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Abstract: Twenty cation per cent yttria doped ceria Cey3Y(,0;.9 was prepared by
an optimised oxalate coprecipitation route to give fine sinterable powder. This
was formulated into slurries for tape casting of the doped ceria solid electrolyte
used in solid oxide fuel cells. Prior dry milling of the powder was found to be
most effective to further reduce the average agglomerate size, which allowed to
sinter dense membranes at 1400°C for 2 h, among the best results obtained so far
for tape cast doped ceria. Ball milling of the powder, composition and viscosity
of the slurry as well as sintering conditions of different tapes are discussed.
© 1998 Elsevier Science Limited and Techna S.r.l.

1 INTRODUCTION

The majority of current solid oxide fuel cell
(SOFC) systems are based on ~200 um thick self
supporting yttria-stabilized zirconia (YSZ), an
impervious oxide ion solid electrolyte of inter-
mediate conductivity that requires high operating
temperatures of >900°C. This condition increases
materials and systems costs and accelerates cell
stack degradation. A tendency has grown over the
last two years to lower this temperature to around
700°C by either (i) reducing the YSZ electrolyte
thickness to a non-supporting structure or (ii) by
replacing the YSZ by other oxide ion electrolyte
materials of superior conductivity, in order to
reduce the internal cell resistance along with the
operating temperature. Doped ceria constitutes the
most serious candidate alternative at the moment.
A major concern is the lack of availability of fine
doped ceria powder, sinterable at normal to low
temperatures (<1400°C), in particular for tape
casting application. Tape casting constitutes an
attractive, cheap, industrial approach to the large
scale fabrication of ceramic sheets, that has long
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been fully established for the standard YSZ elec-
trolyte, but not yet for the promising ceria-based
electrolytes for SOFC.

Most reports on doped ceria involve thick com-
pacts, fired at unusual high temperature (1600—
1700°C) to achieve reasonable densities. Lower fir-
ing temperature allows (i) energy saving, (ii) the use
of standard ovens without expensive heating ele-
ments, (iii) better mechanical properties of the finer
grained sintered material and (iv) cofiring with
other components of the cell.

In a previous report,l some important para-
meters regarding the powder preparation by oxa-
late coprecipitation were already identified. The
‘as-calcined’ powder could be pressed and fired to
high density compacts at low temperature, but not
tape cast, because a crucial milling step was lack-
ing. In this report, other parameters for yielding
the fine sinterable doped ceria powder are descri-
bed in detail, with particular attention for the tape
casting application.

2 EXPERIMENTAL

An overview of the steps involved in the powder
preparation of yttria-doped ceria (YDC) by the
oxalate coprecipitation route is sketched in the
flow chart of Fig. 1. Metal ion solutions of precise
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Coprecipitation procedure

1 molI'[Ce + Y]
nitrate solution

0.05 mol.I"" oxalic acid
solution, pH 6.7

Precipitation ; filtration

Washing with H,O, EtOH

Calcination at 700°C

Ball milling

Compacting

Tape casting

Sintering at < 1500°C

Fig. 1. Flow chart of the optimised oxalate coprecipitation
route for preparation of sinterable doped ceria powder.

concentrations were prepared complexometrically
(EDTA, xylenolorange indicator, acetate buffer).
The concentrated [Ce+ Y]-nitrate solution of 1
moll~!, mixed in the desired Ce:Y proportion, was
added from a burette at 10 mlmin~! under vigor-
ous stirring to a dilute 0.05 moll~! oxalic acid
solution, neutralised to pH 6.7 by ammonium
hydroxide. These optimal conditions were deter-
mined in the previous report.! The filtrate was
vacuum-filtered, treated with different washing
solvents, dried overnight at 50°C and finally con-
verted to the oxide. The calcination temperature
was varied between 600 and 1000°C in order to
control the surface area and investigate the shrink-
age behaviour of the powder. The obtained oxide
powders were checked by X-ray diffraction (XRD,
Cu K,, Philips APD1700). NaCl was used as an
internal standard for the lattice parameter deter-
mination. Crystallite sizes of the powders were
estimated by the XRD line broadening technique
(XRD-LB). For this purpose, the portions around
the (111) diffraction peak at 20 =~ 28.8° and
around the (220) peak at 20 =~ 47.8° of the dif-
fractogram of YDC were slowly scanned from
20 =26 to 31° and 20 =45 to 53°C, respectively, at
0.01° intervals and intensity counting of 4s inter-
val~!. The diffraction peaks were subsequently (i)
smoothed, (ii) deconvolved into the aq-a> doublet
using the Rachinger correction method,? and (iii)
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corrected for instrumental broadening (Gaussian-
Gaussian, Warren formula)®>? by software devel-
oped in-house. The (101) and (112) peaks of coarse
SiO, at 20 ~ 26.8° and 26 ~ 50.3°C respectively,
were used for the instrumental broadening correc-
tion. The crystallite size was calculated from the
corrected halfwidth of the YDC-(111) and (220)
peaks using the Scherrer formula.>3

A study of the sintering behaviour of dopant-
rich compacts of Ce¢7Y0330183 (33YDC) was
carried out separately and partly reported else-
where.!* Additional observations will be described
here.

Calcined powder of CepgY¢,0;9 (20YDC, a
composition close to that of maximum ionic con-
ductivity) was formulated into a tape casting slurry
either directly or after a ball milling step. Different
ball milling procedures (for 12-24h) were carried
out: wet milling in isopropanol or acetone and
dry milling, both with zirconia balls in zirconia
jars or polyethylene containers. The particle size
distribution (PSD, which yields average agglom-
erate size by volume) of each powder batch by the
sedimentation-centrifugal technique (Centrifugal
Particle Size Analyzer model SA-CP3, Shimadzu,
Japan) was closely monitored.

A slurry formulation similar as for YSZ powder
was used, as previously established in this labora-
tory:* polyvinylbutyral binder (PVB), di-n-butylph-
talate plasticizer (DBP), TritonX homogenizer
(polyethylene glycol mono-p-isooctylphenyl ether),
fish oil dispersant and organic solvent. The pro-
portions of these components were varied, for 100 g
of YDC powder, between 9-14 g of PVB, 9-14ml of
DBP, 2ml of TritonX, 2 ml of fish oil, and 90-120 ml
of solvent (isopropanol-toluene mixture in the ratio
2:1). The amount of solvent and DBP followed
approximately proportionally that of the PVB bin-
der.

The YDC powder was first mixed with the
homogenizer, dispersant, solvent and zirconia
balls, and milled for 4-8h. Then the binder and
plasticizer were added, and milling continued
overnight. The homogenised slurry was poured
into a glass container, de-aired under a mild
vacuum to an adequate viscosity and finally cast
under a blade setting of nominally 700—1100 um at
a speed of 15cmmin~! (equipment: Tsugawa Seiki,
Model DP-150, Japan). Variation of the viscosity
and of the binder proportion was studied.

After drying for 12h, discs of diameter 30—
60 mm were punched from the tapes, flipped and
placed with the ‘bottom face’ of the tape directed
upwards on a coarse YDC powder bed on alumina
substrate plates. In a first low temperature heating
cycle between room temperature and 350°C, the
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organics were allowed to burn out slowly. In the
second faster cycle, these ‘dewaxed’ samples were
fired at temperatures ranging between 1300 and
1670°C for 2 h.

Resulting densities of the sintered compacts of
33YDC and of the tape cast discs of 20YDC, 20 to
40 mm in diameter and 150 to 250 um thick, were
determined by the Archimedes method (H,0), and
their microstructures investigated by scanning
electron microscopy (SEM, Hitachi S-800, Japan).

3 RESULTS

3.1 Coprecipitation optimisation

Some details concerning the oxalate coprecipita-
tion procedure not yet outlined in previous
reports'# are useful to mention.

3.1.1 Aqueous vs ethanolic oxalic acid solution.
Oxalic acid is much more soluble in ethanol (> 4
mol1~') than in water (1.2 mol1~! without ammonia
addition, 0.42 moll~! at neutral pH). However, a
very large excess of roughly seven times the stoichio-
metric amount of oxalic acid was found necessary to
complete the precipitation reaction in ethanol,
whereas the stoichiometric amount can be used in
water. It is believed that this is due to the non-
deprotonation of oxalic acid in alcohol, which is a
less polar solvent than H,O. It was demonstrated
that highly concentrated oxalic acid solutions yield
oxide powders of poor sinterability.! YDC pow-
ders of typically several um average agglomerate
size were obtained from concentrated ethanolic
solutions, whereas submicron YDC powder was
routinely obtained from dilute aqueous solutions,
leading to much improved sintering characteristics.
In summary, because in ethanolic solution no pH
control is possible and large oxalic acid excess is
required, all-aqueous solutions are by far prefer-
able.

3.1.2 pH consideration

Several reports using the oxalate coprecipitation
bath carry out the reaction at neutral pH without
specifying a reason. The pH of the solution is an
important parameter as demonstrated earlier.!
With the known pK, ;, pK,, values of oxalic acid
and pK, value of ammonia (pK,;=1.23,
pK..=4.19, pK,=4.75), the pH of a solution of
any initial concentrations of the two reagents can
be exactly calculated, as depicted in Fig. 2(a).
Twice the molar amount of ammonium hydroxide
is necessary to neutralize the oxalic acid solution.
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Fig. 2. (a) pH of an ammonium oxalate solution as a func-

tion of the initial concentration ratio (NH4OH)/(C,H,0,); (b)

relative concentrations of molecules and ions in solution as a
function of the initial oxalic acid concentration.

The calculated concentrations of the individual
molecules and ions in solution (CoH»0y), (CoHO,),
(C>0427) and (H™) as they vary with the initial
oxalic acid concentration, are visualised in
Fig. 2(b). It is sensible to conduct the precipitation
reaction at a pH where mostly free (C,04>7) is
available, at the same time not at a basic pH to
avoid hydroxide precipitation, so that every batch
was routinely monitored at a pH of around 6.5.

3.1.3 Solution mixing speed

In a rough check, the speed of dropwise addition of
the mixed (Ce+ Y)-nitrate solution from the buret
to the stirred neutral oxalic acid solution, was var-
ied between 1 and 50mlmin—!. No difference in
resulting oxide powder agglomerate size or fired
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density of compacts was observed. An intermediate
addition speed of 1020 mlmin~! was arbitrarily
chosen for all subsequent experiments. Vigorous
stirring of the oxalic acid solution, on the contrary,
was a necessity.

3.1.4 Washing treatment of the precipitate

A standard coprecipitated batch prepared under
the optimized conditions of 1 moll~!' (Ce+Y) and
neutral 0.05 moll~! H,C,O,, was divided into
three equal parts, each of which received a different
washing treatment: (i) first H,O, then EtOH; (ii)
first H,O, then an ‘ATA’ washing step (acetone—
toluene—acetone), reported to be effective in
improving powder characteristics;®” (iii) H,O only.
All three precipitates were then in the usual way
dried overnight (50°C), calcined at 700°C (1h),
pressed into compacts at 200 MPa and fired at
1500°C (4h). Figure 3 shows SEM graphs of frac-
ture surfaces of such samples. An advantage for
the organics-washed samples is demonstrated,
showing the densest microstructure. Measured
densities were 97.1% for the ethanol- and ATA-
treated cases, but only 95.1% for the water-washed
samples. This observation was somewhat unex-
pected as oxalates were reported before to be
rather insensitive to the washing treatment.® In
retrospect, the ethanol-wash also serves as a qual-
ity test for the expected oxide powder character-
istics. If the precipitate became fluffy upon flushing
with ethanol, it was found to be of large average
agglomerate size (several um) and poor sinter-
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ability after calcination. If on the contrary no visi-
ble change was noticed during washing of the
precipitate cake with ethanol, a finer (submicron)
powder with improved sintering behaviour could
be expected.

Figure 4 resummarizes the above results and
those of the earlier report,' illustrating that only
the combined use of a particular set of coprecipi-
tation bath parameters yields sinteractive powder
after calcination. Four cases are presented: (i)
dilute (Ce+Y) nitrate solution 0.05moll~! in
dilute neutral acid 0.06moll~!, sintered from as
calcined [Fig. 4(a)] and milled powder [Fig. 4(b)];
(i1) concentrated (Ce+Y) nitrate 1 moll~! in con-
centrated neutral oxalic acid 0.41 moll~!, sintered
from as calcined [Fig. 4(c)] and milled powder
[Fig. 4(d)]; (i) concentrated (Ce—+Y) nitrate
1 moll~! in dilute oxalic acid 0.06 moll~! at a low
pH of 2, sintered from as calcined powder
[Fig. 4(e)]; (iv) concentrated (Ce+Y) nitrate
1 moll~! in dilute neutral oxalic acid 0.06 moll~!,
sintered from as calcined powder [Fig. 4(f)].

The best overall result is obtained for the as-cal-
cined powder of case (iv). For the other cases, not
even a standard wet milling step (in isopropanol)
could ‘repair’ the ill-sinterability of powders pre-
pared under unfavourable conditions of dilute
metal nitrate solution, concentrated oxalic acid-
solution, or low solution pH.

It thus appears that in a solution of either very
concentrated (C,04>7) (corresponding to highly
concentrated oxalic acid solution at neutral pH) or

(a)

(b)

Fig. 3. SEM fracture surfaces of sintered 33YDC pellets (1500°C, 4h), pressed from powders calcined from oxalate precursors
that were washed (a) with water only and (b) with water and an organic solvent (alcohol, acetone—toluene).
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Fig. 4. SEM fracture surfaces of sintered pellets (1500°C, 4 h) pressed from powders used after calcination (a, c, e, f) or a wet mil-
ling step (b, d) and obtained from different coprecipitation bath conditions: (a) (C:H,04)=0.06 mol1~!, (Ce+Y)=0.05moll~!, pH

6.7, as calcined; (b) (Co:H>04=0.06moll~!, (Ce+Y)=0.05moll"",
(Ce+Y)=1moll"!, pH 6.7, as calcined; (d) (C,H>O4)=0.41moll"!,

pH 6.7, wet milled; (c) (C,H>O4)=0.41moll™",
(Ce+Y)=1 moll~™!, pH 6.7, wet milled; (e)

C,H504)=0.06mol1~!, (Ce+Y)=1moll~!, pH 2, as calcined; (f) (C:H,04)=0.06 moll~!, (Ce+Y)=1moll~!, pH 6.7, as calcined.

of very dilute (C,0427) (corresponding to an aqu-
eous solution of low pH, Fig. 2, or to an ethanolic
solution), a well mixed oxalate coprecipitate could
not be obtained. Principally, separation of the
oxalates is possible since the solubility products of
yttrium oxalate and cerous oxalate are one to two
orders of magnitude apart.® Nevertheless, this
finding is somewhat unexpected since the reverse
strike mixing method is employed (addition of the
metal ions solution to the precipitating agent

rather than vice-versa). Every reaction was con-
ducted to completion and never was any additional
precipitate observed from the supernatant after
filtration. EDX analysis of the bulk of sintered
samples during SEM observation always confirmed
the desired Ce-Y oxide composition.

Table 1 compares the results and important
parameters of this work with those of other
reports” 13 where doped ceria powder was pre-
pared by an oxalate coprecipitation method. In

Table 1. Comparison of oxalate coprecipitation procedures from the literature with this work (data for
pressed compacts

Ref. Composition (C2H204) (Cet+Me) pH Washing Calcination  Sintering Density
mol L’ mol L' treatment (%)
9 CaDC,YDC 0.39 6.5 1000°C 1600°C2h~" 95
10 18GdDC 0.42 0.1 6 No 1700°C2h"
11 18GdDC 0.39 6.5 1000°C 1300°C10h~"
12 15GdDC 0.39 0.3 6.5 i-propanol  800°C 1400°C 4 h~? 98
1300°C4h? 88
13 GdDC 0.39 6 Organic 750°C 1550°C 95-98
Thiswork  10-33YDC 0.05 1 6.7 Alcohol 700°C 1300°C4h? 98

CaDC, YDC, GdDC: calcium-, yttrium-, gadolinium-doped ceria.
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Fig. 5. (a) Powder X-ray diffractogram of Ce ¢67Y0.33301.833 calcined at 700°C. Intensity counts vs 2 6 scaling is shown; (b) pow-

der X-ray diffractogram of coarse Ceg ¢67Y 033301 833, obtained from grinding a pellet sintered at 1500°C. The powder was mixed

with a coarse NaCl standard. JCPDS reference patterns of CeO, and NaCl are indicated. Scaling as in (a); (c) illustration of

XRD-line broadening for the (111) reflection at 2 §=28.8° of 33YDC powder calcined at 600 (broadest line), 700, 800 and 900°C

(narrowest line). The (101) reflection of coarse SiO, quartz at 2 6=26.8° is used for instrumental broadening correction. Intensity
counts vs 2 6 scaling.
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view of the reasons just discussed, an explanation
for the inferior results of those studies is suggested:
the use of too-concentrated oxalic acid solution was
likely responsible for the lesser sintering quality of
those oxide powders when compared to our data.

3.2 XRD

Figure 5(a) shows the X-ray diffractogram of
33YDC after calcination at 700°C (1h). Figure 5(b)
shows the data of coarse 33YDC, obtained after
sintering a compact (1500°C) which was crushed
and ground with a coarse NaCl standard. The
reference patterns of pure NaCl and CeO, are also
indicated in the figure. From data as in Fig. 5(b),
the lattice parameters and X-ray densities of YDC
powders of different yttrium content were deter-
mined. It is noted that the YDC peaks in Fig. 5(a)
are considerably broader than in Fig. 5(b) due to
the fine crystallite size of the powder. The primary
crystallite size of the powder naturally increased
with calcination temperature, as qualitatively
shown in the X-ray diffractrogram detail of
Fig. 5(c). The quantitative estimate from this figure
is displayed in Fig. 6. Nano-sized powder was
produced. This allows control of the surface area,
an important parameter in tape casting.

3.3 Sintering behaviour of compacts

3.3.1 Compaction pressure

From a standard batch of well sinterable powder,
pellets were compacted at different pressures

100
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0 -
50 ﬂ

40

crystallite size (nm)

30
20

10

0 1 T T T T T T T T T T T
500 600 700 800 900 1000

calcination temperature (°C)

Fig. 6. Primary particle size of 33YDC powders calcined at
different temperatures, as obtained from XRD-LB estima-
tion.
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Fig. 7. Relative green and sintered density of 33YDC pellets
(1500°C, 4 h) as a function of the compaction pressure.

between 66 and 266 MPa. Measured green den-
sities and fired densities (1500°C for 4h) in % rela-
tive to theoretical of such samples are depicted in
Fig. 7. No influence on the fired density was
detected, in contrast to findings in other works,
where acceptable densities were obtained only at
very high compaction pressures around 1000
MPa_ 1011

The fact that also samples of relatively low green
density just above 40% were readily densified,
should prove promising for the tape cast formula-
tion, where application of a compacting pressure is
absent and lower green densities of typically 35—
40% are achieved because of the organics added to
the tape casting slurry.

3.3.2 Shrinkage

The absolute and differential shrinkage curves of
compacts of YDC powder, calcined at tempera-
tures between 600 and 900°C, were measured in a
thermomechanical analysis apparatus (TMA320,
Seiko Instruments Series SSC/5200, Japan), in air,
room temperature to 1400°C at 5°Cmin~', alu-
mina rod weight. These are displayed in Fig. 8(a).
The powders start to sinter early, at about 100°C
above the temperature at which they were calcined.
For a calcination temperature < 700°C, a pro-
nounced maximum in the shrinkage rate was present
in the lower temperature region (Fig. 8(b)). As
suggested before,!? this is probably explained by
the sintering of the primary particles to denser
agglomerates, thereby eliminating the intra-agglom-
erate pores. Once this process is completed, the
densification slows down. Only at higher, normal
sintering temperatures (>1200°C) may a second
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Fig. 8. Shrinkage behaviour of pellets from YDC powders
that were calcined at different temperatures, indicated in the
figures: (a) relative linear shrinkage; (b) differential shrinkage.

maximum be observed, where the larger intera-
agglomerate pores are eliminated and the pellet
shrinks to a fully dense body. This maximum of the
high temperature region is observed with the pow-
der calcined at 900°C. For calcination tempera-
tures around 800°C, an overlapping behaviour is
recorded, featuring a rather broad maximum
between 1000—-1300°C. The shrinkage curves could
not be studied to higher temperatures (1400—
1500°C), because of temperature limitations of the
apparatus.

In summary, it appears that below 800°C nano-
crystallites arranged within agglomerates already
sintered together to form dense hard particles of
larger size. This explains the low temperature
maximum of the shrinkage curves (Fig. 8(b)), and a
drop in surface area as exemplified further below.
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It also explains another observation of a technical
nature, which was often encountered during com-
paction of the powders. Powders calcined at
<750°C were always very easily compacted and
never cracked at any stage. From calcination tem-
peratures of 750°C upwards, pressing became
increasingly difficult, the pellets often breaking
apart either during compaction itself or else during
sintering afterwards. The presence of hard
agglomerates formed by intra-agglomerate sinter-
ing of primary particles during calcination at >
700°C of such powders would aggravate the sub-
sequent compaction into pellets, often leading to
cracks. A slight drop in density (from 99 to 98%)
for sintered pellets of powders calcined at those
higher temperatures may be accounted for by this
fact.

3.4 Tape casting

3.4.1 Ball milling

As-calcined, wet milled (in isopropanol) and dry
milled powder batches were used for tape casting.
Whereas wet milling was initially employed routi-
nely to homogenize and reduce the powder
agglomerate size and thereby improve the sinter-
ability of pressed compacts at low temperature,* it
proved insufficient for low temperature sintering of
cast tapes.! Dry milling was found a much more
suitable processing step for the doped ceria powder
batches. The mean agglomerate sizes averaged to
0.75+0.05 um, 0.50£0.01 um and 0.35+0.02 um
for calcined, wet milled and dry milled powder,
respectively, over the calcination temperature
range between 600 and 1000°C. Whereas dry mil-
ling left the original ivory coloured powder
unchanged in appearance, wet milling in iso-
propanol or acetone darkened the doped ceria to
beige-brown. A possible carbon contamination and
resulting bloating at high sintering temperatures
may explain the inferiority of wet milled powder, in
addition to its slightly larger agglomerate size,
when compared with the dry milling process.

3.4.2 Surface area

The BET surface areas of calcined and milled
powders were routinely checked (Shimadzu Model
2200, Japan). The variation of this value with cal-
cination temperature follows largely the expected
trends, as plotted in Fig. 9. The highest surface
areas were found for the dry milled powders, and
surface areas decreased with increasing temperature
for all powders. The sudden drop between 700 and
800°C was explained above by primary crystallite
sintering within agglomerates.
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Fig. 9. BET surface area of 20YDC powder after calcination
at different temperatures and after ball milling.

3.4.3 SEM analysis

The results obtained for tape casting of the differ-
ent 20YDC starting powders is illustrated in the
following for various cases by a study of the
microstructure. The calcination temperature was
chosen as 800°C if not stated otherwise, since this
yielded surface areas of around 10m? g~! (Fig. 9)
as typically employed in tape casting. The residence
time at the different sintering temperatures was 2 h.

As-calcined powder directly formulated into a
tape cast slurry without a prior milling step, could
not be densified at any temperature, maximizing to
90% of theoretical at the highest temperature
(1670°C) used in this work.

Wet milled powder could be sintered to gas-tight
membranes only at the highest temperatures
(1650-1670°C), e.g. to 95-96% of theoretical at
1670°C, but to only 91% at 1500°C.

Dry milled powder of <0.35um average size
could always be fired to high density, also at lower
temperatures, e.g. to 98% at 1400°C and 99% at
1500°C, regardless of the BET surface area—and
hence the calcination temperature—of the powder.
Indeed, powders calcined between 700 and 1000°C,
showing surface areas of 21 down to 6m?g~!
(Fig. 9), were sintered to similarly dense tapes
using essentially the same slurry. This observation
should not surprise, since also YSZ (yttria stabi-
lized zirconia) powders with surface areas between
4 and 16m?g~! had been routinely cast with the
same slurry in this laboratory. The only alteration
was a slight increase of binder (and parallel to this
of plasticizer and solvent) for the powders of
higher surface area.
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Fig. 10. Relative densities of sintered 20YDC tapes, cast
from slurries with different starting powders as indicated.

Figure 10 summarizes the density data graphi-
cally. Figures 11-13 display SEM graphs of sur-
faces and fracture edges of the different tapes.
Figures 11-13 shows the result for sintering at the
highest temperature, 1670°C, of tapes cast from the
three different starting powders ‘as-calcined’
[Fig. 11(a), (b), 90% dense], wet milled [Fig. 11(c), (d),
96%] and dry milled [Fig. 11(e), (f), 99%]. Figure 12
shows inferior tapes, fired at temperatures lower
than the maximum (1670°C), cast from ‘as-calcined’
[Fig. 12(a), (b), 1600°C, 75% dense] and wet milled
powders [Fig. 12(c), (d), 1500°C, 91%]. Figure 13
finally shows superior tapes cast from dry milled
powder and fired at temperatures lower than the
maximum (1670°C): 1600°C [Fig. 13(a), (b), 99%
dense], 1500°C [Fig. 13(c), (d), 99%], 1400°C
[Fig. 13(e), (f), 98%], and 1300°C [Fig. 13(g), (h),
93%]. It is noted that even for a short sintering
time (2 h) at 1300°C, densification of the membrane
has started. By increasing the sintering time at
maximum temperature, the final density is
improved to gas tightness. This was confirmed by
sintering 20YDC tapes to 1300°C for 10h, result-
ing in impervious 95% dense membranes. This is
the lowest temperature yet reported for the densi-
fication of tape cast doped ceria.

3.4.4 Slurry viscosity

A large slurry batch with previously dry milled
powder was divided into equal portions, each of
which was de-aired down to a particular viscosity.
In this way, the role of the viscosity at which the
slurry was cast, was studied. From each tape por-
tion, discs were punched and fired to 1400°C for
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Fig. 11. SEM graphs of surface views (a, c, e) and fracture surfaces (b, d, f) of sintered 20YDC tapes (1670°C, 2h) from: (a, b) as
calcined starting powder; (c, d) wet milled starting powder in isopropanol; (e, f) dry milled powder.

2h. No difference in fired density was observed,
averaging to 98.5% £0.7% for slurry viscosities of
1-9 Pa.s. However, at low viscosities of 1 Pa.s, too
much solvent had yet to evaporate off the cast tape
so that often ripples were formed on its surface
during drying. These tapes can be densified in the
usual way, but the surfaces of the sintered discs
then showed not a smooth, but a patterned
appearance. At high viscosities of 6-7Pa.s, the
paste becomes too thick-flowing, with the risk of
creating unevenness or stripes in the cast film. On
the other hand, membranes cast at low viscosity
tend to remain flatter upon ‘dewaxing’ of the
organics (and subsequent firing) than membranes
cast at high viscosity, which tend to warp more.
Hence an intermediate viscosity value of =~ 2-3
Pa.s was determined as the most appropriate, to
give samples both flatter and with smooth surfaces.

3.5 Slurry binder content
For a large powder batch from dry milled pow-

der, several slurries were prepared each of which
contained a different amount of PVB binder and

DBP plasticizer. Powder-to-binder ratios (by
weight) of 7, 8, 9, 10 and 11 were prepared, and
all slurries cast at similar viscosities of 2-3Pa.s.
Again the amount of binder did not affect the
fired density, but rather the smoothness and
flatness of the sintered tapes. At too-low binder
content (powder-to-binder ratio 11), cast films
sometimes cracked after drying, and also tended
to warp substantially in the dewaxing stage.
Increasing the binder content keeps the samples
flatter during burnout of the organics. Also, a
higher binder content gives the cast film a sticky
surface after drying, which is useful for adhesion
of electrodes or other electrolyte layers (e.g. thin
YSZ) that may be cast on top of the doped
ceria green film. Without this adhesion between
layers in the green state, good bonding after fir-
ing is unlikely to be achieved. Higher binder
content increases significantly the linear shrink-
age of the membrane at the burnout stage, a
factor which has to be taken into account in
particular for multiple layer casting: powder-to-
binder ratios in the multiple layers should lie
very close to each other.
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Fig. 12. SEM graphs of surface views (a, ¢) and fracture surfaces (b, d) of sintered 20 YDC tapes from inferior starting powders:
(a, b) as calcined powder, sintered at 1600°C for 2 h; (c, d) wet milled powder, sintered at 1500°C for 2 h.

For our routine casting experiments with doped
ceria, a typical powder-to-binder and powder-to-
plasticizer ratio of 9 was employed.

3.5.1 Sample flattening

Samples from tapes cast under optimized condi-
tions of slurry composition and viscosity were
placed on a coarse YDC powder bed on alumina
substrates, without a load, for sintering. The YDC
powder bed prevented adhesion of the sticky films

to the substrate, and diffusion of ceria from the
bottom of the samples into the substrate at high
temperatures (> 1500°C).# Slightly warped discs
prepared in this way required an additional flat-
tening step in order to use them for practical
applications, e.g. electrochemical or mechanical
testing. This could be carried out by refiring the
sintered samples sandwiched in between flat alu-
mina plates, under a heavy load of ca 50 gcm 2.
An example of flat translucent samples obtained in
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Fig. 13. SEM graphs of surface views (a, c, e, g) and fracture surfaces (b, d, f, h) of sintered 20 YDC tapes from dry milled start-
ing powder: (a, b) sintered at 1600°C, 2 h; (c, d) sintered at 1500°C, 2 h; (e, f) sintered at 1400°C, 2 h; (g, h) sintered at 1300°C, 2 h.

Fig. 14. Picture of flattened, densely sintered translucent 20
YDC samples (0.15-0.25 mm thick).

this way is presented in Fig. 14. The rectangular
plate measures 9 x 7 x 0.016 cm.

Owing to their high density and high homo-
geneity, both sintered compacts and tapes showed
high conductivity of e.g. 0.06(Qcm)~! at 750°C in
air, which approaches that reported for pellets of
more expensive Gd- and Sm-doped ceria,'*!> gen-
erally considered to be the best ceria-based con-
ductors. Details on our conductivity data are
published elsewhere.*

4 SUMMARY

Highly sinterable nano-sized yttria doped ceria
powder was prepared by an optimized coprecipita-
tion method. In addition to pH and solutions con-
centration control, alcohol washing of the
precipitate and calcination at 700°C were identified
as important factors in the overall preparation
route. This powder could be formulated into tape
cast slurries, cast to films and fired to high density
at low temperature (98%, 1400°C). Dry milling of
the powder to reduce the average agglomerate size
constituted the most important powder processing
step. The surface area parameter was of minor
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importance. Slurry composition, casting viscosity,
and firing cycles were optimized to deliver flat
translucent samples showing very good con-
ductivity behaviour. Given the low temperature
densification of the films, cofiring with other mate-
rials (electrodes, composite electrolyte with YSZ)
for SOFC application becomes feasible.
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