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Abstract

Co-doped CeO, powders with atomic ratios equal to 0.25, 1 and 3% were synthesized by the conventional mixed-oxide method.
No binary compounds were detected in the CeO,~CoO system, and the Co element exists as the state of Co?>" in the samples sin-
tered above 1000°C. A small amount of Co doping reduces sintering temperatures and promotes grain boundary mobility drama-
tically. Over 99.0% of relative density (R.D.) can be obtained for 0.25% Co-doped sample sintered at 1300°C for 2 h, compared
with ~ 96% of relative density for pure CeO, sintered at 1525°C for 2 h. The results from grain growth kinetics study indicate that
grain growth exponent, n, and activation energy, Q, are 3 and 697 £+ 37 kJ/mol for pure CeO,, 4 and 572 £ 57 kJ/mol for 0.25%
Co-doped CeO,, respectively. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, ceria-based materials have been con-
sidered as one of the most promising electrolytes for
reduced temperature SOFC (solid oxide fuel cell) system
due to their high ionic conductivity at moderate
temperature.'— Being a highly refractory material, how-
ever, ceria based materials are difficult to densify below
1500°C.*3 This makes it difficult for the manufacture of
ceria-based electrolyte for SOFC system, because ceria-
based electrolyte and other components, such as cath-
ode and anode, have to be cofired below 1500°C. In
order to reduce the sintering temperature, two methods,
either preparing ultrafine CeO,-based powders or using
sintering promoters, have been exploited. For the for-
mer case, there is a great volume of literature concern-
ing the preparation of ultrafine CeO, powder by
chemical and physical methods.®~!* It is surprising to
note, however, that there are only few literature reports
concerning the densification of commercial CeO, pow-
der by using sintering promoters.!!

For cost effectiveness, we have used commercial pow-
ders as starting materials. A range of potential sintering
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promoters have been explored to improve the sinter-
ability of commercial CeO, powder. Both Fe,O; and
MnO, are proven to be a good sintering promoter for
CeO, as found and discussed earlier.'>!3 CoO is chosen
in this study as a sintering promoter because it is the
neighbor of the above-mentioned two elements. More-
over, based on the effect of severely undersized dopant
ions reported by Chen and Chen.!* The Co?* ion may
have the tendency to enhance grain boundary mobility
of CeQO, since its ionic size is much smaller than that of
the matrix ion (i.e. Ce*"). To our knowledge, there are
not any literature reports concerning the sintering
behavior of CeO, with CoO as an additive. However,
CoO is reported as an effective dopant for the densifi-
cation of Sn0,.!>!¢ Varela et al.!> and Cerri et al.'®
reported that addition of 0.5 to 2 mol% CoO into SnO,
promotes the densification of this oxide up to ~ 99.0%
of the theoretical density; and the sintering of Co-doped
SnO, seems to be controlled by solid state diffusion
because of the absence of experimental evidence for an
eutectic liquid in this system. They deduced that Co?™
ions incorporating into SnO, crystallites acts as an
acceptor leading to the addition of oxygen vacancies in
SnO,, thus enhances the densification rate of this oxide.

Recently, we have found that a small amount of Co
doping promotes the densification of commercial CeO,
powder remarkably. The effect of Co doping on the
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sintering behavior and microstructural evolution is pre-
sented in this study for Co-doped CeO, during the non-
isothermal and isothermal sintering. Moreover, the
grain growth kinetics of undoped and 0.25% Co-doped
CeO, is also carried out using the well-known grain
growth model.!”

2. Experimental
2.1. Sample preparation

Commercial CeO;, (>99.9% in purity) and CoSOy4
(>99.0% in purity) were used as starting materials. Co-
doped CeO, powders with atomic ratios equal to 0.25, 1
and 3% were synthesized by the conventional mixed-
oxide method. The powders were ground in ethanol by
ball-milling for over 24 h and dried. After being calcined
at 800°C for 0.5 h, the samples were ball-milled again
for over 24 h. The mixtures were pressed at about 50
MPa into pellets using a die with 10 mm diameter.
Green densities are about 60% of theoretical. In order
to confirm whether there are any solid reactions
between CeO, and CoO, the sample with Co/Ce atomic
ratio of 1.0 was prepared in the same way.

2.2. Sintering experiment

Conventional, pressureless sintering studies were per-
formed in a vertical dilatometer (System 16/18,
Setaram, France) or a furnace. The dilatometer allows
continuous monitoring of axial shrinkage. Two sets of
sintering schedules were used, i.e. constant-heating-rate
(CHR) sintering and isothermal sintering. During the
CHR experiments, the samples were heated at a con-
stant rate of 10 K/min to a desired temperature and
then cooled to room temperature. Isothermal sintering
was conducted in the temperature range of 1300-
1550°C. The samples were heated up to a desired tem-
perature at a heating rate of 15 K/min and then held at
this temperature for 1-3 h, after that the samples were
cooled to room temperature.

The isotropic shrinkage of the samples was confirmed
by measuring the lateral and axial shrinkage. The time-
dependent density, p, therefore, was calculated from the
following equation:'®

()

where Ly¢ is the final length of the sample, L, is the time-
dependent length equal to the value of (Lo—AL,) (Lg is
the original length of the sample and AL, is the dis-
placement of the sample at a certain time, t) and pyis the
final density obtained from the mass and dimension of
the sample.

2.3. Characterization of samples

The raw powder with Co/Ce = 1.0 was measured using
thermal gravimetric and differential thermal analysis
(TG-DTA). The phase identification of samples, after
each heat treatment at 1200-1600°C, was performed
using X-ray diffraction (XRD) with CuK, radiation.
Densities of sintered pellets were measured using both
Archimede’s method with water or calculated from the
mass and the dimensions of the samples. It was found
that both the methods provide almost the same value.
Microstructure of the samples, i.e. well-polished surface
after thermal etching, was observed using scanning
electron microscopy (SEM). Grain sizes were measured
from SEM micrographs of the etched samples by the
linear intercept technique described by Mendelson.!”
The average grain size, D, was obtained as follows:
D=1.56 L, where L is the average grain-boundary
intercept length of a series of random lines on the SEM
micrographs.

3. Results and discussion
3.1. Phase evolution

The decomposition of CoSQy, into Co,05 takes place
below 750°C.2° In our case, after calcination at 800°C
for 1 h, the powder with Co/Ce =1 should consist of
CeO, and Co,0;. This sample was investigated using
TG-DTA at a heating rate of 10 K/min in the tempera-
ture range of room temperature to 1400°C in air, and
the result is shown in Fig. 1. An exothermal peak on the

Co/Ce=1
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Fig. 1. TG-DTA curves of the sample with Co/Ce= 1.0 sintered at a
heating rate of 10 K/min to 1450°C in air.
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DTA curve at 850°C with a mass loss can be attributed
to the transition of Co,05 into Co304,'° i.e.

3 C0r05 —2C 2 Co304 +1/2 05 4 )

When temperature is up to 950°C, another exothermic
peak and its counterpart, i.e. mass loss, can be observed
on the DTA and TG curves. It is attributed to the fol-
lowing reaction:

2 Co304 —2£ 5 6 CoO + 0, 1 3)

Above 1000°C, no any change can be found on both
the DTA and TG curves. It means that Co element
exists in the state of Co?" in the sample sintered above
1000°C. This result is in good agreement with that from
XRD measurement. As shown in Fig. 2, only two crys-
talline phases, i.e. CeO, and CoO, can be detected in the
sample (with Co/Ce=1.0) sintered at 1400°C, which
suggests that no solid-state reaction occurs between
CeO, and CoO. This is also in agreement with the
report by Dontsov et al.?!

3.2. Non-isothermal sintering

Fig. 3 shows the linear shrinkage rate (d(AL/L,)/dt)
as a function of temperature for different Co contents.
1% Co-doped sample exhibits a similar shrinkage trend
to that of 0.25% Co-doped CeO,. For clarity, the curve
for 1% Co doping is omitted. It is observed from this
figure that the addition of Co shifts somewhat the onset
of sintering towards lower temperatures; moreover, the
small amount of Co doping decreases the temperature

Co/Ce =1
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Fig. 2. XRD pattern of the sample with Co/Ce=1.0 sintered at

1400°C for 5 h in air (@: CeO,, O: CoO).

of maximum shrinkage rate (7,,.) remarkably. For
example, T« decreases from 1428°C for pure CeO, to
1214°C for 0.25% Co-doped CeO,. The difference in the
values of T, for both the samples is more than 200°C.
These results suggest that 0.25% Co doping reduces the
sintering temperatures by over 200°C. Contrary to the
action of Fe,O; or MnO, doping on CeO,,'>?? how-
ever, it can be seen that the values of Ty, decreases as
the doping level increases in the whole Co content used.
It may be due to the effect of trapped pores along grain
boundaries and in grain interiors as shown below.

The relative density as a function of temperature for
different Co contents is shown in Fig. 4. In the tempera-
ture range used (from room temperature to 1550°C), the
density of pure CeO, increases as the temperature
increases. Pure CeO, has only about 92% of relative
density at 1550°C. This sintering behavior is very similar
to those reported by Zhou et al.>*> Upon adding Co into
CeO,, however, the sintering behavior changes greatly.
0.25% Co-doped sample has ~92% R.D. at ~1300°C,
and reaches almost full densification (> 99.0% R.D.) at
~1450°C. It is observed from this figure, on the other
hand, that with increasing Co contents the densification
behavior becomes detrimental. For example, 3% Co-
doped sample has only ~97.5% R.D. (at 1550°C),
compared with over 99.0% R.D. of 0.25% Co-doped
CeO, sintered under the same condition.

The effect of Co doping level on grain size and sin-
tered density of CeO, ceramic is shown in Fig. 5. It can
be seen from this figure that a small amount of Co dop-
ing rapidly increases in both the grain size and sintered
density. 0.25% Co-doped sample provides maximum
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Fig. 3. Shrinkage rate against sintering temperature for (a): pure
CeO,, (b): 0.25% and (c): 3.0% Co-doped CeO, sintered at a heating
rate of 10 K/min.
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Fig. 4. Relative density vs temperature for (a): pure CeO,, (b): 0.25%
and (c): 3.0% Co-doped CeO; sintered at a heating rate of 10 K/min
to 1550°C.
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Fig. 5. Effect of Co/Ce atomic ratios on grain size and density of
samples sintered at a heating rate of 10 K/min to 1550°C in air.

values in both the grain size and density. However,
further increase in Co doping level leads to a decrease in
sintered density. Moreover, unlike the effect of MnO,
on the sintering of CeO,'? where the grain size of CeO,
increases with increasing Mn doping level, the grain size
remains almost unchanged over the Co doping level
from 1.0 to 3.0%. Selected micrographs, as shown in
Fig. 6, indicate: (1) that the samples with 0.25 and 1.0%

Fig. 6. SEM micrographs of (a): 0.25, (b): 1.0 and (c): 3.0% Co-doped
CeO, sintered at a heating rate of 10 K/min to 1550°C in air.

Co doping are very dense since practically little or no
pores are trapped in the grain interiors as shown in
Fig. 6a and b; and (2) that in 3% Co-doped CeO,
(Fig. 6¢) there are many trapped pores along grain
boundaries and in grain interior, although this sample
has almost the same grain size as that of 1% Co-doped
sample. Trapped pores in 3% Co-doped CeO, present
an interesting phenomenon, that they affect only the
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sintered density, but not the grain size. The above result
also suggests that high doping level is detrimental for
densification.

3.3. Isothermal sintering

Isothermal sintering experiments were conducted
using a dilatometer to study the effect of sintering time
and temperature on the densification of pure and 0.25%
Co-doped CeO,. In order to avoid the completion of the
most densification during temperature ramp, a higher
heating rate of 15 K/min was used. The results are
shown in Fig. 7. At 1300°C the densification rate of
undoped CeO, is very slow, and this sample provides
only 87% R.D. after 2 h. However, 0.25% Co-doped
sample exhibits a very fast densification rate, and at
1300°C over 99.0% R.D. can be reached after 2 h. This
density exceeds even that of pure CeO, sintered at
1525°C for 2 h. Fig. 8 shows the effect of sintering tem-
perature and time on the microstructure of undoped
and 0.25% Co-doped samples. Undoped CeO, sintered
at 1300°C (Fig. 8 a) is very porous, the grain size is
around 0.7 pm, which is slightly larger than that of raw
powder (0.4 um). The sample with 0.25% Co doping
sintered at 1300°C (Fig. 8 b) is much denser, and has a
larger grain size (~11.7 um) than that of undoped CeO,
sintered at 1525°C (~5.3 pm). These results indicate
that the small amount of Co doping accelerates the
densification rate remarkably and promotes grain
boundary mobility.

No evidence is available that a eutectic liquid phase
exists in the CoO—CeQO» system. In addition, as shown in
Fig. 1, thermal analysis (TG-DTA) of the sample with
Co/Ce=1.0 up to 1450°C does not display the presence
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Fig. 7. Effect of sintering time and temperature on the density of
undoped and 0.25% Co-doped CeO».

of any endothermic reactions related to liquid-phase
formation. This suggests that a fast densification rate in
Co-doped samples is not related to liquid-phase sinter-
ing. Dontsov et al.?! studied the phase change in the
ternary CeO,—ZrO,—CoO system. They pointed out that
the dissolution of Co?* into CeO, in either substitution
sites or interstitial sites depended on the doping level,
and Co?" ions resided mainly in the substitution sites

‘ s
- ‘3=3u1‘_:--:*, od%

Fig. 8. SEM micrographs of (a): pure CeO, and (b): 0.25% Co-doped
CeO; sintered at 1300°C for 2 h, and (c): pure CeO, sintered at 1525°C
for 2 h.
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when the doping level was less than 5%. In our case,
therefore, Co?* ions should be incorporated into Ce*™*
sites in the CeO, crystallites. The substitution reaction
can be described using Kroger—Vink notation:

CoO —&% Co”"ce + Vo 4 00* 4

It seems that we should attribute the quick densifica-
tion and rapid grain boundary mobility to the forma-
tion of oxygen vacancies in Co-doped CeQO,. In fact, this
understanding is superficial due to the following rea-
sons. It is well-known that part of CeO, is readily
reduced to Ce,O5 at a high temperature. For example,
the concentration of Ce3* is between 0.2 and 0.8% in
the temperature range of 1270 to 1420°C.'* This implies
that in undoped CeO, there exists a large amount of
Vo** due to the following reaction:

Cer05 —2 2Cel-, + Vo + 300" (5)

where Ce, indicates one Ce*" site occupied by one
Ce3" ion. Moreover, oxygen diffusion is very fast in
these fluorite-type oxides such as ZrO, and CeO,.
Hence, cation diffusion must be the rate-limiting step
for mass transportation. Chen and Chen'* believe that
the diffusion of interstitial Ce is rate-limiting step based
on both theoretical consideration and experimental
study. Therefore, the incorporation of Co?™ into Ce*™*
sites does not fully account for the quick densification
and rapid grain boundary mobility.

By analogy, the sintering behavior of Co-doped CeO,
should be similar to that of Fe or Mn-doped samples
from the periodic properties of elements. As stated
above, Fe,O; and MnO, are very effective sintering pro-
moters for the sintering of CeO,. Both the dopants lead
to a very fast densification rate of CeO,. It was found
that either Fe or Mn doping changes the early-stage sin-
tering mechanism of Ce0,.?>?* For example, pure CeO,
is volume-diffusion controlled sintering, while Fe-doped
CeO, exhibits viscous flow mechanism.?* Moreover,
severely undersized Fe3* or Mn?" ions promote grain
boundary mobility during the final-stage sintering. For
the Co doping action, therefore, it is reasonable to
assume that Co doping may change the early-stage sin-
tering mechanism of CeO,; and Co?>* ions exhibit the
effect of severely undersized dopant because Co?* ion
has much smaller size compared with that of Ce*™" ion.
Co>™" ions can enhance grain boundary mobility due to
the large distortion of the surrounding lattice that facil-
itates defect migration of the matrix (i.e. CeQ,).'*

It is well known that the microstructural evolution of
a material can usually be described using grain size and
size distribution. The grain growth depends on sintering
temperatures and time, which can be analyzed by well-
known grain growth kinetics equation,'” i.e.

D" — Dy =Kt (6)
and

_ -0
K = K, exp (ﬁ) @)

where D is the average grain size at time, ¢, D, is the
average grain size at time, =0, n is the growth expo-
nent, K is a rate constant, K, is a pre-exponential con-
stant, Q is the activation energy of grain growth, R and
T have the common meaning. When D,, is significantly
smaller than D, D} can be neglected relative to D”.
Eq.(6) can be simplified as follows:

D' = Koexp (;—g)z ®)

The natural logarithmic form of Eq. (8):

T
ninD = Inz RT + InK, 9)

In a proper temperature range, the activation energy,
0, is a constant. So the exponent, n, can be determined
from the slope of the plot of In(D) versus In(¢). Subse-
quently the activation energy, O, can be obtained from
the slope of an Arrhenious plot of In(D"/¢t) versus 1/7,
based on Eq. (9). In the present study, undoped and
0.25% Co-doped samples were used to study grain
growth kinetics. The sintering temperatures were chosen
at equal increments: 1350, 1400, 1450 and 1500°C, and
for each sintering temperature, four sintering times, i.e.
1, 3, 5 and 8 h, were used.

Fig. 9 shows the plot of In(D) versus In(z) for undoped
and 0.25% Co-doped CeO,. It can be seen that undoped
CeO; has the grain growth exponent, n, of ~ 3, while n-
value of 0.25% Co-doped CeO, is around 4. Based on
Eq.(8), we calculated the activation energy, Q, for both
the samples, and the results are shown in Fig. 10. Com-
pared with undoped CeO,, Co doping indeed reduces
the activation energy for grain growth of CeO,, which
may be used to explain why Co doping leads to a rapid
grain growth.

Chen and Chen'# found a parabolic grain growth for
CeO, doped with different dopants. They did not do an
activation analysis for doped CeO,. Their result con-
cerning pure CeO, along with the present results in this
study are listed in Table 1 for comparison. In our case,
both activation energy and growth exponent for pure
CeO; are higher than their value. It may be due to their
starting powder prepared by chemical method. Type of
these powders usually has very high reactivity and sin-
terability. It can be observed that the activation energy
for CoO-doped CeO, is similar to their undoped value.
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Fig. 9. The plots of In(D) versus In(¢) for (a): undoped and (b): 0.25% Co-doped CeO,.
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Fig. 10. The plots of In(D") versus 1/T for the calculation of activation energy (Q) for (a): undoped and (b): 0.25% Co-doped CeO,.

This further confirms that CoO doping promotes the

Table 1 . g .
Growth exponent, n, and activation energy, Q, of CeO,-based materi- sinterability of commercial CeO,.
als
Researcher Composition n-Value 0 )
(kJ/mol) 4. Conclusions

Chen and Chen'* Pure CeO, 2 581 A small amount of Co doping (less than 1% atomic
This study Pure CeO, 3 697437 ratio) strongly enhances the densification rate and pro-

0.25% Co 4 572457 gly P

motes the grain boundary mobility of commercial CeO,,
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which may be attributed to the change in early-stage
sintering mechanisms of CeO, due to the addition of
CoO as well as the effect of severely undersized dopants.

0.25% Co-doping reduces sintering temperatures by
over 200°C. The sample with 0.25% Co-doping reaches
maximum values in both the grain size and density com-
pared with other doping levels. However, a high doping
level is detrimental for the densification. It is found that
in 3% Co-doped sample there are many trapped pores
along grain boundaries as well as in grain interiors.
Based on the grain growth kinetics study, we found that
the samples with low doping levels (< 1%) have a
smaller activation energy for grain growth than that of
undoped commercial CeO,. It may further support that
Co doping leads to a fast grain growth.
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