature [30,31]. Recalling the grain size data in Fig. 6, the
largest grain size of the sintered bulk with 5 at% NiO also
suggested that the formation of solid solution occurred at high
temperature. The aliovalent cation addition may induce a
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Fig. 3. XRD patterns of (a) as-pyrolyzed and (b) as-calcined 10YDC powders
as a function of NiO content. The SP and calcination temperatures were 650 °C
and 950 °C, respectively.

higher concentration of defects in the host lattice, resulting in
the grain coalescence of the NiO/YDC composite. However, the
excess NiO tended to segregate at the grain boundaries of the
YDC during the cooling process, thereby inhibiting the grain
size of the composite. Fig. 8 shows the typical EPMA
measurement results for the sintered YDC bulk with 10 at%
NiO. EPMA is known to be a powerful tool in electron
microprobe analysis to quantify chemical compositions with
high accuracy and to detect rather low concentrations, even for
light elements. Because the electron penetration depth, as
detected by the microprobe, was estimated to be <4.5 wm at an
accelerated voltage of 30 KeV, the line scan data between the
secondary phase, with a distance of ~18 wm according to
EPMA measurement, can be regarded as appropriate and
effective. The EPMA data shows the secondary inclusions to be
a Ni-containing phase. The data also indicate that the Ni content
between both inclusions was approximately zero, suggesting
that the dissolution of NiO in YDC was negligible at room
temperature when the composites were sintered in air. Though
the volatile NiO near the bulk surface may vaporize, such
interior non-miscible NiO phase on grain boundaries can play a
role in retarding the grain growth of YDC electrolyte during
sintering, as seen in Fig. 7. A similar phenomenon, known as
the pinning effect, has also been reported in a NiO/GDC system
[7]. Furthermore, the presence of intragranular pores can be
thought to show little inhibition of the grain growth in ceramic
bulks. The influence of the segregated NiO on grain growth of
the YDC bulk is thus suggested to predominate in this system.

In the sintered microstructures, shown in Fig. 5, the porosity
tended to increase with greater additions of NiO. Both
intergranular and intragranular pores can be observed in these
micrographs. In other words, the density of the sintered bulk
appears to have decreased when NiO was present. Fig. 9 shows
the relative densities of the sintered YDC bulks as a function of
NiO addition. The decline in density with increasing NiO
addition shows good agreement with the results of the
micrographs in Fig. 5. The hollow structure and increasingly

Fig. 4. HRTEM micrographs of SP powders obtained at a reaction temperature of 650 °C: (a) 10YDC, (b) (10YDC)gs5(NiO);s.
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Fig. 5. FESEM micrographs of sintered (a) 10YDC, (b) (10YDC)o5(NiO)s, (¢) (10YDC)go(NiO),(, and (d) (10YDC)gs5(NiO);s. Specimens were sintered at 1600 °C
for 10 h in air.
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uneven surfaces of the particles obtained from SP, shown in
Fig. 2, may have caused the decline in sintered density.
However, the relative densities ranged from 99.8% to 94.5%,
revealing values comparable to those reported in the literature
[11,32,33]. Ceria-based ceramics have been reported by many
researchers to be difficult to densify, even at an elevated
temperature of 1600 °C. A typical density of 95% relative to
theoretical at sintering temperatures of 1550—-1600 °C has been
obtained. Therefore, the relative density of the sintered YDC is
believed to be relatively high as compared to those in the
literature. A structure without interconnected pores or channels
under such a relative density is still capable of meeting the
requirements of solid electrolyte in SOFC.

To investigate the influence of the NiO that segregated in the
YDC grain boundary region, ac impedance spectroscopy was
carried out to estimate the grain-boundary electrical con-
ductivity of YDC as a function of NiO content at various
temperatures. Figs. 10 and 11 show the impedance diagrams of,
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5 um

Fig. 7. FESEM micrographs of sintered (10YDC)go(NiO);( bulk imaged by (a) secondary electrons and (b) back-scattered electrons.

respectively, the undoped YDC and that doped with 15 at%
NiO as a function of temperature (the results for specimens with
5 at% and 10 at% NiO are not shown here). Measurements were
carried out in air. The lower-right insets in both diagrams show
the details of the higher-frequency regions. Such impedance
data can be expected to provide respective conductivities
contributed by the grain interior and grain boundary in ceramic
bulks. Moreover, the inset in the upper-left corner of Fig. 10 is a
schematic drawing of an idealized impedance spectrum
associated with an equivalent circuit model simulated and
fitted using a nonlinear least-squares fitting program for the
spectrum recorded at lower temperature. The fitting results are
similar to those demonstrated by Zajac and Molenda [34].
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Fig. 8. Typical EPMA measurement results for the 10YDC doped with 10 at%
Ni. The specimen was sintered at 1600 °C for 10 h in air.

In both figures, Figs. 10 and 11, imperfect semi-circles and
diffusion tails (on the extreme right, appearing at the low
frequency end of the diagrams) can be observed for both
specimens with heating at 400 °C. The diffusion tail, which
may be attributed to the electrode polarization response (charge
transfer and diffusion processes occurred on the interface
between specimen and Pt electrode), represents a parallel
arrangement of a resistor R, and a constant phase element
(CPE, instead of pure capacitance) in the equivalent circuit. The
left side of the semi-circle, intercepting the real impedance axis
(estimated with a data-fitting program), may give resistivity
associated with the intragrain response (corresponding to the
Ry; resistance in the equivalent circuit); in contrast, the other
side of the semi-circle, intercepting the diffusion tail, may be
assigned to the intergrain resistance (corresponding to Ry
element in the equivalent circuit). This shows that the
conductivity data obtained from the impedance diagrams can
separate the contribution of the grain, grain-boundary, and
electrode polarization responses.
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Fig. 9. Relative densities of the sintered 10YDC bulks as a function of
NiO content.
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Fig. 11. Impedance plots of (10YDC)g5(NiO);5 as a function of temperature.
The inset shows the data obtained in the higher frequency range.

With an increase in heating temperature to 550 °C, the semi-
circle shifts to the higher frequency, indicating an increase in
the grain conductivity. The semi-circle and the diffusion tail
cause an increase in degrees of overlap, suggesting that the
electrode polarization dominates as the temperature rises, and
the resistance contribution of the grain boundary was indistinct.
The grain boundary resistance is thus revealed to be depressed
at elevated temperature. With temperature further elevated to
700 °C, the grain-boundary semi-circle almost disappears
entirely, and the electrode diffusion tail shifts further to the
higher frequency, increasing its conductivity. It is not easy to
distinguish the contribution of the grain-boundary resistance
from that of the grain interior at such a high measurement
temperature. Moreover, the activation energy calculated for
total conductivity of the specimen is attributed to those of the
grain interior and grain boundary (R, = Ry + Rgp) [35]. These

impedance spectra, recorded at different temperatures, were
fitted with a same equivalent model; then the total conductiv-
ities contributed by the combination of grain interiors and grain
boundaries of all specimens were analyzed and plotted as a
function of the inverse heating temperature [34,36].

Because the electrical conductivity of YDC electrolyte is a
thermally activated process, the temperature dependence of the
conductivity behavior can be described by the Arrhenius
equation,

oT = opexp <— Ea) (D)

where o is the electrical conductivity, oy is a constant that
depends on the sample, E,, is the activation energy for conduc-
tivity, k is the Boltzmann constant, and T is the absolute
temperature. Fig. 12 shows the Arrhenius plots for the electrical
conductivities of 10YDC as various amounts of NiO were
added. In that figure, the total conductivity of the YDC elec-
trolyte increases with the increase in NiO content, and it also
increases with elevated heating temperature. The increase in
conductivity with increasing NiO content may result from the
presence of NiO, a p-type oxide semiconductor, on the grain
boundary of YDC electrolyte. As can be seen in this figure, the
plots give four fitted straight lines over a temperature range of
550-700 °C, indicating that the total conductivities of the
specimens followed the Arrhenius equation. The activation
energies of total conductivities (E, ;) can thus be determined
from the slopes of the lines, as indicated in Fig. 12. The
activation energies for additions of 0, 5, 10, and 15 at% NiO
to YDC electrolyte are 1.87, 1.65, 1.41 and 1.26 eV, respec-
tively. The E, o of YDC decreases with the increase of NiO
addition. Because the activation energy for total conductivity is
close to the one related to the grain-boundary response [34], as
shown in Fig. 7, the influence of NiO segregation between the
YDC grains on the electrical properties becomes dominant in
this system. Moreover, as shown in Fig. 6, a decrease in grain
size may cause an increase in the area of grain boundaries when
NiO is added. This effect may also become more significant
with increases in the amount of NiO content.

In 6T (S.cm™K)

“1 (a) (10YDC)
| (6) (10YDC) 45 (NiO);
(¢) (10YDC) o, (NiO),,
%7 (d) (10YDC) 45 (NiO),5
1.I05 1.I10 1.I15 1.20 1.25

1000/T (K™

Fig. 12. Arrhenius plots for total conductivity of 10YDC as a function of NiO
content.
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For YDC electrolytes, the activation energies reported in the
literature [4,11,34] generally range from ca. 0.66 to 0.86 eV.
However, the activation energy of unadded 10YDC calculated
in the present system shows a relatively high value. The
conductivity of the YDC measured in this system is found to be
much lower than that reported by Ou et al. [6]. Most likely, this
is due to the presence of Ce’* cations in the YDC lattice,
pyrolyzed from the precursor CeA (Ce**) during SP. The
intermediate phase, decomposed from CeA to CeO,, was
identified as Ce(OH); by TGA (Fig. 1). A large number of Ce*
ions are thus believed to have remained in the CeO, lattice. In
addition, the heating of the specimens at a temperature higher
than ca. 400 °C can induce the formation of Ce** ions in
undoped ceria. These effects could be enhanced in highly
doped ceria [37]. Moreover, Ou et al. [6] also pointed out that
Ce’* ions could cause an increase in the concentration and
ordering of oxygen vacancies, thereby reducing the ionic
conduction.

4. Conclusions

10YDC electrolytes with various amounts of NiO additions
were successfully prepared from their SP powders in the
present study. The influences of NiO on the properties of YDC
electrolyte were investigated by directly adding Ni into the
YDC powder during the powder preparation. The NiO tended to
make the surfaces of the SP particles to significantly uneven,
resulting in poor densification of the sintered YDC ceramics.
Moreover, a small amount of NiO may enhance the grain
growth of YDC during sintering; subsequently, the non-
miscible NiO may segregate on the grain boundaries in the
YDC matrix and thereby inhibit the grain growth of YDC
electrolyte with increased amounts of NiO. With increased NiO
addition, the conduction activation energy of YDC electrolyte
was decreased, but the total conductivity was increased in this
system.
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