Co-precipitation of Y2O3 powder
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ABSTRACT :
Y2O3 has been selected as the host material for either phosphors or solid state laser
ceramics. In the processing of these products, it is highly preferred to have Y2O3 particles with wellcontrolled size and morphology. Unfortunately, there is still no “perfect” resolution for this purpose.
This project will focus on the precipitation technique to establish a basic understanding on
morphology control in Y2O3. With more detailed suggestions, the precipitant, concentration and
surfactant will be the key factors to be investigated.
Powders of good quality had been synthesized with high concentrations in Yttrium, using
both Urea and AHC as dispersant, and PAA and PEG as surfactant. The agglomerates, due to high
concentrations, are broken apart thanks to the surfactant added. With Urea, less surfactant is
needed to obtain the same result than with AHC. Surfactant effects had been compared, and PAA
seems to be more effective than PEG for low pH values.
Therefore, it seems possible to synthesize powder promising for pure yttria transparent
ceramics using higher concentrations than usual.
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NOMENCLATURE :







AHC : Ammonium Hydrogen Carbonate
SEM : Scanning Electron Microscopy
XRD : X-Ray Diffraction
Yttria : Yttrium oxide
PAA : Poly (Acrylic) Acid
PEG : Poly Ethylene Glycol

INTRODUCTION :

Yttrium oxide is the most common yttrium compound, with a very wide range of
applications : from the fabrication of high temperature super-conductors to a possible solide
state laser ceramic. Depending of the application, different powders qualities may be
needed. For instance, for solide state laser we need to obtain pure yttria ceramics, with few
and very small pores.
In laboratory conditions, yttria powders leading to transparent ceramics had already
been synthesized several times, and the effects of many parameters were tested. However,
for an hypothetical industrial application, we need to test parameters that leads to a higher
yield of powders, such as concentration of yttrium and precipitant for example. As we know
that with higher concentrations come larger agglomerates of powders, effect of different
surfactants will be tested as well.
We will focus on synthesizing yttria powders thanks to a precipitation process, using
different precipitants and surfactants . There are plenty of methods to synthesize yttria
powders, but a very practical, cheap and simple one is by precipitation.
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At our disposal, we have a laboratory with the appropriate equipment for such
chemical experiments : a proper airing, glassware, oven, furnace, centrifuge, etc… The
laboratory itself has been used for every chemical experiments (precipitations), calcinations
were done in the Materials Science building as well, but on first floor. Every SEM and XRD
sample preparations and analysis were performed in the Stockholm University.

1. THEORY
1.1. Background :
Yttria is the name given by A. G. Ekeberg [1767-1813], swedish chemist, for the
compound found in Ytterbua, near Stockholm (1). As a trivalent transition metal, yttrium
share his three valence’s electrons in bondings. Yttrium oxide, or Yttria, Y 2O3 is a good
example of that. The crystal of Yttria can be cubic, C-Bixbyite type, but also hexagonal and
monoclinic. The cubic phase is highly stable at ambient temperature, for it melts around
2400°C. That phase is very chemically stable, with a big gap energy (approximatively 5.5eV)
and a broad range of transparency (0.29-8μm). These properties, with the presence of
defects, are important to consider if we want to use Yttria for optical application, and it is
what makes Yttria a promising material for solid state laser for instance (2).
In the aim of processing transparent ceramics, the sinterability of the Yttria powder need
to be as good as possible, for an heterogeneous microstructure or some large defects may
compromise the final material optical properties. So low agglomeration is highly desirable,
but a fine microstructure too, so it is necessary to find a process who allows the production
of both very fine and low agglomerated powders. Among other processes such as
combustion, sol-gel or hydrothermal synthesis, co-precipitation appears to be a decent
method of synthesizing this kind of powder quality, and it is cheap and quite easy to set as
well. Oxide nano-materials properties are connected to the size and the morphology of the
particles, as for this scale the surface to volume ratio is the most important parameter (3).
This is why controlling the homogeneity, size and morphology of the particles during the
process is very important. Now, the different results found in the literature about coprecipitation will be presented.
1.2. Precipitation routes :
There are two classic routes of precipitation using ammonium compound : using
ammonium hydroxide or AHC as a precipitant. Studies did compare the results given by
those two processes, and conclude that ammonium hydroxide way leads to hard
agglomerations within powders, whereas AHC leads to soft agglomerated powders (4).
Such results are explained by the anisotropic growth of Y(OH)CO3 when using ammonium
hydroxide, forming platelets, less propitious for sintering. Moreover, if yttria powders need
to be doped (with Yb3+ or Er for example), the dopant distribution in the powder is very
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heterogeneous, forming hard chip-like particles richer in dopant than the other particles (4).
This is harmful both for optical and mechanical properties of the final ceramic.
But, when AHC is used as precipitant, all these problems no longer exists, Y2(CO3)3 is formed
and precursor’s calcination leads to spherical particles with few bridges. Sinterability of
powders is thus very high, and allows to use temperature far below than those used in
conventional methods (5). Therefore, AHC precipitant will be focused on rather than
ammonium hydroxide, as it presents lots af advantages.
From the literature, it can be inferred that when urea is used as a precipitant, the
process leads to many different shapes of yttria particles, depending on the molar ratio
between precipitant and source material (9). Since the molar ratio will be kept equal to 10
for every experiment, the effect of this parameter will not be investigated.
1.3. Dispersant effect :
Since it is planned to use high concentrations of yttrium and precipitant, large
agglomerates are expected within the powder. To break these agglomerates, a surfactant, or
dispersant, can be used.
The two different surfactants tested are PEG and PAA, their comportment in solution
is well-known, and their cost price is very cheap, making possible to consider industrial
applications.
To sum up, the dispersant is adsorbed at the surface of the particle, and the hydrophobic
chains (composed of carbonate groups) allow the separation of the particle from the
solution, that is to say the dispersion. Physically, it means that the surface energy of the
particle is decreasing with the adsorption of surfactant. The pH of the solution is of a great
importance on the effect of the dispersant , at low pH the adsorption is important, but it
becomes negligeable for high pH values (6).
Many parameters can be changed, and so many experiments conducted. Only the
following parameters will be treated, that is to say the Yttrium concentration, surfactant and
precipitant. We will keep the molar ratio between yttrium and precipitant always constant,
to reproduce the same super saturation conditions for each experiment.
The list of every parameters that can be adjust in order to obtain the best powder possible,
from a carbonate precursor, is summarized in the following table :
Mother
solution’s
concentration

Precipitant’s
concentration

Aging time and Dispersant
Final
temperature
(PAA
or pH
PEG)

Calcination
time
and
temperature
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From litterature we can make asumptions on what changes are observed on the powder
when a precise parameters is modified.
Mother Solution : studies have shown that yttrium concentration will not change the
rate of precipitation, but only the size of the particles. Size of particles decrease as
Yttrium concentration increase, until a critical concentration, above which agglomeration
become harmful to powder properties.
Precipitant : changing the precipitant is changing the precipitation mechanism.
Precipitant concentration should change the 100% reaction time, as well as particles size
and agglomeration, according to the results found in the literature.
Aging : when the precursor is aging, depending on the temperature, it may cristalize and
form needle-like particles.
Dispersant : the choice of a good dispersant is of great importance, for it allows to obtain
nano-scaled particles, indispensable for the fabrication of transparent ceramics.
pH : the pH is known to stay constant during precipitation. But it’s value can have an
impact on the precursor composition and the efficiency of surfactant.
Calcination time and temperature : to find the best compromise between grain growth
and low agglomerations, many works have been conducted on this subject. Finally all
findings converge, to say that, with that process, the optimal calcination temperature is
either 1000°C or 1100°C for 4 hours.
An experimental procedure must now be settled in order to synthesize Yttria powder for
transparent ceramics applications. We will use some of the experimental data given by the
literature. The point is not to synthesize the powder with the best quality, but to study the
influence of each parameters separately, especially solution’s concentration, to think of an
industrial application. Collecting the maximum of data rigorously, with as much details as
possible is far more important than the result itself.

2. EXPERIMENTAL PROCEDURE
2.1. Procedures with AHC :
The following reaction occurs when AHC and Yttrium nitrate are mixed :

2 Y(NO3)3 + 6NH4HCO3 + n.H2O → Y2(CO3)3 .nH20 +6 NH4NO3 + 3CO2 +3H2O (7)
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So it takes three moles of AHC and two moles of yttrium nitrate to form the carbonate
precursor. That is why, in every experiment, the molar ratio between these compounds has
been kept constant and equal to 3.
For this precursor to form, the pH needs to be under a critical value, otherwise Y(OH)CO3
is forming. In literature, the critical value is considered 10 (7). This hydroxide precursor is
harmful to the powder properties, as it leads to much agglomerated particles.
The temperature should remain as well constant, to improve the reproducibility of the
experiments, in this case, a temperature of 70°C is enough considering reaction kinetics.
We will use PAA or PEG as surfactants.
For concentration below and equal to 0.5M, we use yttriume nitrate mother solution (0.5
mole per liter) as source material. It is prepared by dilution of Yttria powders in Nitric acid
solution. For higher concentrations, Yttrium nitrate powders, 99.99% purity, are diluted in
deionized water. The precipitant needs to be at the desired temperature at the beginning of
the reaction so we put the solution in a bain marie so it reaches 70°C. Then the solution of
Yttrium nitrate is dripped into the precipitant solution at a rate of approximatively 2mL per
minute. The reaction continues for 2h, and then, the precursor cools down at room
temperature.
Then, the precursor is washed with deionized water and propanol several times, in
order to remove the impurities. The powder is gathered each time by centrifugation at
16000RPM for 5 minutes. Once properly washed, the precursor obtained is dried in an oven
at 80 °C for several hours (depending on the quantity of powders). When using a surfactant,
the powder is well dispersed into the solution, it is difficult to gather it by centrifugation,
then we have to filter it several times, and to dry it a little bit longer. (16 hours in the oven).
2.2. Procedure with urea :
The chemical reactions leading to the precursor are as follows :
Urea decomposition :
(NH2)2CO = NH4+ + OCNHydrolysis :
Y3+ + H2O = (Y(OH))2+ + H+
Precipitation :
(Y(OH))2+ + CO2 + 2H2O = Y(OH)CO3.H2O + 2H+ (8)
Using urea, the precipitant do not need to be heated separately, so both yttrium nitrate
and urea solutions are mixed in a beaker, and then heated at 90°C, to speed up the reaction
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kinetic, far too slow otherwise (9). The reaction time is 2 hours, washing and drying steps are
similar as described above.
For precursors prepared through AHC and Urea precipitation, the calcination is
programed as follows : the first ramp of temperature is 7°C/min heating until 1000°C, where
the dwell time is 4 hours, then the second ramp is 6.5°/min cooling to 25°C.

Figure 1 : Flow chart for the two precipitation methods

2.3. Analysis :
Different analysis were performed in order to determine particles size and shape.
SEM analysis were made so the evolution of morphology could be followed as the
parameters were changing. XRD analysis allowed us to test the purity of the powders, and
the average diameters of the particles, thanks to the Scherrer formula.
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For SEM, the powders were dispersed in propanol, using an ultrasound bath. Then
the solution is sprayed on aluminium paper, and dried several times. A sample of that
aluminium paper is taken, and settled on a carbon-surface of an holder. Afterwards, a
carbon deposition is made, to improve conductivity of the sample.
Regarding XRD samples, powders are homogenously dispersed on a holder with
propanol. Then, it is analysed using PanAlytical device.

3. RESULTS
Here, raw datas from the different analysis are presented.
Sample Name

Yttrium
concentration

Precipitant

Surfactant

Weight
Percentage
of
surfactant
AC-0.1
0.1M
AHC
None
0
AC-0.25
0.25M
AHC
None
0
AC-0.5
0.5M
AHC
None
0
AC-0.7
0.7M
AHC
None
0
AUR-0.1
0.1M
Urea
None
0
AUR-0.25
0.25M
Urea
None
0
AUR-0.5
0.5M
Urea
None
0
BC-0.1PAA
0.1M
AHC
PAA
0.05%
BC-0.1PEG
0.1M
AHC
PEG
0.05%
BC-0.25PAA
0.25M
AHC
PAA
0.05%
BC-0.25PEG
0,25M
AHC
PEG
0.05%
BC-0.5PAA
0.5M
AHC
PAA
0.05%
BC-0.5PEG
0.5M
AHC
PEG
0.05%
BC-0.7PAA
0.7M
AHC
PAA
0.05%
BC-0.7PEG
0.7M
AHC
PEG
0.05%
BUR-0.1PAA
0.1M
Urea
PAA
0.05%
BUR-0.1PEG
0.1M
Urea
PEG
0.05%
BUR-0.25PAA
0.25M
Urea
PAA
0.05%
BUR-0.25PEG
0.25M
Urea
PEG
0.05%
BUR-0.5PAA
0.5M
Urea
PAA
0.05%
BUR-0.5PEG
0.5M
Urea
PEG
0.05%
CC-0.5PAA
0.5M
AHC
PAA
0.1%
CC-0.5PEG
0.5M
AHC
PEG
0.1%
CUR-0.25PAA
0.25M
Urea
PAA
0.1%
Table 1 : All powders synthesized with their specific synthesis parameters.
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3.1. SEM pictures :
The first set of experiments had been made without any surfactant. From figure 2, it can be said that
the particles are very anisotropic using AHC, and quite agglomerated. From figure 2 a) to figure 2 d),
the shape of the agglomerate evolves from massive anisotropic particles toward needle like shape.
However, when Urea is used, the shape of the particles is already spherical, although the
agglomeration grows with the concentration, as seen on figure 2 bis.
Lot: no
A :surfactant.
No surfactant
Figure 2 :lot A
a) Precipitant AHC, [Y3+]=0.1M b) Precipitant AHC, [Y3+]=0.25M
c) Precipitant AHC [Y3+]=0.5M and d) Precipitant AHC[Y3+]= 0.7M

a) Magnification X950

b) Magnification 30 000

c) Magnification X20 000

a)Magnification X10 000

b) Magnification X10 000

c) Magnification X10 000
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d) Magnification X10 000

d) Magnification X5 000

Figure 2 bis : lot A : no surfactant. a) Precipitant Urea, [Y3+]=0.1M
Urea, [Y3+]=0.25M c) Precipitant Urea [Y3+]=0.5M

b) Precipitant

a) Magnification X10 000

a) Magnification X5 000

b) Magnification X30 000

b) Magnification X10 000
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c) Magnification X1 500

c) Magnification X20 000

From figure 3, we can see that the addition of surfactant clearly broked the agglomerates into needle
like particles, when AHC is the precipitant. The two surfactant seem to have the same effect on
powders : none is more efficient than the other. The agglomerates are now smaller, but still very
anisotropic. However for Urea, PAA seems to be more effective, as the agglomeration is lower than
when PEG is used. The general shape is still spherical, and quite dispersed, as shown on figure 3 bis.

Figure 3 : lot B : 0.05wt% surfactant. a) Precipitant AHC, [Y3+]=0.1M b) Precipitant AHC,
[Y3+]=0.25M c) Precipitant AHC [Y3+]=0.5M and d) Precipitant AHC[Y3+]= 0.7M

a) Surfactant PAA, Magnification X3 000

a) Surfactant PAA, Magnification X10 000

b) Surfactant PAA, Magnification X5 000

b) Surfactant PEG, Magnification X5 000
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c) Surfactant PEG, Magnification X4 000

c) Surfactant PAA, Magnification X5 000

d) Surfactant PAA, Magnification X2 000

d) Surfactant PAA, Magnification X20 000

Figure 3 bis : lot B : 0.05wt% surfactant. a) Precipitant Urea, [Y3+]=0.1M b)
Precipitant Urea, [Y3+]=0.25M c) Precipitant Urea [Y3+]=0.5M

a) Surfactant PAA, Magnification X15 000

a) Surfactant PEG, Magnification X20 000
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b) Surfactant PAA, Magnification X5 000

b) Surfactant PEG, Magnification X5 000

c) Surfactant PAA, Magnification X10 000

c) Surfactant PEG, Magnification X10 000

From figure 4 a) and b), we can see that, with AHC, particles are no longer anisotropic. The particles
are clearly spherical, althought they are still quite agglomerated, but the main agglomerations had
been broken.Once again, there is no difference between the effect of the two surfactants. When
Urea is used, on figure 4 c), the particles are also perfectly spherical, but there is no noticeable
difference when compared to figure 3 bis b) or c).
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Figure 4 : lot C : 0.1wt% surfactant. a) Precipitant Urea,Surfactant PAA [Y3+]=0.25M
AHC, [Y3+]=0.5M Surfactant PEG c) Precipitant AHC [Y3+]=0.5M Surfactant PAA

b) Precipitant

a) Magnification X20 000

a) Magnification X30 000

b) Magnification X30 000

b) Magnification X10 000

c) Magnification X30 000

c) Magnification X20 000
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3.2. XRD analysis :

Precipitant AHC- [Y3+]=0.1;0.25;0.5;0.7M

Precipitant Urea [Y3+]= 0.1;0.25;0.5M PAA
0.05wt%

Precipitant Urea [Y3+]= 0.1;0.25;0.5M

Precipitant AHC [Y3+]=0.5M Surfactant
0.1wt% Blue line : PAA ; Red line : PEG

Figure 5 : XRD analysis, lot A, B and C
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4. DISCUSSION :
XRD analysis provides the same result for every powder tested : a pure single phase of Yttrium

oxide is obtained (10).
From the SEM pictures, it is clear that the agglomeration of the particles increase
with the concentration of the source material (Yttrium nitrate). The experiments with Urea
as precipitant show that higher concentrations do not change the morphology of the
particles (only the agglomerates sizes), whereas the shape of the particles precipitated with
AHC is evolving toward needle-like looking agglomerates. With higher magnifications, we
can see that those agglomerations are composed with primary pseudo spherical crystalites,
which size can be evaluated thanks to the XRD analysis and the Scherrer formula. The size is
lower than 100nm as shown on figure 6. This means that if the agglomerates could be
broken and the particles dispersed, we might obtain a fine and low agglomerated powder.
70

60

60

50
Dxrd (nm)

Dxrd (nm)

50
40
30

20

30

20
10

10

0

0
0

a)

40

0,2

0,4

0,6

Mother solution concentration (M)

0

0,8

b)

0,2

0,4

0,6

Mother solution concentration M

Figure 6 : Dxrd analysis of (a) AHC experiments and (b)Urea, with no surfactant .
With 0.05 weigh percentage of dispersant added, agglomerates are partially broken,
but the general morphology is still very anisotropic. Although the particles are still
agglomerated, there is certainly an improvement, due to the use of the surfactants. As
expected, it is noticed that the more concentrated the solutions are, the more difficult it is
for the surfactant to be effective, which is logical, considering that larger agglomerates are
more stable, and so less able to decompose. Efficiency of PAA and PEG must be compared
though, with a fixed concentration.
SEM pictures of experiments with AHC show no difference between PEG and PAA :
the agglomerates are broken all the same, and none is better for a precise concentration. It
seems that, with a carbonate precipitation route, no surfactant prevale.
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However, when the precipitant is urea, the particles seem more spherical when using
PAA. The agglomerates are smaller, and the bridges between the primary particles are
thiner. It seems like, with the same quantity of surfactant added, PAA is more efficient than
PEG. As it is known, efficiency of PAA is better at low value of pH, and the chemical reaction
leading to precipitation of the precursor with urea, leads to the formation of H + ions as well,
whereas with AHC the pH was always neutral (according to the chemical reaction, and
confirmed by the experiments). So PAA seems to be more effective than PEG in acid
solutions. Taking into account the entropy of conformation, the contribution of electrostatic
interactions with the surface, we can find in the literature that the adsorption is important at
low pH and becomes close to zero when the pH is increased. The electrostatic repulsion
between polymer chains is too strong at high pH to allow their adsorption on the surface of
the particles, implying that they would get closer (6).
With higher amount of surfactant, it can be inferred from the figure 7 that the amount of
surfactant has no effect on the primary particles size. More likely, this parameter is
connected to the concentrations of the source materials, Yttrium nitrate and the precipitant.
100
90
80
Dxrd nm

70
60
50
40
30
20

10
0
0

0,02

0,04

0,06

0,08

0,1

0,12

weight % in PAA

Figure 7 : Dxrd analysis for several wt% of PAA, [Y]=0.5M and AHC
However, if the particle size remains unchanged, the agglomeration is significantly lower
when the weight percentage of surfactant is increasing. The SEM pictures figure 4 is confirming that
assumption. It can be seen that previous anisotropic agglomerates, needle-like or dumbbells-like
particles, were successfully broken by the surfactant. The primary particles are well spherical and the
agglomerates are now much smaller. Basing on SEM pictures, the particles seem to be a 100nm large
approximatively, and the XRD analysis and Scherrer formula gives around 50nm large. Particles are
almost separated, just connected with each other through thin bridges, and no longer forming an
anisotropic structure.
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CONCLUSION :
Through a co-precipitation method, testing several concentrations, precipitants and
surfactants, yttria particles were synthesized. Their size and morphology evolutions were discussed,
and it appears that the concentration of source materials (precipitant and yttrium nitrate) has an
effect on the particle size, decreasing with that concentration. The morphology using AHC as a
precipitant seems to be anisotropic for high concentrations, whereas it is much more spherical when
using urea. As expected, agglomerations are greater when the concentration increases.
Surfactants effects are the same for experiments using AHC, however with urea, PAA seems
more effective than PEG. This might be explained by the reaction pH, and PAA’s behaviour in acid
concentrations. With larger amount of surfactant, agglomerates are partially destroyed, and the
powder is then low agglomerated. These results are particularly obvious for powders synthesized
with AHC.
To confirm these asumptions, it might be useful in the future to study the efficiency of the
surfactants changing the solution pH. Adding more surfactant to the solution until it’s effect are no
longer noticed could also be another path to follow. The logical following of this work would also be
to sinter the best powders obtained, in order to obtain pure transparent yttria ceramics.
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