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Reactive Cerium(lV) Oxide Powders by the Homogeneous
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CeO, powders have been prepared by aging a cerium(III)
nitrate solution in the presence of hexamethylenetetramine.
Oxidation of Ce** occurs in the precipitate and the wet pre-
cipitate is identified as crystallized CeQ, before any heat
treatment. The cold-pressed powders can be sintered to full
density at temperatures as low as 1250°C in just 6 min.
Moreover, the sinterability of the powders is insensitive to
the calcination temperatures, particle size, or green den-
sity. The powders calcined at 850°C with a crystallite size of
600 A have a sinterability as good as the powders calcined at
450°C with a crystallite size of 145 A. The mechanisms for
direct CeQ, precipitation and its relation to the excellent
sinterability are discussed.

I. Introduction

HIGHLY refractory oxides such as UO,, ThO,, CeO,, Y,0;,
and R,0, (R = trivalent rare-carth elements) are difficult
to sinter to high density below 1500°C in air without sintering
additives. Typically, to obtain fully dense bodies, these ceram-
ics are fired above (800°C and in a special atmosphere such as
hydrogen. Sinterability can be improved by using better pow-
ders. Research on Y,0,' has shown that monosized spherical
powders of 0.2-um particle size can be sintered to 99.9% of
theoretical density at 1700°C. This compares with powders of
irregular shapes and larger sizes which reached only 98% in dry
H, at 2100°C. Similar success in improving sinterability
through better powder processing for other refractory oxides in
the above family, however, has not been reported. In this paper,
we describe a precipitation method for producing highly reac-
tive CeO, powders sinterable below 1300°C.

In a typical precipitation procedure, oxide powders or their
precursors are obtained by adding a ligand, say ammonia,
directly to a solution containing metal cations. An insoluble salt
is precipitated once its solubility limit is exceeded. This proce-
dure has little control over the precipitate shape and size
because of the rapid change of solution concentration and the
localized, discontinuous nature of ligand introduction and reac-
tion. A better control can be rendered if the ligand, and hence
precipitates, are generated simultaneously and uniformly
throughout the solution. The latter process, when practicable,
is termed a homogeneous precipitation method. Techniques for
obtaining homogeneous precipitates have been reported as
early as 1937 by Wiliard and Tang in forming aluminum
sulfate.*

A common key feature of homogeneous precipitate methods
is the controlled release of the reaction-participating ligands by
another source chemical in the solution. Urea, which can
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slowly decompose to yield ammonia and HNCO, in situ, may
be used as the ligand source for ammonia as demonstrated by
the original work of Wiliard and Tang. More recently, Sordelet
and Akinc® prepared spherical, monosized yttrium oxide pre-
cursor particles using urea and an yttrium salt. Aiken and co-
workers® also used the same method to prepare an Y(I1I)/Ce(1l)
mixed compound with spherical morphology. (Roman numer-
als are used here to designate valence states.) Similarly, Mati-
jevic and Hsu’ showed that many trivalent lanthanide ions
(Sm**, Eu**, Gd**, and Tb**) precipitated in a urea solution as
amorphous hydroxyl carbonate compounds of the spherical
shape with a narrow size distribution.

Interestingly, the above urea-based method seemed inappro-
priate for precipitating pure Ce(111) compounds. The crystalline
compound of Ce,O(CO,),-H,O obtained by Matijevic and Hsu’
were not in spherical form despite attempts over a wide variety
of reaction conditions. On the other hand, spherical cerium(IV)
oxide sols have been prepared by Hsu er al.* using hydrolytic
deprotonation of Ce(IV) ions in the presence of dilute sulfuric
acid. Unfortunately, the method requires a relatively low cation
concentration (5 X 107*M) and thus is not practical for powder
production. It should be noted that in all of the cases quoted
above, the sinterability of ceria powders was not reported.

An alternative to urea as an ammonia source can, in princi-
ple, be found in other compounds. For example, hexamethyl-
enetetramine (HMT) can hydrolyze slowly to yield ammonia
and formaldehyde.™" In this case, the rate of homogeneous pre-
cipitation is controlled by hexamethylenetetramine hydrolysis.
Such a method has been used for preparing ZnO.'"""* By aging a
nitric aqueous solution at elevated temperatures in the presence
of HMT, ultrafine ZnO particles with a specific surface area of
9 m¥/g were synthesized." The powders so obtained were usu-
ally not spherical in shape and their sinterability was not
known.

The goal of this research is to prepare CeO, powders of high
sinterability. Pure CeO, will undergo reduction at high tempera-
ture which necessitates a low sintering temperature and an oxi-
dizing environment. High-quality, reactive powders are thus
essential for obtaining high-density CeO, bodies. We have suc-
cessfully prepared CeO, powders directly from cerium(II)
nitrate and hexamethylenetetramine (Ce-HMT method) by
controlling the reaction conditions. These powders can be eas-
ily compacted by conventional die pressing and wet-bag pro-
cesses, and the sinterability is found to be insensitive to the
calcination temperatures. Fully dense bodies have been
obtained after firing in air at as low a temperature as 1250°C for
only 6 min. In the following sections we describe the method of
powder preparation, the powder characteristics, and the sin-
tering behavior. For comparison, corresponding CeO, powders
prepared by the direct ammonia method (Ce~NH,OH method)
and by the urea method (Ce—urea method) are also reported.

II. Experimental Procedure

Cerium nitrate (Ce(NO,);, Alfa), hexamethylenetetramine
((CH,)¢N,, Lancaster), urea ((NH,),CO, Fisher), and ammonia
(NH,OH, Mallinckrodt) were used as starting materials. When
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needed, dilute nitric acid or ammonia was used to adjust the pH
value. Stock solutions were prepared by dissolving cerium
nitrate in doubly distilled water and filtering through a porous
membrane (pore size = 0.45 mm). Acid, base, and organic
chemicals were used without further purification.

In the Ce-HMT method, a proper amount of solution was
diluted into desired concentrations (0.0375M for the Ce(Ill)
salt), and 0.5M hexamethylenetetramine was dissolved in the
dilute solution. The mixed solution was first aged at room tem-
perature overnight, then heated to 70 = 1°C for | h to effect
precipitation. The resulting dispersions were filtered through a
0.2-um membrane, and the recovered precipitates were washed
with isopropyl alcohol. The washed precipitates were dried
overnight in an oven at 85°C in air, then calcined at various
temperatures.

In the Ce-urea method, 0.5M urea was dissolved in a
0.008M cerium nitrate solution. The solution was then heated
to 85 = 1°C for 1 h to effect precipitation. The recovered pre-
cipitates were washed with acetone, oven dried, and calcined.
(The above method is similar to that reported in the literature.”)

In the Ce-NH,OH method, ammonia was added directly to a
0.0375M cerium nitrate solution until the pH value was 10 to
effect precipitation at room temperature. The precipitates were
washed with water and isopropyl alcohol, vacuum dried at
room temperature, and calcined.

To evaluate the sinterability of these powders, cylindrical
pellets were prepared by uniaxial dry pressing, followed by iso-
static pressing. They were sintered in air at 1320°C or lower
temperatures for 6 min using a constant heating rate of
10°C/min. In a separate experiment, sintering shrinkage from
room temperature to 1450°C was monitored using a dilatometer
operated in air at a constant heating rate of 10°C/min.

The phase identification was performed by the X-ray diffrac-
tion (XRD) method using CuKa radiation. When needed,
coarse-grained metal Ni powders were used as a standard, and
the crystallite size was estimated by line broadening analysis
taking into account the instrument broadening with reference to
the Ni standard. Precipitate morphology was examined by
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). The specific surface area of the powders
was measured by BET. Microstructural examinaticn of the inte-
rior of the sintered specimens was performed on polished and
thermally etched surfaces. The tapped density and the green
density of the compacts were calculated from the dimensions of
the samples and their weight, and the sintered density was
determined by the water displacement method.

III. Results

(1) Chemistry and Powder Characteristics—Ce-HMT
Method

The yield for the Ce-HMT process was between 70% and
75%. During the process, we observed systematic changes in
color and pH value of the solution. After hexamethylenetetra-
mine was dissolved in the cerium nitrate solution, the originally
clear solution gradually became lightly translucent. The color
variance during room-temperature aging was very slow. For
example, after overnight aging we observed a lightly opaque
solution of pale purple. Subsequently, the solution turned into
pinkish-purple while being heated up. The wet recovered pre-
cipitate appeared purple but the oven-dried precipitate was
khaki yellow. Finally, the calcined powders were lemon yellow.

Meanwhile, the pH value of the solution during processing
was changing as schematically shown in Fig. 1. Starting with
distilled water having a pH value of 5.5, the dilute cerium
nitrate solution had a pH value of about 4.4. It changed to 6.9
after the dissolution of hexamethylenetetramine. During room-
temperature aging, the pH value of the solution decreased
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Fig. 1. Change of pH value during powder processing.

slowly (from 6.9 to 6.4), and the decreasing rate became faster
during subsequent heating (from 6.4 t0 5.9 in 1 h).

Figure 2 shows XRD patterns of powders produced by the
Ce—HMT method with various heat treatments. Also included
in Fig. 2(a) is the XRD for the Ce-NH,OH method, as will be
discussed later. It is noteworthy that the wet precipitate (see
Fig. 2(b)) already displayed all of the major reflections of CeQ,
with a fluorite structure. After drying, heating, and calcination,
the charactenistic peaks of CeO, became sharper, and the higher
the heat treatment temperature, the sharper the peaks.

We have investigated the evolution of the crystallite sizes
during heat treatment. Figure 3 summarizes the data obtained
from line-broadening analysis of the 111 peak in XRD as a
function of heat treatment temperatures. As can be seen, the
crystallite size grows slowly if the calcination temperature is
below 450°C. At this point, the average crystallite size is 145
A. However, calcination at 850°C increased the average crys-
tallite size by about fourfold to 600 A.

This coarsening trend in crystallite size is confirmed by other
measurements. Figures 4(a) and (b) compare powders after
calcination as viewed by TEM. The micrograph in Fig. 4(a) is
for the powders calcined at 450°C. It reveals a very fine particle
size, =65 A, although some variation is clearly present. After
calcination at 850°C, the particle size coarsens to 450 A. Addi-
tionally, the BET specific surface area of the powders after
450°C calcination was 53 m%g and after 850°C calcination 14
m’/g. Assuming particles are closed spheres with smooth sur-
faces and using the CeO, density of 7.132 g/mL, the calculated
average diameters of the spheres are 79 and 303 A,
respectively.
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Fig. 2. X-ray diffraction patterns for Ce powders: (a) Ce-NH,OH
vacuum dried at room temperature; (b) Ce~HMT wet precipitate; (c) as
(b), oven dried at 85°C; (d) as (b), calcined at 200°C for 1.5 h; (e) as
(b), calcined at 850°C for 1.5 h.
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Fig. 3. Average crystallite sizes determined from 111 reflection
(d,,,) versus heat treatment temperatures.
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Summarizing these data, it is obvious that the powders
obtained from the Ce—HMT method are initially very fine and
remain so after calcination at 450°C. A higher calcination tem-
perature of 850°C coarsens the powder considerably although
the crystallite size is still below 600 A. With such a fine size,
the powders appear very loose with a tapped density of 0.37
g/mL after 450°C calcination and 1.0 g/mL after 850°C
calcination.

(2) Chemistry and Powder Characteristics—Ce-NH ,OH
and Ce-Urea Methods

The XRD data shown in Fig. 2(a) identify the precipitate of
the Ce-NH,OH method as CeO, of a very fine crystallite size.
The morphology of this powder after 450°C calcination is
revealed by Fig. 4(c) and seems mostly equiaxed. However, the
size distribution is extremely broad with the smaller particles of
0.1 wm appearing in groups of two or three against some
agglomerates as large as 7.0 wm. Its tapped density is 1.8 g/mL
after 450°C calcination, which is much higher than that of the
Ce—HMT powders.

(b)

Fig. 4. TEM micrographs of powders prepared by Ce-HMT method calcined at 450°C (a) and 850°C (b) for [.5 h. Compare SEM micrographs of
powders by Ce-NH,OH method (c) and Ce—urea method (d), both calcined at 450°C for 1.5 h.
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The precipitate from the Ce—urea method, dried at 85°C, was
identified as Ce,0(CO,), by XRD. After calcination at 450°C
for 1.5 h, Ce,O(CO,), was converted to CeO,. The morphology
of the powder is illustrated by the SEM micrograph in Fig.
4(d). Both short rods and flower or starlike flakes are clearly
visible. The average dimensions of the particles are much larger
than those of the other two methods.

(3) Sinterability

The sinterability of powders from the three preparation meth-
ods is compared in Fig. 5. All powders were calcined at 450°C
for 1.5 h before sintering. As illustrated in Fig. 5(a), the pow-
ders synthesized by the Ce-HMT method have reached full
density at 1250°C in just 6 min. At a higher sintering tempera-
ture, 1320°C, full density was again achieved but the grain size
was coarser, as is evident from Fig. 5(b). At the latter tempera-
ture, the powders from the Ce—-NH,OH method reached a rela-
tive density of 92% with a microstructure consisting of porous
regions embedded in a much denser background, as shown in
Fig. 5(c). The powder of the Ce-urea method behaved even
worse; the sintered body contained continuous porous regions
with a relative density of only 78%

Experiments were also carried out to investigate the effect of
calcination temperature on the sinterability of the Ce-HMT
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powders. As evident from Table I, full density at 1320°C has
been reached by all of the Ce—HMT powders despite their dif-
ferent green density, from 2.9 to 3.7 g/mL. The microstructures
of three sintered bodies using differently heat-treated powders
are shown in Fig. 6. It is clear that even though the powders cal-
cined at 850°C are coarser, their compacts are fully dense.
Compared to the other two bodies, made of much finer starting
powders, the grain size distribution using 850°C calcined pow-
der is apparently more uniform.

Dilatometer data shown in Fig. 7 provide further information
on the sintering behavior of these highly reactive powders. Not

Table 1. Green Density and Properties of Sintered Bodies
(1320°C for 6 min) Using Powders Prepared by Ce-HMT
Method Calcined at Different Temperatures

Calcination Green Grain Sintered

temperature density size density
°O) (g/mL) (pm) (g/mL)
200 2.9 1.45 7.12
450 2.9 1.45 7.13
850 3.7 1.46 7.13
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Microstructures of sintered specimens from Ce—HMT method sintered for 6 min at (a) 1250° and (b) 1320°C. Compare specimens from

powders of (c) the Ce-NH,OH method sintered at 1320°C for 6 min and (d) the Ce—urea method sintered at 1320°C for 6 min.
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surprisingly, two of the specimens from finer powders with sim-
ilar green density have almost identical sintering behaviors. Yet
the value of green density is again seen to have no effect on final
density at the highest temperature. Significant shrinkage gener-
ally occurs above 950°C and reaches a maximum at around
1250°C, although some shrinkage has already appeared above
500°C with the finer powders.

IV. Discussion

(1) Chemistry of the Ce-HMT Method

According to the literature,”'® hexamethylenetetramine pos-
sesses a unique characteristic of hydrolyzing quite slowly to
produce formaldehyde and ammonia under acidic circum-
stances. This reaction and the subsequent hydrolysis of ammo-
nia are expressed as

CH,N, + 6H,0 = 6H,CO + 4NH, 10
NH, + H,0 = NH,OH )

The hydrolysis can be controlled by adjusting pH and tempera-
ture. A lower pH or a higher temperature favors the hydrolysis.
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Fig. 7. Sintering curves of powders calcined at (a) 200°, (b) 450°,
and (c) 850°C.
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Microstructures sintered at 1320°C for 6 min using Ce-HMT powders calcined at (a) 200°, (b) 450°, and (c) 850°C, all for 1.5 h.

Based on this knowledge, we suggest that the nucleation of the
precipitates is achieved during room-temperature aging when
the low pH favors hydrolysis which proceeds to attain the large
critical supersaturation necessary for low-temperature nucle-
ation. Once nucleated, precipitates by initial growth quickly
exhaust the hydroxyl ions which cannot be replenished rapidly
at low temperature despite the favorable pH. Subsequent
growth of the precipitates becomes possible only by heating to
an appropriate temperature that effects further hydrolysis. In
our study, the second aging temperature was adjusted to about
70°C, and at a pH value of 6.4, to provide sufficient but still
slow hydrolysis to feed precipitate growth. In this way, very
fine powders of a relatively narrow size distribution could be
obtained with a high yield.

From the X-ray diffraction data shown in Fig. 2, it is clear
that the wet precipitate was already CeO,. Since the starting
cerium salt is Ce(NO,),, it requires the oxidation of Ce** to
Ce** in the solution. In this system, there are two possible
causes for this oxidation. First, according to the Lewis defini-
tions of acids and bases, Ce** is a Lewis base and Ce** is a
Lewis acid. Basic solution, therefore, favors Ce** compared
with Ce**. This is made possible by the hydrolysis of hexamethy!-
enetetramine. (A similar situation is also encountered in the
Ce—NH,OH method where CeO, was likewise found.) Second,
among organic compounds, hexamethylenetetramine is an oxi-
dation reagent itself (e.g., in the oxidation reaction of benzylic
halides’). To differentiate between these two mechanisms, we
have also attempted another experiment in which the pH value
after HMT addition was readjusted to return to 4.5. The resul-
tant powder from this process was still found to be CeQ,. Thus,
in the Ce-HMT method, HMT must have played a more
important role in Ce** oxidation.

Because of their lower basicity and higher charge, Ce** ions
usually undergo strong hydration. The hydrated Ce** ions can
form complexes with H,O molecules or OH ™ ions, in the form
of Ce(H,0),(OH),“**"*  where x + y is the coordination num-
ber of Ce'*. Further polymerization of this hydroxide is also
likely, and both can serve as precursors for the final oxide. Fur-
thermore, in aqueous solution, H,O and H,CO as polar mole-
cules tend to take protons away from the hydroxide, as
represented below

Ce(H,0),(OH),* '+ + H,0 - CeOyn(H,0) + H,0*
(3)
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Thus, CeO, forms even at a low temperature in the solution.
Evidence for the release of H* ions in Eq. (3) is already seen in
Fig. 1, which shows that the pH value of the solution decreases
in both aging stages.

The color variation of the solution during reaction as
described in Section IlI(1) provides additional information for
the above oxidation/hydration process. We note that CeO, pow-
ders typically have a light yellow tint. On the other hand,
hydrated CeO,-n(H,0) or Ce(H,0),(OH),** ** salt apparently
has a ligand field that absorbs light differently to give it a pink-
ish-purple color. Such a color has appeared at the very begin-
ning of the precipitation reaction, e.g., during room-
temperature aging, and remained essentially unchanged, only
becoming more intense as the reaction is driven into comple-
tion. Thus, the valence state of the cation, Ce(IV) as we
believe, must also remain the same throughout the above pro-
cess. Final drying affects only dehydration and not valence,
giving a light yellow product which is already CeO,.

(2) Chemistry of the Ce~-NH ,OH and Ce~Urea Methods

In the Ce-NH,OH method, the precipitate is also CeO, after
vacuum drying at room temperature. This is evident from Fig.
2(a). Thus, once again it involves Ce**/Ce** transfer. This may
be due to the addition of a large amount of NH,OH, which
increases the pH value from 4.4 to 10. According to the emf
data"

Ce'* + HLOS Ce(OH)Y'' + H' + ¢
(E, = —L.70V) 4)

Thus, an increase of 0.36 V in emf can be realized from the
above pH change. The very high pH value also favors the
hydrolysis of the relatively large Ce'* ion. These factors com-
bined are apparently sufficient in effecting Ce** oxidation. The
subsequent precipitation reaction for CeO, is similar to that in
the Ce-HMT method.

In the Ce—urea method, the precipitate is Ce,O(COs),-H,0O
rather than CeO, which agrees with the observation reported by
Matijevic and Hsu.” In this case, urea decomposes according to
the following reaction:

(NH,),CO — NH, + HNCO (5)

Then, by further hydrolysis of HNCO, CO,*" ions form to pro-
vide the source of carbonate precipitation. Unlike other triva-
lent lanthanide ions (R = Gd**, Eu**, Tb**, and Sm**), Ce**
does not hydrolyze to ROH?* before forming its carbonate.
Instead, direct precipitation reaction occurs via

2Ce(H,0),** + 3C0O,*~ — Ce,0(CO,),H,0
+ CO, + (2n — DH,0 (6)

as suggested by Matijevic ez «l.,” which is an entirely different
path from that taken by Ce** ions in the Ce-HMT method.

It seems plausible that the reason which causes this differ-
ence between the Ce—HMT method and the Ce-urea method
lies in the solution chemistry. In the Ce-HMT method, the
major ligands in the solution are OH™ ions. In the Ce-urea
method, however, the major ligands are OH~ ions and CO,*~
ions. The formation of Ce,O(CO,), rather than CeQ, in the Ce—
urea method is the result of the competition between OH ™ and
CO3". Other subtle effects of ionic size may also be significant
since, in the urea method, the Ce(IIl) precipitate is crystalline
Ce,0(CO;), while smaller trivalent rare earth precipitates are
amorphous hydroxyl carbonates.’

(3) Sinterability of Powders

The process we used has a high yield, between 70% and
75%. At the typical cation concentration, 3.75 x 107’M, at
least 4.68 g of CeO, powders can be obtained from 1 L of solu-
tion. This is a more favorable yield than the one reported by
Hsu er al.® and Matijevic er al.” where cation concentrations
ranging from 10~7 to 10 *M were used.
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The sinterability of the powders produced by the Ce-HMT
method is obviously excellent. They can be sintered to full den-
sity at temperatures below 1300°C. Most reports on pure CeO,
have utilized a sintering temperature above 1500°C. Moreover,
none of them, to our knowledge, was able to achieve a high
density above say 97%."-'° The excellent sinterability is insen-
sitive to particle/crystallite size and can be maintained after
coarsening at higher calcination temperature, say 850°C, which
increases the crystallite size to about 600 A and reduces the sur-
face area to about 10 m%g. The coarser powders, which have a
higher tapped and green density, are clearly preferred from a
practical point of view, which favors a smaller sintering shrink-
age and easier handling. In these respects they are comparable
to the best industrial powders of high melting point ceramics
available today, such as alumina and yttria-stabilized tetragonal
zirconia."’

It is also interesting to point out that the high sinterability
obtained here does not require powders which are monosized
and spherical. In contrast, for the case of Y,0;, Sordelet ef al.?
used monosized spherical powders but could not obtain sintered
density above 99% at 1700°C. They attributed this deficiency to
the agglomeration and fault generated during dry handling of
the powders. This is not consistent with our experience, since
our pressed pellets of rather low green densities apparently have
no difficulty reaching full density. In fact, despite many
reports'” " that emphasize the importance of green density and
good packing, which argues for direct shaping from the colloi-
dal state, we have found that, with powders of inherently better
sinterability, sintering can be very forgiving to the handling and
green packing methods.

The apparent contradiction of our observations to these gen-
erally expressed opinions in the literature can be reconciled by
the following reasoning. The indifference of sintering to the
powder calcination temperature and hence, the particle size,
can be understood from inspection of Fig. 7. Since the sintering
temperature is always far above the highest calcination temper-
ature, and substantial shrinkage already takes place at lower
temperatures, it is obvious that powders must have coarsened
substantially during heating. Thus, the effective powder size at
the sintering temperature is always much larger than the starting
powder size, rendering the latter mostly irrelevant. On the other
hand, we believe that a key attribute of our powders that is
responsible for their superior sinterability is related to the direct
formation of CeQ, from precipitation. Absent from any chemi-
cal reactions and bonding changes that usually take place in
calcination, the tendency for forming solid bridges between our
powders is greatly reduced even during heat treatment. Thus,
the powders are soft and unagglomerated, giving rise to excel-
lent sinterability regardless of the handling and heat treatment
techniques employed.

V. Conclusions

(1) Highly sinterable CeO, powders have been prepared
using a high-yield homogeneous precipitation method utilizing
hexamethylenetetramine and trivalent cerium salt.

(2) Oxidation of Ce*" takes place in the solution before
hydrolysis, which is followed by crystallization of CeQ,-
n(H,0).

(3) The dried CeO, powders can be easily sintered, with or
without calcination, to full density at temperatures below
1300°C using green bodies formed by dry-pressing and wet bag
techniques.

(4) Sinterability is found to be insensitive to particle size,
green density, and forming method. Direct formation of CeQ,
from precipitation is believed to reduce the chance of forming
solid bridges between particles during calcination which hin-
ders sinterability.
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