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Abstract

Ceria-based solid solutions are promising electrolytes for intermediate-temperature, solid oxide fuel cells. The effect of a dry, high-energy,
ball-milling process on the sintering and densification behaviour of coprecipitated ceria-based powders is investigated by means o
X-ray diffraction, Brunauer-Emmett—Teller (BET) surface-area measurements, density measurements, and electron microscopy. The dt
ball-milling process leads to (i) a larger specific surface-area with weak agglomeration; (ii) rearrangement of grains into dense granules
(iii) a higher green density. These effects significantly reduce sintering temperatures and promote densification of ceria-based ceramic:
Moreover, a comparison is made of the sintering behaviour and ionic conductivity of the milled samples with and without cobalt oxide
doping. Cobalt oxide is a very effective sintering aid, but usually results in an enlarged grain-boundary effect for Si-containing samples.
Thus, since SiQis a ubiquitous background impurity in both raw materials and ceramic processing, the dry ball-milling process is a more
feasible method for improving the sinterability of coprecipitated ceria-based powders.
© 2003 Published by Elsevier B.V.
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1. Introduction These include precipitation using ammo{i$, ammonium
carbonatg6], hydrazine hydrat§r], oxalic acid precipitant
Recently, an intensive investigation has been conducted[8,9], forced hydrolysis of inorganic salf0], urea-based
to reduce the operating temperature of solid oxide fuel cells homogeneous precipitatiofill], and hexamethylenete-
(SOFCs) down to 800-50@. Ceria-based solid solutions, tramine (HMT)-based homogeneous precipitatifi?].
such as 20 at.% (atomic ratio) Gd- or Sm-doped ceria, haveAmong these precipitation systems, oxalate precipitation
been regarded as the most promising electrolytes for In- and HMT-based homogeneous precipitation are most useful
termediate Temperature SOFCs (IT-SOFCs) because theyfor obtaining better ceria-based powders.
have much higher ionic conductivity than ytrria-stabilised = Even though these co-precipitated powders are used as
zirconia (YSZ)[1,2]. Being a refractory material, however, precursors, a higher sintering temperaturé300-1400C)
CeO-based materials are difficult to densify, even when is still needed to obtain dense ceranie$,9,11] Recently,
sintered at higher temperature for a long tif3e4]. Such some transition metal oxides (TMOSs), such as cobalt ox-
treatment leads to a high manufacturing cost for SOFC sys-ide and manganese oxide, have been exploited as sintering
tems because ceria-based electrolyte and other componentaids for ceria-based solid solutioffs3,14] Although these
such as the cathode and the anode cannot be co-fired at higkintering aids can reduce sintering temperatures, they usu-
temperatures (e.g. >1300Q). ally cause a remarkable deterioration in the grain-boundary
In order to reduce sintering temperatures, various conduction of ceria-based solid solutions, especially for
agueous-solution-based precipitation systems have been exSi-containing samplegl5,16] Considering that Si®is a
ploited for preparing nanocrystalline ceria-based powders. ubiquitous background impurity in ceramic processing, it is
difficult to avoid its presence even when using a relatively
pure sample. This study demonstrates that the sintering
* Corresponding author. temperature of a co-precipitated ceria-based powder can
E-mail address: tszhang@ntu.edu.sg (T.S. Zhang). be reduced remarkably by treating these powders via a dry

0378-7753/$ — see front matter © 2003 Published by Elsevier B.V.
doi:10.1016/S0378-7753(03)00625-6



T.S Zhang et al./Journal of Power Sources 124 (2003) 26-33 27

ball-milling process. The effect of cobalt oxide doping on eter) and sintered at temperatures between 900 and°T400

densification, microstructure and electrical properties is also for 3 h. The densities of green and sintered pellets were cal-

discussed and presented. culated from the mass and dimension of the samples, and
measured using the Archimedes method with water. The mi-
crostructure of the sintered samples (i.e. well-polished sur-

2. Experimental procedure face after thermal etching) was observed using SEM, and
the grain size was calculated from the micrographs using
2.1. Preparation of raw powders the linear intercept technigue. The ionic conductivities of

the samples were measured from 250 to 850n air by

An oxalate co-precipitation method was used to pre- two-probe impedance spectroscopy (Solartron 1260, UK). A
pare the precursor powder of §f50y20,_s ceram- software package was also used to separate the grain-interior
ics. High purity (>99.5%) reagents Ce(Nf@-6H,O and (Gl) and the grain-boundary (GB) contributions to the total
Gd(NO3)36HZO were used as Starting materials. Oxalic CondUCtiVity. In this Study, five types of Samples were se-
acid solution was employed as a co-precipitation medium. lected to study the effect of SiQor/and Co-oxide doping
The preparation procedure is as follows. Ce@\&BH,0 on ionic conductivity Table .
and Gd(NQ)3-6H20 were dissolved in distilled water, re-
spectively. A mixture of Géi" and C&* ions was prepared
by blending the two solutions. The mixture was added to the 3. Results and discussion
oxalic acid solution at~-60°C. During this process, the pre-
cipitant solution was controlled at pH 6.5-7 by dropwise ~ 3.1. Powder characteristics and compact behaviour
addition of diluted ammonia, and was stirred constantly.
After the co-precipitation was completed, the co-precipitate The TG-DTA results of the co-precipitate powder are
was stirred at-60°C for 1 h. The co-precipitate was washed shown inFig. 1 As in the study of Higashi et al9]
several times using distilled water, then redispersed and
washed twice in ethanol, and finally dried aL00°C for
20 h. A dry ball-milling process was carried out for 5h on
the co-precipitated powder calcined at 6@for 2 h using
a high-energy planetary mill, which has been described
elsewherd17].

2.2. Characterisation of samples

Thermal gravimetric—differential thermal analysis TG
(TG-DTA) was conducted on the co-precipitated powder
with a heating rate of SCmin~! up to 1000°C in air. K/
The crystal phase was analysed using X-ray diffraction DTA
(XRD) with Cu Ka radiation. The particle-size distribution
was measured using a laser particle-size analyser. Specific
surface-area was estimated by the Brunauer—-Emmett—Teller
(BET) method with nitrogen as the absorption gas. The 0 2(')0 4(')0 660 8(')0 1000
morphology of particles was observed by means of scanning
electron microscopy (SEM).

The milled and unmilled powders were compacted at rig. 1. TG-DTA curves of co-precipitated powder conducted at a heating
100 MPa into pellets using a stainless-steel die (10 mm diam-rate of 5°Cmin~! to 1000°C in air.

Weight loss
Exothermic —

Temperature (°C)

Table 1

Characteristics of samples selected for measurement of electrical properties

Sample Composition Sintering temperatut€)time (h) Relative density (%) Grain size.rf)
1 CegGdo2019 1150/3 98.5 0.5

2 CegGdh2019 + 1at.% Co-oxide 1100/3 99.3 1.2

3 CegGdh.2019 + 0.2at.% SiQ 1150/3 98.6 0.5

4 CegGdh2019 + 0.2at.% SiQ + 1at.% Co-oxide 1100/3 99.5 1.2

5 CagGh2019 + 0.2at.% SiQ + 1at.% Co-oxide 1400/3 99.4 -

Milled powder used as precursor powder. $i@/and Co-oxide loaded into GeGdy201.9 ceramics via wet chemical method using tetraethoxysilane
and cobalt nitrate as starting chemicals.
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Table 2
Characteristics of milled and unmilled g€5dy 2019 powders

BET surface-area Grain size  Crystallite size
(Ss) (Mg (Re) (hm)  (Rx) (nm)
Unmilled powder 37.2 22.52 18.52
Milled powder 453 18.42 17.7

at ~175°C, the co-precipitated powder loses chemically-
adsorbed water and decomposes to oxides325°C; no
remarkable changes can be detected above @56 both
the TG and DTA curves. The sample calcined at 400
shows a very broad XRD peak ad 2=~29, which in-
dicates that this sample has low crystallinity. When the
calcination temperature is around 6@ or above, how-
ever, the crystalline phase is well-developed. Some powder &
characteristics of the sample calcined at 80efore and =
after high-energy ball-milling are summarised Table 2
The mean crystallite sizdR{) was determined by means of
the X-ray line broadening method. The mean particle size
(Rs) was calculated from BET surface-area data.

Both the particle size and particle-size distribution of
the sample calcined at 60C were changed during the
high-energy ball-milling process. This was measured by a
laser particle-size analyser; the results are showrign 2. a
The sample before milling has a bimodal particle-size dis- B
tribution. After milling, the sample shows a very narrow, =
log-normal, particle-size distribution, although the mean par- |
ticle size is bigger than that in the unmilled sample. Electron
micrographs[ig. 3) also reveal that there is a large change
in particle morphology and size in milled and unmilled sam-
ples. The unmilled sample consists of loose agglomerates, ‘
as shown inFig. 3(a) This is the typical microstructure .
of co-precipitated powders. By contrast, the milled sample
(Fig. 3(b) is composed of granules with nearly spherical
shape of size-0.5-5um.

Fig. 3. Electron micrographs of (a) unmilled and (b) milled powders.

The effect of compaction pressure on the green density for
the powder calcined at 60C, with and without dry-milling,
is shown inFig. 4. A curve with two well-defined linear parts
that intersect at a pressui;, is obtained for the unmilled
n powder. The value ofP; is a measure of agglomerate com-
" pression strength, which is to a large extent related to the
L strength of agglomerates in powders. This strength strongly
depends on the preparation method and washing media. Hard
agglomerates are particularly detrimental to compaction and
sintering behaviour. In this study, the co-precipitated precur-
sor of Gd-doped CePwas redispersed and washed twice
in ethanol. This is an important step for obtaining a better
precursor powder. Otherwise, the Gd-doped g@oOwder
shows a very poor sinterability, even though the powder is
treated by the dry ball-milling process. Another important
point is that the dry ball-milling process is a more effec-
tive method only for the ethanol-washed precipitated pow-
ders calcined below 80@. This may be due to the fact
that a higher calcination temperature makes agglomerates so
strong that they cannot be broken down via the ball-milling
Fig. 2. Particle-size distribution of (a) unmilled and (b) milled powders. pProcess.

Relative intensity

-2 -1.5 -1 -0.5 0 0.5 1 15
Log (particle diameter, um)
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Fig. 4. Compaction behaviour of (a) unmilled and (b) milled powders. ©f (@) unmilled and ©) milled samples.

The value ofP; in this work is around 55 MPa, which is At 1150°C, over 98% relative density can be reached in
much lower than values reported for zirconia-based powders3 h for the milled sample. This sample has a very uniform
prepared by different method48,19] Nevertheless, it is  morphology and grain size~0.5um), seeFig. 6. Under
higher than the range of 5-40 MPa reported by Duran et al. the same conditions, however, the unmilled sample has only
[20] and by van de Graaf et gR1]. The energy produced 93% relative density. Many large interagglomerate pores are
by dry milling may be sufficiently high to crush these hard notremoved, as shown Fig. 6(b) although this sample has
agglomerates since no agglomerate compression strengtl smaller mean grain size-0.2um). To obtain >98% rela-
(P;) is found in the curve of green density as a function tive density without milling, a sintering temperature greater
of log pressure for the milled powderBig. 4). This spec- than 1400C is usually needed to remove the large pores.
ulation is further confirmed by studying the values of BET On the other hand, such a high temperature causes rapid
surface-area and crystallite sizeTiable 2for the milled and grain growth, for example, grains >2u8n in diameter are
unmilled samples. Since both samples show almost the samebserved in the unmilled sample sintered at 14D@or 3 h.
crystallite size, the larger BET surface-area for the milled Further reduction in sintering temperature can be achieved
sample can only result from the fragmentation of hard ag- for the milled powder by small additions of cobalt oxide. As
glomerates. Moreover, during the dry-milling process, the shown inFig. 6(c) a nearly full-dense, Gd-doped, CgCe-
particles are rearranged to form the kind of granules shownramic (>99.0% relative density) with the addition of 1 at.%
in Fig. 3(b) Compared with the loose agglomerates in the cobalt oxide can be obtained at 10%D for 3 h. This sam-
unmilled powder Fig. 3(a), these granules are denser, but ple has a mean grain size of100 nm. This result agrees
they are easy to deform under pressure since the strength ofvell with that reported by Keinlogel and Gaucklgd]. It
agglomerates is weak in the milled sample. This is why at is confirmed that for some TMOs (e.g. cobalt oxide) dop-
the same pressure the green density of the milled sample igng leads to the occurrence of viscous flow sintering dur-

much higher than the unmilled sample, as showRim 4. ing the early-stage sintering of ceria-based matej2ds A
significant rearrangement of particles in a compact during
3.2. Sintering behaviour and microstructure early-stage sintering makes the sample denser, and increases

the contact area between the particles. This promotes fur-

The sintered densities and grain size of the milled and un- ther densification during final-stage sintering. It should be
milled Samp]es are gi\/en |F]|g 5. At all the temperatures pointed out, however, thatasignificant reduction in Sintering
used, the milled sample is denser than the unmilled coun-temperatures by addition of cobalt oxide can be observed
terpart. The better sinterability of the milled sample could only for the milled powder.
be a consequence of several factors: (i) the larger specific
surface-area with weak agglomeratidralfle 2; (ii) the re- 3.3. Electrical properties
arrangement of grains into dense granuleig.(3(b); (iii)
a higher green density (at 100 MPa58% relative density The ionic conductivity of CggGdy20,_s-based ce-
for the milled sample but only45% relative density for the  ramics was measured by two-probe complex impedance
unmilled sample). spectroscopy. The interpretation of impedance data for
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Fig. 6. Electron micrographs of (a) milled and (b) unmilled samples
sintered at 1150C for 3h, and (c) milled sample with 1at.% Co-oxide
doping sintered at 105 for 3 h.
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Fig. 7. Impedance spectra measured at 4D0Oof (a) undoped

CesGdy 2019, and (b) 0.2at.% Si@ (c) lat.% Co-oxide, and (d)
0.2at.%+ 1at.% Co-oxide-doped GgGdy 2019 ceramics. Gl and GB
stand for grain-interior and grain-boundary conductivities, respectively.

polycrystalline materials, such as yttria-stabilised zirconia,
has been well documentd@3,24] The impedance spec-
tra of the samples measured at 4@in air are given

in Fig. 7. It can be seen that the addition of Si©r/and
Co-oxide doping enlarges the grain-boundary effect. The
guantitative changes in Gl and GB conductivities are shown
in Figs. 8-10 Inspection of these results indicates that
the undoped sample has a smaller grain-boundary effect
and a higher total conductivity, and the lower total con-
ductivity for the doped samples results mainly from the
enlarged grain-boundary effect since these dopants exert
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Fig. 8. Arrhenus plot of grain-interior conductivity of@®) undoped
CegGh 2019, and O) 0.2at.% SiQ, (A) 1at.% Co-oxide, andL{))
0.2at.% SiQ + 1at.% Co-oxide-doped GgGdy 2019 ceramics.
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Fig. 9. Arrhenus plot of grain-boundary conductivity d®) undoped
CepgGth 2019, (O) 0.2at.% SiQ, (A) 1at.% Co-oxide, and () 0.2 at.%
SiO,; + 1at.% Co-oxide-doped GgGdy 2019 ceramics.
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Fig. 10. Arrhenus plot of total conductivity of @) undoped
CepgGh 2019, (O) 0.2at.% SiQ, (A) 1at.% Co-oxide, and () 0.2 at.%
SiO, + 1at.% Co-oxide-doped GgGdy 2019 ceramics.

little influence on the GI conductivity, as shown kig. 8.
The ionic conductivities and activation energies for con-
duction in undoped and doped §&85dy 201.9 Ceramics are
summarised irmable 3

It is widely accepted that a Si&rich GB phase leads to a
deterioration in grain-boundary conduction. An amorphous
thin SiO,-rich film is formed between the grains during sin-
tering, and blocks the movement of oxygen ions through
the GB, and thus leads to a lower GB conductivity. Ac-
cording to Steeld25], the grain-boundary effect for pure
Ceay.9Gdy 101 95 cannot be detected above 5@), but usu-
ally dominates the total conductivity up t61000°C for im-
pure Ceg.9Gdy 10195 samples. In our case, the exact content
of SiO, in the samples is unavailable at the present stage.
Nevertheless, the results Figs. 7—10 clearly show that a
small amount of Si@ doping (0.2 at.%) does enlarge the
grain-boundary effect, and that co-doping of $&hd cobalt
oxide is extremely detrimental to grain-boundary conduc-
tion. The sample with Si®and Co-oxide co-doping also
has a higher activation energy for grain-boundary conduc-
tion, as listed inTable 3

It is interesting to note that the Co-oxide doping has
little effect on the grain-boundary conduction of the pure
CesGdp 2019 samples £0.005at.% (atomic percent)
SiOp) [14,26] This indicates that the ceria solid solution
used in this study is actually impure since cobalt oxide
itself does not cause a marked decrease in grain-boundary
conductivity. Unlike Mn-oxide dopind15,16] there are
almost no literature reports of the effect of Co-oxide
doping on the grain-boundary conduction in impure sam-
ples. By analogy, however, Co-oxide may have the same
effect as Mn-oxide since these two compounds have a
very similar chemical nature. Appel and Bonan(d®]
found that the co-doping of Sg0and MnQ led to a pro-
nounced grain-boundary effect in yttria-stabilised zirconia
compared with SiQ doping alone. Transmission electron
microscopy revealed that Mn doping promoted the propa-
gation of SiQ along the grain boundaries. Therefore, it is
reasonable to deduce that the redistribution of ;Sidng
grain boundaries due to Co-oxide doping leads to an en-
larged grain-boundary effecFig. 7). Moreover, it should
be pointed out that the grain-boundary conduction of im-
pure samples with Co-oxide doping is strongly dependent
on the sintering temperature. At 1400, for example,
CegGdp 2019 with 0.2at.% SiQ@ and 1at.% Co-oxide

Table 3

lonic conductivities and activation energies of doped and undoped@ 2019 ceramics

Composition oys00 (7 Lem1)2 ogisoo (@ tem 12 oghsog (7 1em 1) E; (eV) Egi (eV) Egb (6V)
CepgGdh 2010 5.45x 1074 1.21 x 1073 9.87 x 1074 0.93 0.83 1.02
CepgGdp 2019 + 1at.% Co-oxide 2.9 104 1.20 x 1073 3.81 x 104 0.98 0.84 1.04
CepgGth201.9 + 0.2at.% SiQ 3.74x 104 1.18 x 1073 5.48 x 1074 0.97 0.84 1.04
CegGdp 2019 + 0.2at.% SiQ 2.31x 104 1.18 x 1073 2.89 x 104 1.02 0.85 1.07

+ 1at.% Co-oxide

801500, 0gi500, andogysog indicate total, grain-interior, and grain-boundary conductivities at°8)Qespectively.
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Fig. 11. Impedance spectra measured at°@®f 0.2at.% SiQ@ and
1at.% Co-oxide co-doped ggGdy 201 9 ceramic sintered at 140C for

3h, showing a very exaggerated grain-boundary effect compared with the
data inFig. 7.
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factors that affect the sinterability of the milled pow-
der. For ethanol-washed precipitated powder calcined at
600°C for 3h, after 6h of dry ball-milling, over 98%
relative density can be obtained at 1X®0in 3h com-
pared with only~93% relative density for the unmilled
sample.

Further reduction in sintering temperature can be achieved
for the milled powder by small additions of cobalt oxide.
The addition of 1 at.% Co-oxide leads to a nearly fully-dense
ceria ceramic (>99.0% relative density) at 1080in 3h
with a grain size of~100nm. It is found, however, that
Co-oxide doping has a detrimental effect on GB behaviour
for Si-containing samples, and this leads to a lower total
conductivity. As SiQ is a ubiquitous background impurity,
it is therefore unsuitable to use Co-oxide as a sintering
aid for the densification of ceria-based electrolytes. This
also suggests that optimisation of the electrode fabrica-
tion conditions is necessary, since many Co-containing
perovskite compounds are widely used as electrodes for
SOFCs.
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