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Abstract

The synthesis of lanthanide oxide precursor particles
through urea decomposition has received consider-
able attention over the past few years. It was previ-
ously reported by several different workers that the
synthesis of spherical, monodispersed light lanthanide
ceramic precursor particles was consideably more
difficult than the precipitation of spherical particles
from the heavy lanthanide elements. These difficulties
have been overcome to a large extent by proper
choice of processing conditions. This paper describes
the synthesis conditions for which dispersed spherical
particles and plates may be formed of lanthanum,
the lightest of the lanthanide elements. The experi-
mental conditions for the synthesis of these particles
is given in the form of morphological diagrams and
the chemistry and yield of the process is also
reported. The process was also analyzed as a function
of time in order to observe the supersaturation and
growth regimes. The effect of calcining on the morph-
ology of the particles is also discussed.

1 Introduction

It was previously reported by Akinc and Sordelet!
that lanthanum, cerium, and neodymium powders
precipitated as crystalline basic carbonate particles
when urea was used as the precipitating agent.
Yttrium, on the other hand, and the heavy rare
earths,? defined in this paper as those heavier than
gadolinium, precipitated as spherical, amorphous
particles under similar conditions. Recently, it was
shown that the light lanthanides can be precipitated
as spherical monodispersed particles through the
proper choice of initial conditions*® and by the
proper choice of supporting anions.” These reports
demonstrate the sensitivity of particle morphology
to subtle variations in experimental conditions.
The growth of monosized, spherical particles
has been explained by two mechanisms. The first
mechanism is that of spontaneous accumulation
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of polymeric species and subsequent particle
sharpening as a result of radius dependent particle
growth during aging. Formation of latex particles
was shown to follow this mechanism. The second
mechanism is the aggregation of nuclei to form
spherical particles. Bogush and Zukoski®® claimed
that formation of silica from tetra ethyl ortho silicate
(TEOS) follows the aggregation mechanism. Visible
proof of the aggregation mechanism has been
reported by Celikkaya and Akinc'® in the precipita-
tion of zinc sulfide particles from thioacetamide
solutions where spherical polycrystalline particles were
formed. Nanocrystalline aggregates of sphalerite crys-
tallites were observed in SEM and TEM micrographs.

The accepted precipitation mechanism for well
developed euhedral particles is based upon the
accumulation of 1onic species on the surface of nuclei.
Preferential growth planes, as determined by surface
energy and Kinetic restrictions, will then result in
euhedral particle (particles with well defined shapes,
faces) formation. A number of colloids were precipi-
tated with either spherical or euhedral morphology
with relatively subtle changes in experimental con-
ditions such as kinetics of precipitation. It appears
that a third mechanism in the formation of spherical
particles is operative such that a fast accumulation
of ions will also yield spherical particles.

The present work extends the work of Akinc and
Sordelet' on the synthesis of crystalline euhedral
light lanthanides to precipitate spherical monodis-
persed lanthanum carbonate particles by homoge-
neous precipitation using urea as the precipitating
agent. Morphological diagrams and process yields
for a wide range of initial conditions are reported.
Additionally, the influence of calcining on the particle
morphology and chemistry is also examined.

2 Experimental Procedure

2.1 Materials
The lanthanum stock solution was prepared by
dissolving 99-9% pure La,O; (Molycorp) in nitric
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acid (Malinckrodt). The solution was then diluted
to approximately 0-5 M with respect to La’" ion
and filtered through a 0-22 um Teflon® membrane
(Micron Separations, Inc). It is particularly
important for homogeneous precipitation studies
that no foreign particles which might act as seed
crystals enter into the reaction vessel. For this
reason, the lanthanum solution was acidified
through the addition of excess nitric acid and
heated to remove what appeared to be sponta-
neous lanthanum carbonate formation within
the storage container. The urea stock solution,
with a concentration of 6:75 M, was prepared by
dissolving the appropriate amount of urea in
deionized water and filtering through a 0-2 um
Teflon® membrane. This solution was then kept
refrigerated to prevent decomposition of urea
during storage.

2.2 Powder synthesis

Appropriate amounts of deionized water and lan-
thanum stock solution were combined in a 400 cm®
beaker. The pH of this solution was then adjusted
at room temperature by adding ammonium
hydroxide or nitric acid. The pH of the solution
was continuously recorded using a temperature
compensated pH meter (Fisher Accumet 810 MP).
The beaker was then covered and placed in a cir-
culated hot water bath which was set at 95°C.
When the solution reached 95°C, the appropriate
amount of the urea stock solution was added to
bring the solution up to 250 cm® and the beaker
resealed and placed in the water bath. The solu-
tion was aged for 90 min from the time at which
visible nucleation occurred. At the end of the
aging period, the beaker was placed in a cold
water bath to quench the reaction. Suspension
was then centrifuged until a clear supernatant was
obtained. The centrifugation was repeated twice
with water and once with acetone. After the ace-
tone wash, the precipitate was dried in air at 85°C
for overnight.

2.3 Powder characterization

The powder morphology was examined using a
scanning electron microscope (JEOL JSM 6100).
Thermal decomposition of precursor particles was
studied by a thermogravimetric analyzer (Seiko
TGA/DTA 300). Approximately 1040 milligrams
of the sample, was heated to 900°C at a rate of 3°
min~' in a dry air atmosphere with a flow rate of
100 cm® min'. Crystal structure of the powders
was studied by X-ray powder diffraction unit
(Scintag XDS 2000). The powder diffraction pat-
terns were compared against JCPDS standards
using the Diffraction Management System 2000
software package.

3 Results and Discussion

3.1 Precipitation process
Homogeneous precipitation by urea can be consid-
ered as self regulating due to equilibria established
between carbonic acid and ammonia which are
released by urea decomposition. Dissociation con-
stants of carbonic acid and ammonia are comparable
that in the absence of strong acids or bases, the
concentrations of OH™ and CO3 ions are main-
tained within a narrow range during precipitation.
However, by changing the initial pH of the solution
one can affect the quantity of urea which will
decompose before supersaturation is achieved. In
this way, the chemistry of the solution, the
[OH)/[CO7] ratio for instance, can be adjusted.
Figure 1 shows the variation of pH with time
for solutions with a different initial pH. As the
plots clearly depict, the pH of the solutions is
essentially identical after the initial 5 min. The
nucleation, growth, and cation exhaustion can all
be seen by measuring the pH of the system during
precipitation. This can be seen most easily at low
cation concentrations and relatively high pH solu-
tions. Maxima observed in the early stages repre-
sent the critical supersaturation and onset of
nucleation. The pH decrease with particle growth
is expected as the precipitation of any carbonate
will remove CO3 ions from the solution, shifting
the HCO; = CO35 + H" equilibrium to right and
releasing H" ions, thus decreasing the pH of
the solution. Similarly, if the precipitate involves
hydroxides, removing OH™ ions from the medium
results in a decrease in pH. Once the cation is
exhausted, however, and if there is sufficient urea
remaining in solution, the pH will start to increase
again signalling the end of precipitation. The diff-
erences seen between the low and high initial pH
solutions are due to the time it takes for the low
initial pH solutions to decompose sufficient urea
8
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Fig. 1. pH-time curve for lanthanum precipitation from 0-005

M lanthanum solutions of various initial pH (prior to urea

addition) and with an initial urea content of 0-054 M and a
reaction temperature of 95°C.
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to increase the pH to the point where precipitation
can occur. This additional time allows more urea
to decompose prior to precipitation and this will
affect the total carbonate content which will, in
turn, affect the ionic strength of the solution. The
additional charged species will effectively buffer
the solution making the supersaturation region
more difficult to detect.

3.2 Morphology

As stated earlier, amorphous spherical particles
should be the result of the addition of polymeric, or
at least complexing, species to nuclei. On the other
hand, the growth of euhedral particles is caused
by the addition of ions to the surface of a nucleus
with crystalline faceting occurring due to fast and
slow growth directions. Lanthanum carbonate
particles have been precipitated in this study with
both spherical and ‘square planar’ morphologies
(Fig. 2). The morphological diagrams show the
effects of the various initial conditions on the
resulting morphologies as depicted in Table 1.

e psmerer———

v KOLE

(b)

Fig. 2. Micrographs of the sperical and square planer mor-
phologies as described above. Notice the spherical particles
which have grown on the faces of the square planar precipitates.

Table 1. Plot of particle morphology map as a function of

lanthanum ion concentration and initial pH. Reaction tem-

perature T = 95°C. S = Spherical, E = Euhedral, SP = Square
planar

Initial pH Urea Cation concentration, moles/|

0-005 0-025 0-045 065

50 0-54 S E,S E —
4.0 0-54 S E, S E —
25 0-54 S,E E.S E, S —
1-0 0-54 E E E —
50 0-27 S,E S,E E —
4.0 0-27 S, E SP, S SP, § SP, S
2:5 0-27 S,SE SP,E,S SP.S SP,S E
1-0 0-27 E

There are essentially two interesting morphologies
created in this system; spheres (S) and square
planar (SP) particles. The spheres generally have
a smooth surface with few or no surface features
present. This suggests an amorphous growth process.

The square planar morphology is perhaps the
more interesting. Generally they are 3 um on a
side yet only 02 wum thick. In fact, they are
translucent to the 20 keV electron beam when
viewed perpendicularly to the flat face. A high
percentage of the square planar particles have
what appear to be spherical particles growing on
their faces. Presumably, these particles nucleated
and grew after the square planar particles were
formed.

The other morphologies mentioned in Table 1
are highly agglomerated with a wide variety of
particle morphologies as one would expect from
intermixed nucleation and growth processes. The
particles described as euhedral are large (> 5 um)
particles with characteristic features exhibited by
crystalline materials such as sharp angles and
edges.

3.3 Yield

The yield of this process, defined as percentage of
initial cation precipitated, is primarily dependent
upon the amount of urea decomposed. The
amount of urea decomposed at time ¢ is given by
the difference between the initial urea concentration,
U,, and urea concentration, U, at time ¢

Us=Uy-U, (1)

Where U, is the concentration of urea decom-
posed up to time, ¢.

U=U, [exp(-kn)] (2)
Substituting this back in eqn (1) results in
Us=U, [1-exp(-k1)] (3)

On the other hand, rate of urea decomposition is
given by:!
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-u-pH = 1.0, (Uo] = 0.27M
- pH =2.5, [Uo] = 0.27M
-e¢-pH =4.0, [Uo] =0.27TM
~o=pH = 5.0, {Uo] =0.27M
120 — —~a- pH = 1.0, [Uo] = 0.54M
- pH = 2.5, [Uo] = 0.54M
-~e-pH = 4.0, [Uo] = 0.54M
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Fig. 3. Yield of the precipitation runs as a function of initial
conditions. The reaction temperature was held constant at
95°C.

~96-127 kJ/mol
k =(4-57 X 10" min™) exp( moe ) (4)

RT

Where R is the gas constant and T is the tempera-
ture in degrees Kelvin.

Obviously, both temperature and initial urea
concentration can play a large role in the amount
of urea decomposed as a function of time. In a
related study we showed how temperature, and
hence the decomposition rate, affected the yield of
neodymium and europium samples.’ In this paper we
show how initial urea concentration and pH affect
the yield. As can be seen in Fig. 3, there are four
sets of curves. The curves for pH of 25, 4, and §
are grouped together but are separated depending
on the concentration of initial urea. The pH=I
samples generally have lower yields than the other
pH levels, though this too is dependent on initial
urea concentration. The apparent drop in yield at
very low concentrations is due to the fact that
small sample losses during sample transfer and
centrifugation correspond to a larger fraction of the
total cations in the solution. The separate curves
for the pH=1 condition can only be explained by
the fact that much longer times were necessary for
the urea to decompose and produce sufficient
quantities of hydroxide ions to raise the pH to the
point where precipitation could occur. Therefore,
initial urea concentration, [U,], was effectively

reduced prior to precipitation. Low initial pH also
results in higher [CO3)/[OH] ratio during nucleation
and growth which will likely alter the chemical
composition and morphology of the particles
produced.

3.4 Thermal decomposition

The thermal decomposition of the precipitated
powder depends upon the chemistry and morphology
of the powders. For example, Fig. 4 shows
the weight loss on heating of the monodispersed
spherical particles (upper curve) and of the square
planar precipitates, (lower curve). One subtle
difference between the two curves is that the
spherical particles appear to have slightly
smoother weight loss up to the formation of the
dioxycarbonate compared to the square planar
particles. This is believed to be due to the degree
of crystallinity of the samples and not to any large
differences in particle chemistry. Spherical parti-
cles also exhibit a small weight loss below 100°C,
perhaps due to evolution of adsorbed water.
Previous experiences with the light lanthanides
precipitated and dried in the same manner as used
here have given approximately two waters of
hydration for the simple carbonate precipitate.
The calculated weight loss data presented in Table 2
are based upon the assumption that the precipitated
particles were in the form of La,(CO;);-1-4H,0.
The experimental values shown in the table are
averaged from five TGA runs on powders precipi-
tated under different conditions. The difference
between the high and low experimental values at
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Fig. 4. Weight loss on heating of spherical (upper TGA
curve) and square planar (lower TGA curve) lanthanum
particles on heating in zero air.

Table 2. Comparison of experimental and calculated weight loss values for precipitated lanthanum carbonate particles with an
approximate composition of La,y(CO;);-1-4H,0

Resultant particle Reaction

Calculated Experimental

chemistry weight loss weight loss
Dehydrated carbonate La,(CO;);-1-4H,0—5La,(CO,), 7-3% 4-9%
50-300°C
Dioxycarbonate La,(CO;);—La,0,CO; 19-2% 19-8%
423°C
Oxide La,0,CO;—La,0; 11:.9% 7%

630°C
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each weight loss step was less than 3%. In Table 2
the sample weight loss from the dehydrated car-
bonate to the dioxycarbonate and the dioxycar-
bonate to the oxide are identical within the
experimental error.

3.5 X-ray analysis

The crystal structure of the spherical and square
planar particles was analyzed by X-ray powder
diffraction. The spherical particles gave an amor-
phous pattern as expected. The square planar
particles, however, gave relatively weak diffraction
patterns making phase identification difficult (Fig. 5).
In addition, because of the two-dimensional
nature of the particle growth habit, the relative
peak intensities were probably greatly biased.
Based upon TGA and chemical analysis, it
was expected that the particles would give the
lanthanite (La,(CO,);8H,0) diffraction pattern. It
appears that the lanthanite structure was lost
in favor of an amorphous structure upon drying
at 85°C leaving only the minor phase, the
monoxycarbonate structure (La,O(CO,),xH,0) as
the crystalline phase. There is some evidence to
support the idea that the lanthanite structure does
not completely collapse, in that some residual
lanthanite peaks including the one at 26=18-4° sur-
vived the drying process. This peak corresponds
to (020) plane in the orthorhombic structure. The
intensity of this peak varies from sample to sam-
ple, possibly the result of different drying condi-
tions. The crystal is a layered structure with
lanthanum and carbonate ions forming planes
which are separated by planes of water
molecules.'!'!? It is possible that certain directions

in this highly hydrated crystal structure would col-
lapse first leaving other planes relatively
untouched. The observed peak does not corre-
spond to any other lanthanum phase in the
JCPDS files. The crystalline phase of anhydrous
lanthanum carbonate can only be produced from
the lanthanite phase after drying the sample in a
vacuum and then heating to 430°C in a 100 kPa
CO, atmosphere.'?

The coefficient x for the number of crystalline
waters in the monoxycarbonate formula can vary
between 1 and 2, just as the TGA analysis
suggested. It has been reported by previous
workers'* that drying the eight hydrate lanthanite
phase at less than 100°C or placing it in a vacuum
results in a primarily amorphous phase due to
dehydration. This effect is shown in Fig. 6. The
room temperature dried samples exhibit distinct
peaks of La,(CO,);8H,0. There are additional, al-
beit much weaker peaks due to partially
hydrated monoxycarbonate, (La,O(CO,),xH,0).
After drying at 85°C the major crystalline phase
appears to be the partially hydrated monoxycar-
bonate, La,O(CO,),xH,0O. The precipitate appears
to be mostly amorphous with a small fraction of
crystalline phase (monoxycarbonate). Since the
particles are small and exhibit large dimensional
anisotropy, the peak intensities are questionable.
The phase which was assigned as the monoxycar-
bonate might also be identified as the basic
carbonate phase. In fact, chemically it makes
no difference whether the particles are monoxy-
carbonate with one water of hydration,
(La,0(CO,),H,0) or basic carbonate with
no waters of hydration, (2LaOHCO,). The basic

Intensity (arbitrary units)

—— Spherical particles
— Square planar particles

U A —

10 15 20 25 30

Angle (two theta)

35 40 45 50 55 60

Fig. 5. X-ray diffraction pattern of (a) spherical, (b) square planar particles.
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Fig. 6. Effect of drying conditions on crystalline structure as observed through X-ray diffraction
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Fig. 7. Effect of firing on crystalline phases and X-ray peak intensity of spherical particles.

carbonate was the only phase observed in heavy
lanthanides synthesized by a similar procedure,
but without further evidence the structure of this
phase is ambigious.

The X-ray diffraction patterns of the powders
at 530 and 740°C are shown in Figs 7 and 8.
Figure 7 shows that as-precipitated amorphous
spherical particles have decomposed and ordered
themselves into a dioxycarbonate structure as
was predicted by thermogravimetric analysis.
The square planar particles show the same
trend, with the dioxycarbonate being the stable
form at 530°C and the oxide the stable form at
740°C.

3.6 Effect of heating on particle morphology

The influence of calcining on the particle mor-
phology was investigated, heating the spherical
and square planar particles in air to 530 or 740°C
for 4 h. Both samples were converted to oxide at
740°C. The particle morphology as a function of
heat treatment is shown in Figs 9 and 10. The
spherical particles became slightly faceted after
being heated to 530°C. At 740°C, the particles
became crystalline. Monodispersity and overall
size and shape of the precursor particles are
retained (Fig. 9). The square planar particles
showed only subtle changes on being heated to
530°C. The surfaces of the particles became rough
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Fig. 8. Effect of firing on crystalline phases and X-ray peak intensity of square planar particles.

Fig. 9. Effect of heating on spherical-lanthanum particle morphology: (a) original particles; (b) after heating to 530°C for 4 h,
and (c) after heating to 740°C for 4 h.

and appear to indicate polycrystallinity. At 740°C, shape of the original plate. The spherical growths
the changes are more obvious. The previously on the plates have gone through the same changes
smooth surfaces now consist of smaller grains as the monodispersed particles shown in Fig. 9
which are sintered together while maintaining the with perhaps more sintering to the surface of the
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Fig. 10. Effect of heating on square planar particle morphol-
ogy: (a) original particles; (b) after heating to 530°C for 4 h,
and (c) after heating to 740°C for 4 h.

square planar particles due to the larger initial
contact area.

4 Conclusion

Spherical and square planar lanthanum carbonate
particles have been synthesized by homogeneous
precipitation employing urea as the precipitating
agent. It is apparent that the two growth mecha-

nisms are quite different, yet can be achieved in
very similar systems. This result underscores the
importance of process and variable control when
using homogeneous precipitation for the synthesis
of ceramic powders. The cause of the different
morphologies is derived from two requirements
which have been met in different ways resulting in
two distinctly different morphologies. The two
requirements are the degree of supersaturation
before nucleation and the growth rate. At very
low cation concentrations and high urea concen-
trations the supersaturation is relatively large,
resulting in a large burst of nuclei and very quick
growth. This growth period would be relatively
short, lasting only until the remaining cation is
completely precipitated. This mechanism has
resulted in spherical particles. On the other hand,
higher cation concentrations form stable nuclei
earlier in the process, thereby keeping the super-
saturation level relatively low. Under these conditions
a slow growth of the nuclei is expected. Such condi-
tions would allow for formation of euhedral particles.
A direct examination of the cation concentration as
a function of time would offer great insights into the
growth mechanisms of this system and has not been
carried out yet. This study, however, provided a
method for producing lanthanum carbonate parti-
cles of different morphologies and plausible expla-
nation for their formation mechanisms. This study
also demonstrated for the first time that spherical,
submicron size particles can be synthesized from
aqueous solutions at ambient pressures.
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