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Abstract

The thermal stability of a mixture of Li,COj; and rare earth oxide (R,O3) was examined under a dry condition. The heat-treatment of the mixture
in CO, ambience resulted in the formation of rare earth carbonates for R=La, Pr, Nd, Sm, Eu, and Gd except for Ho—Lu and Y. Lithiation of their
rare earth dioxymonocarbonate, i.e., R;0,,,,(CO;);_,Li,, was confirmed for R =La, Pr, Nd, and Sm when the mixture was heated at 900 °C. The
lithiation degree, x, was increased with an increase in the heat-treatment temperature in CO, and was lower than 0.3. The stability of lithium rare
earth dioxymonocarbonate decreased with the atomic number of the rare earth. The high reactivity of the light rare earth oxides with Li,CO3 would
be attributed to that the large R>*—0%~ distance for CN =5 and 6 with an increase in the ionic [R**]/[0?~] ratio for the rare earth oxides and is very

similar with that of the rare earth dioxymonocarbonates.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The increasing need for reliable and continuous monitoring
of CO», levels in the atmosphere has promoted the development
of potentiometric sensors using a cation conducting solid elec-
trolyte and an auxiliary phase on the measuring electrode.! A
potentiometric CO; sensor with a LioCOj3 layer as an auxiliary
electrode shows satisfactory performances with a fast response,
appreciable sensitivity and gas selectivity. However, the sen-
sors show a lack of reproducibility and long-term stability.o~!!
To improve the long-term stability, a new auxiliary electrode
material based on Li,CO3 and Nd;O3 was developed.lz’13 We
also confirmed similar additive effects on the sensing perfor-
mance for several rare earth oxides. When only Li;CO3 was
used as an auxiliary electrode in a lower level of CO;, the
concentration of Li;O in the layer increased, and the formed
oxide reacted with a solid electrolyte such as a NASICON.
For a mixture of Li,COs3 and rare earth oxide, the formation
of rare earth carbonate and oxycarbonate is expected. The rare
earth carbonates and their decomposition and synthesis had
been the subject of many investigations. The thermal decom-
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position of anhydrous rare earth carbonate to oxide occurs via
intermediate oxycarbonate phases. The stoichiometric rare earth
oxycarbonates are monoxydicarbonate, RyO(CO3),, and dioxy-
monocarbonate, Ry0,COs3. Attfield and Ferey reported that
the lithium-containing lanthanum dioxycarbonate type phase
(Lap0242x(CO3)1_xLioy, x=0.26) was formed when a mixture
of Lap 03 and Li,CO3 was heated at 550 °C in air.'* In our pre-
vious studies, we investigated the formation of a lithiated rare
earth dioxycarbonate, Nd>0742,(CO3)1_yLis, using a mixture
of Nd»03 and Li>CO3 in CO,.' In this case, pure Nd, O3 did not
react with CO; gas to form the Nd»O,CO3 at all. However, the
La;0,CO3 was easily formed by the reaction of a pure LayO3
with CO,.!1°

In this work, the reactivity of Li,CO3 with a variety of rare
earth oxides and the heat treatment of the mixture in CO, were
examined to develop new auxiliary electrode materials for a
potentiometric CO; gas sensor. Especially, the thermal stability
of the mixtures and thermal products were examined.

2. Experimental

Commercially available rare earth oxalates of Lay(C204)3-
9H,0 and Lny(Cy04)3-10H,0 (Ln=Nd, Gd, Dy, and Ho)
(99.9%), rare earth oxides (99.9%) and LiCO3 (99.9%) were
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used as starting materials. The rare earth oxides powders were
pre-heated at 400 °C in air before the mixing. Mixtures of an
oxide and Li;CO3 at a 1:1 molar ratio were pulverized and
mixed under dry condition by ball milling in a Nylon pot and
with Y-stabilized zirconia balls. Thermal studies were carried out
with thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) under synthesized air (syn-air, <0.5 ppm CO»)
and 100% CO; for the mixtures at a heating and cooling rate
of 5°C/min. The crystal structure and the components of the
mixtures were examined by the powder XRD method (Cu Ka).

3. Results
3.1. Formation of carbonates

For the mixtures of R,O3 and Li;CO3, the formations of
some compounds such as Ry(CO3)3, RoO(CO3)2, R,0,CO3,
and LiR(CO3);, are expected by the heat treatment in CO;. The
rare earth ions should react in ground water with a 100-200 ppm
carbonate ion concentration to form [RCO3]* and [R(CO3)2]~
complexes, although R>(CO3)3 is the most stable solid car-
bonate phase under these conditions. The water molecules of
rare earth carbonate hydrate are released in a single stage
somewhere between 150 and 300 °C. Furthermore, the ther-
mal decomposition of anhydrous rare earth carbonate to oxide
occurs via intermediate oxycarbonate phases. The stoichiomet-
ric oxycarbonates are monooxydicarbonate, Ro,O(CO3);, and
dioxymonocarbonate, RoO,CO3. The decomposition of anhy-
drous rare earth carbonates begins above 350 °C. In air and CO,
atmosphere, the formation of R;O(CO3), has been reported for
the lighter lanthanides.!”-'® The stability of the oxycarbonate
phase in air decreased with the increasing atomic number of the
rare earth.!? Nd;0,CO3, for example, is stable in air to 750 °C
and Lay0,CO3 is stable in CO to nearly 1000 °C.%° Solid state
rare earth carbonates can be prepared by the following two pre-
cipitation methods: (1) by adding alkali or ammonium carbonate
or hydrogen carbonate to a solution of the metal salt and (2) by
passing carbon dioxide through an aqueous suspension of the
metal hydroxide. The ternary carbonates LiR(CO3),; withR =La
to Luand Y were synthesized from mixtures of lithium carbonate
and R»(C»04)3-xH»0O under 2000 atom CO, and 500 oc.

For rare earth oxides heated in CO», the following reactions
are expected:

R203 4 3C0O2 — R2(CO3)3 (1)
R;03 +2C02 — Ry0(CO3), 2
R>03 4+ CO2 — R;0,CO3 3)
R703 +xCO2 — R20244(CO3)1—x or R203-xCO; 4)

In the case of hydrous rare earth oxalates decomposed by heat
treatments in air, the decomposition steps are described as

R2(C204)3-nH20 — R2(C204)3
— R2(C204)(CO3)2 — R2(CO3)3 — R20(CO3),
— Ry0,CO3 — R703 (5)
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Fig. 1. TGA results for rare earth oxalates R,O,CO3-nH,0O (R=La, Nd, Gd,
Dy, and Ho) in air () and in CO, (@®).

Fig. 1 shows the TGA results in syn-air and CO; for some
oxalates. In the thermal decomposition of the hydrous oxalates
at a constant heating rate, the anhydrous carbonate, Ry(C>04)3
was formed at around 380 °C and then the weight decreased in
air and CO;. For La-oxalate, the weight decreased in two steps
and decomposed to LayO3 at 690 and 940 °C in air and CO»,
respectively. The weight estimations suggested the formation of
R»0,CO3 for R=La-Gd, and its decomposition temperature to
R»03 15 940, 815 and 730 °C for La, Nd and Gd in CO3, respec-
tively. The formation of the R,O>CO3 single phase for R=La
and Nd by the heat treatment of the rare earth oxalates in CO,
was confirmed using XRD. The results and the estimated lattice
parameters were fairly agreed with the published information
in ICSD files (No. 202988: La;0,CO3, hexagonal, P63/mmc,
No. 6297: Nd,0,CO3, hexagonal, P63/mmc). In air, the formed
R70,CO3 decomposed to R,O3 at 700 and 630 °C for La and
Nd, respectively. In addition, any plateau region could not be
observed for the heavier rare earth oxalates of R =Gd, Dy, and
Ho. It was concluded that the stability of R,O,CO3 decreased
in air and CO, ambient with the atomic number of the rare earth
(R=La, Nd, Gd, Dy and Ho).

3.2. Heat-treated products of the mixture

To clarify the effects of the ambient on the thermal stability of
the 1:1 mixtures of lithium carbonate and rare earth oxides, ther-
mal studies were carried out under syn-air and CO;, ambient at a
constant heating rate of 5 °C/min. The TGA results of the mix-
tures in syn-air and CO; are shown in Figs. 2 and 3 for the light
(La—Gd) and heavy (Dy-Lu) rare earths with Y, respectively.
For the Lay O3 system in CO», the weight increased gradually to
700 °C with temperature. A further heating resulted in a gradual
decrease and a following a steep decrease at 960 °C. It should be
noted that the weight observed at 980 °C is comparable to that
of the starting mixture. In the heating process, the melting of
Li;CO3 was detected at 716 °C by DTA, which is comparable
to that of only Li;COs. This observed coincidence suggests that
LipCOs is stable in CO; even in the melted phase. An increase
and a following decrease in the weight was confirmed also for
the mixture for R =Pr, Nd, Sm, Eu and Gd. For CeO; and R,0O3
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Fig. 2. TGA results of mixture (1:1 mol ratio) of R,O3 (La, Nd, Sm, Eu, and
Gd), CeOg, PrgO1 and LioCO3 in syn-air (broken lines) and 100% CO, (solid
lines). Critical points were determined by DTA.
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Fig. 3. TGA results of mixture (1:1 mol ratio) of R,O3 (Dy, Ho, Er, Yb, Lu, and
Y) and LipCO3 in syn-air (broken lines) and 100% CO; (solid lines). Critical
points were determined by DTA.

(R=Dy-Lu and Y) systems; the weight remained a constant
to 1000 °C in CO; in the heating process. On the other hand,
the weight in syn-air decreased with the Li,CO3 decomposi-
tion to Li;O at elevated temperature for all the mixed systems
examined.
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Fig.4. XRDresults at RT of the 1:1 mixture of Li CO3 and rare earth oxides heat
treated at various temperatures for 2 h in CO;. RE and treatment temperature in
°C are indicated in the figure.

The mixtures heat-treated in the range of 300 and 900 °C
in syn-air and CO, ambient for 2h were examined by XRD
at room temperature. The XRD patterns of the mixture heat
treated in CO; are shown in Fig. 4. The heated temperature for
the examined samples was 800 °C except for Sm at 720 °C and
Eu, Gd at 650 °C, because the maximum weight was obtained
in TGA results (Fig. 2). The formations of the rare earth oxy-
carbonates were confirmed except for Ce and Dy-Lu, Y. The
XRD patterns of the mixtures for R=La, Pr—-Gd were very sim-
ilar, and the peak positions showed a regular shift to a higher
angle from La to Gd. These materials would be the lithiated
rare earth dioxycarbonates, R202+2X(CO3)1_,(L12)C.16 The metal
oxide, RyO3, was only detected for R=Dy-Lu and Y, while
the LioCO3 phase was difficult to detect because the intensity
of LipCO3 was very weak. The peaks for the mixture of Y,03
were situated between those for HopO3 and Er, O3 because of
its ionic radius. The heat-treated products in CO» assigned from
the XRD patterns are summarized in Table 1. At this stage, the
rare earth dioxymonocarbonate and the Li-inserted rare earth
dioxymonocarbonate are expressed as ROC, because the XRD
patterns of both compounds are very similar. For the mixture of

Table 1

Phases of the mixtures (1:1 mol ratio) heated from 300 to 1000 °C in CO; for 2h

R-oxide 500°C 600°C 700°C 800°C 900°C 1000°C
LayO3 0 +LaOC LaOC LaOC LaOC LaOC 0 +LaOC
CeO, (¢} (0] (0] (0] (0] (¢}

PrsOq PrOC PrOC PrOC PrOC O +PrOC 0 +PrOC
Nd,03 O +NdOC NdOC NdOC NdOC O+NdOC (¢}

Smy03 (0} O+ SmOC O+ SmOC O+ SmOC (0] (¢}

Eu,03 EuOC EuOC EuOC (6] (0] (¢}

Gd,03 0 +GdOC 0+ GdOC 0+ GdOC (0] (0] (¢}

Dy;,03 (¢} (0] (0] (0] (0] (¢}

Ho,03 (0} (0] (0] (0] O (0]

Er, 03 (¢} (0] (0] (0] (0] (¢}

Yb,03 (0} (0] (0] (6] (0] (6]

Luy03 (¢} (6] (0] (0] (0] (¢}

Y,03 (¢} (0] (6] (6] (0] (6]

Remarks—O: rare earth oxide; ROC: rare earth dioxycarbonate.
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Table 2

Phases of the mixtures (1:1 mol ratio) heated from 300 to 1000 °C in syn-air for 2h

R-oxide 500°C 600°C 700°C 800°C 900°C 1000°C

La; 03 O (6] (6] (0] O +LiLaO, (6]

CeO; (0] (0] (0] (0] (0] 0O+ LigCeOg¢
PrsOq O (6] O O+ Li26Pr36073 O+ LizﬁPr36073 O+ LizGPr36073
Nd,03 (0] (0] (0] (0] 0O+ LiNdO, 0O+ LiNdO,
Smy 03 (6] (0] (0] (6] O+LiSmO;, +D O +LiSmO; +D
Eu,03 (0] (0] (0] (0] O +LiEuO; +D O+LiEuO; +D
GdyO3 O (6] (0] (0] 0+LiGdO; +D 0+LiGdO; +D
Dy,03 (0] (0] (0] O +LiDyO; O +LiDyO; 0 +LiDyO,
Ho,03 O (6] (6] (0] O+ LiHoO; O +LiHoO,

Ery 03 O (6] O+ LiErOz O+ LiErOz O+ LiEl‘Oz O+ LiErOz
Yby03 (0] (6] (0] (0] O+LiYbO;, +? O+LiYbOy +7?
Lu203 O O+ LiLqu O+ LiLqu O+ LiLqu O+ LiLUOQ O+ LiLqu
Y,03 (0] (6] (6] (0] O+LiYO, O+LiYO,

Remarks—O: rare earth oxide; LiRO,: lithium rare earth oxide; D: disordered phase; ?: unknown.

LioCO3 and light rare earth oxide except for CeO,, ROC was
formed. For the mixture of heavy rare earth and Y oxides, the
XRD pattern was hardly changed by the heat treatment in CO5.
Furthermore, the products of the heat treatment in syn-air were
examined by XRD, and the results are summarized in Table 2.
The formation of LiRO, was confirmed, and the forming temper-
ature has a tendency to decrease with an increase in the atomic
number of rare earth except for CeO,. For PrO;_,, the product
at 800 °C could be assigned to be LiygPr3073.
The following reactions are expected:

R703 4+ Li,CO3 + 3CO, — 2LiR(CO3)> (6)
R;03 4+ Li,CO3 + CO; — 2LiROCO3 @)
R,03 4+ Li;CO3 + CO, — R,0,CO3 + LipCO3 (8)

R703 +Li;CO3 — R30242x(CO3)1—xLizy + (1 — x)Li,CO3

&)
in CO, and
R203 4+ LiCO3 — 2LiRO; 4+ CO; (10)
in syn-air.

The mixtures for R=La and Nd systems were heat treated
at several temperatures in CO» to clarify the crystal structure
changes with the treatments. The lattice parameters of ROC
obtained using the heat treatment of the mixture at 600°C
were comparable to those using the heat treatment of the cor-
responding oxalates (Fig. 1) for LaO,CO3 and Nd;0,CO3.
The c-lattice parameter increased and the a-lattice parameters
decreased with an increase in the heat-treatment temperature
as shown in Fig. 5. The increase in the lattice parameters with
an increase in the heat-treatment temperature was due to the
lithiation of rare earth oxycarbonate, i.e., the formation of the
R20242:(CO3)1_xLizy phase.

From the expected reactions (8) and (9), the lithiation of
rare earth oxycarbonates resulted in a decrease in the weight
of the mixture. It is very difficult to determine the lithia-
tion degree of the carbonate indirectly. The weight changes

in the heating process in syn-air were examined for the heat-
treated mixtures at 700, 800, and 900 °C in CO;. The typical
TGA results in syn-air are shown in Fig. 6. For example, the
weight remained a constant to 620°C and then decreased in
two steps for R=Nd. During the same heating rate in syn-
air, thermally programmed XRD measurement was applied
(Fig. 7). The XRD signals due to RpO242,(CO3)1_,Lir, were
detected to 600 °C, and its decomposition with the formation
of Nd>O3 and Li;CO3; were confirmed at a higher temper-
ature. The weight at 950°C was comparable to that of the
mixture of Li;O and Nd;O3. It is assumed for convenience that
the mixture heat treated in CO; is composed of a mixture of
R20242,(CO3)1—xLizy and (1 —x)Li,CO3, so that the weight
loss observed in a lower temperature region is due to the decom-
position of R20242,(CO3)1_,Liss to RoO3 and xLi;O and the
final plateau region is corresponds to the 1:1 mixture of R,O3
and Li;O. The lithiation degree, x, could be estimated from the
TGA results in syn-air as shown in Fig. 6. Before the estimation
of the lithiation degree, it should be noted that the increment
in the weight is strongly influenced by the maximum treatment
temperature. The lithiation degree, x, was estimated to be 0.22,
0.13 and 0.06 for the mixtures heat treated at 900, 800, and
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Fig. 5. Estimated lattice parameters from the newly observed XRD patterns at
RT of the 1:1 mixture of Li,CO3 and R,O3 pre-heat treated in CO,.
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Fig. 6. TGresults in syn-air of the 1:1 mixtures of Li,CO3 and Nd,; O3 pre-heated
in 100% CO; gas for 2 h. The heat treatment temperature in °C is denoted in the
figure.

700 °C, respectively. The mixture of Li»CO3 and Nd>O3 was
heat treated at several temperatures in CO, and then cooled to
room temperature also in CO;. TGA results in CO; for the pre-
heat treated mixture of Nd>O3 and Li;COj3 are shown in Fig. 8.
The heat treatment at 900 °C in CO; induced the decomposition
0of Ry0242,(CO3)1—,Liy,, and the reformation is progressed dur-
ing the cooling process. The degree of the weight loss during
the heating process decreased with an increase in the pre-heat
treatment temperature from 700 to 900 °C. The lithiation degree
increased with an increase in the treatment temperature. As
shown in Fig. 2, the heating in CO; resulted in an increase in
the weight and then decreased to the weight corresponding to
the mixture of R,O3 and LioCO3. Especially for R = Pr-Gd, the
observed weight at a higher temperature around 900 °C corre-
sponded to the mixture of R,O3 and Li;COs3. For the mixture
heated at 900 °C, an increase in the weight was observed dur-
ing the cooling process in CO, (Fig. 8). As not shown in the
figure, the increase in the weight in the cooling process was
also observed for R=La, Pr, Nd and Sm, but not for R=Eu
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Fig. 7. Thermally programmed XRD pattern of the 1:1 mixture of Li;CO3 and
Nd, 03 in CO;. The measured temperature in °C is indicated in the figure.
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Fig. 8. TGA result of Nd,O,CO3 (the mixture of 1:1 Nd»O3 and Li CO3 heated
at 700, 800, and 900 °C in 100% CO; for 2h) in 100% CO,.

and Gd. It seems that the reaction rate of the formation of
R20242,(CO3)1—xLioy for R=Eu and Gd is very slow. For the
mixture heated at 900 °C in CO», the lithiation degree was esti-
mated to be 0.23, 0.14, 0.22 and 0.21 for R=La, Pr, Nd and Sm
systems, respectively.

The lattice parameters of the heat-treated products were
estimated by assuming hexagonal, P63/mmc. The correlation
between the lithiation degree, x, and lattice parameters is shown
in Fig. 9. It was concluded that the lithiation degree is mono-
tonically increased with an increase in the c-lattice parameter.
It should be noticed that the lithiation degree is clearly lower
than 0.3. Attfield and Ferey reported that the lithium-containing
lanthanum dioxycarbonate type phase (Laz0742,(CO3)1_yLioy,
x=0.26) was formed when a mixture of LayO3 and Li,CO3 was
heated at 550 °C in air for 11 days.'*

For the mixture of heavy rare earth (and Y) oxides, the weight
loss in CO; could not be observed to 1000 °C (Fig. 3), while the
loss due to the decomposition of Li,COs3 to Li;O was observed
at around 700 °C in syn-air. The decomposition induced the for-
mation of LiRO; as shown in Table 2. By the XRD technique, the
phase changes and new products were not detected for the mix-

0.3 T T T T

01

Li-free
1 1 1

0
1.56 157 1.58 1.59 1.60 1.61 1.62 1.63

c-lattice parameter/nm

Fig. 9. Correlation between lithiation degree y and c-lattice parameter of
R20242y(CO3)1-yLizy. The Li-free carbonate was prepared from the correspond-
ing oxalate.
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Fig. 10. TG results in air of the 1:1 mixture of R,O3 and LiCO3 with and
without pre-heat treatment in CO; to 950 °C.

ture of LioCOs3 and heavy rare earth (and Y) oxides in CO,. The
heat treatment of the mixture at 950 °C in CO; induced a change
in the thermal stability of the mixture, especially, the LioCO3
phase. In Fig. 10, TG results in syn-air are shown for the mixture
before and after the heat treatment. As can be seen, the starting
temperature of the weight loss is clearly shifted to a higher tem-
perature. For the mixture both before and after the heat treatment,
the melting point of Li;CO3 is observed at around 715 °C and
is hardly influenced by the treatment and the rare earth element.
It seems that the heat treatment in CO; induced the formation
of carbonates on the surface of the rare earth oxides.

4. Discussion

For the mixtures of LiCO3 and the heavy rare earth oxide
(R=Dy-Lu), the weight in CO, remained constant to 1000 °C
(Fig. 3). For R=Eu and Gd systems, the weight of the heat-
treated mixture corresponded to the mixture of RoO,CO3 and
Li;COs3. For R=La, Pr, Nd, and Sm, the formation of the mix-
ture of lithiated Ry07,2,(CO3)_,Liy, and (1 —x)LioCO3 was
confirmed by the TGA results as explained.

In general, the surface charge density of the cation decreases
with an increase in the ionic size of the cation. It is expected the
lattice energy increases with a decrease in the ionic size. The
configuration of anions around the cation is mainly determined
by the ratio of the cation. The coordination number (CN) of
the cation is related to the counter anion and is a function of
the ratio of cation and anion radii. Based on the geometrical
analysis for ball closed packing stacking, the minimum radius
ratio of cation and anion radii for 6-fold, 8-fold and 12-fold
coordination is given as 0.414, 0.732 and 1.000, respectively.
A close packed structure becomes unstable, and the occupancy
(packing stacking fraction) decrease, with an increase in the
ratio of cation/anion radii. After all, the coordination number
increases with the ionic radius. Correlation between the radius
ratio, r(R3*)/rO%~ and the ionic radius of R** (atomic number of
R) for sixfold and eightfold coordination is shown in Fig. 11. For
larger rare earth metals (R = La through Gd), the radius ratio for
eightfold coordination is higher than 0.73. The ratio (0.73) for
Tb is in agreement with the minimum radius ratio for eightfold

0.85 T T
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(R} yr(0%)

0.70 -

0.65 -
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Fig. 11. Correlation between ionic radius of R3* and radius ratio. Coordination
number, CN, of R3* is shown in the figure. F(R3) from Ref. [22]. 0>~ (CN
6)=0.140nm, 0>~ (CN 8)=0.142nm.

coordination. To remain an octahedral site (CN =6) for R with
oxygen, the ratio of cation and anion radii is confined within the
range of 0.732 and 0.414. The radius ratio of Ce3* for the sixfold
coordination is 0.735, and rare earth ions coordinated with six
oxygen ions except for Ce3*and La>*, are stable.

The crystal structure of the rare earth oxides used was deter-
mined by XRD. For La;O3 and Nd;O3, the crystal structure is
well expressed with P3m1 having the square (R,0»%*), lay-
ers. The rare earth ion is surrounded by four oxygen ions in
the 2d site and three oxygen ions in the la site situated in the
(002) plane. Especially, the oxygen ions at the 1a site are only
weakly interact with R ions. It seems that the formation of the
oxycarbonate progresses without any distinct deformations of
the square (Ry02%4), layers for La;O3 and Nd>O3. The dis-
tance between the rear earth ion and coordinated oxygen are
summarized in Figs. 12 and 13. The characteristics of R,O3 are
referenced from the published data in ICSD files. The distance
between R and the coordinated oxygen for CN =4 is increased
monotonically with an increase in the ionic radii of the R-ion.
Although the distance between R and the oxygen for CN =5

(Ta-3) (1213)  (C2m) (P-3ml)
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R-0O distance/nm

0o P : :

1
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Radius of R ion for CN=6/nm

Fig. 12. Distance between the rare earth ion and coordinated oxygens of the rare
earth oxides for CN=4 and CN =5 and 6.
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Fig. 13. Correlation between CN and distance between the rare earth ion and
coordinated oxygens of the rare earth oxides.

and 6 is comparable to that for CN = 1-3 for R=Dy-Lu, a large
difference is observed especially for R =La—Nd. The observed
difference between light rare earth and heavy rare earth is related
to the geometrical ball closed packing stacking model (differ-
ence in the radius ratio, r(R3*)/r(0%>7)).

The lattice parameters of Li-free rare earth dioxycarbonates
were estimated from this work for R=La, Pr, Nd, Sm, Eu and
Gd. The estimated parameters are linearly increased with the
radii of the R-ion. The lattice parameters for heavy rare earths
are interpreted by the exploration method using the data for light
rare earth dioxycarbonates. Furthermore, it is assumed that the
relative position of the ion is not changed with the R species.
By these assumptions, the distance between the R-ion and the
coordinated oxygen for the rare earth dioxycarbonates could be
interpreted, and the results are also indicated in Fig. 14. The
comparison of the results for the R,O3 (Fig. 12) and R,0,CO3
(Fig. 14) induced the result where the formation of R,0,CO3
from R;0O3 for R=Dy-Lu is achieved by prolonging the R—-O
distance for CN =5 and 6. Roughly speaking, the formation of
the corresponding oxycarbonate is achieved by the shortening
of the R—O distance for CN =5 for light rare earth metals such
as R=La, Pr, Nd, and Sm. It seems that the formation of oxycar-
bonate from the oxide is easier for the light rare earth oxide than
for the heavy rare earth oxides. The fact that the formation of
oxycarbonate progresses for R =La—Gd but not for R=Dy-Lu
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Fig. 14. Distance between the rare earth ion and coordinated oxygens of the
Li-free rare earth oxycarbonate.

agrees with the CN stability of the rare earth oxides (Fig. 11).
These results suggest that the driving force for the formation of
the oxycarbonates is the difference in the stability between the
sixfold- and eightfold-coordinations of oxygen. Based on these
results, the high reactivity of the light rare earth oxides with
Li,CO3; would be attributed to that the large R3*-02 distance
for CN =5 and 6 with the increase in ionic [R3*]/[0% ] ratio for
the rare earth oxides and is very similar to that of the rare earth
dioxymonocarbonates.

5. Conclusion

We investigated the reactivity of Li;CO3 and the rare earth
oxides and the stability of the obtained products in syn-air
and CO;. In ambient CO,, rare earth dioxymonocarbonate was
formed by heating the mixture for R =La, Pr, Nd, Sm, Eu, and
Gd to 500 °C and higher. Lithiation of their rare earth dioxy-
monocarbonates, i.e., Ry0242,(CO3);_,Liy,, was confirmed for
R =La, Pr, Nd, and Sm when the mixture was heated at 900 °C.
The lithiation degree, x, was increased with an increase in the
heat-treatment temperature in CO, and was lower than 0.3. The
stability of the rare earth dioxymonocarbonates decreased with
the atomic number of the rare earth. The reactivity and the stabil-
ity are well related to the crystal structure of the rare earth oxide.
For R=Ho-Yb, the carbonate could not be detected but the
Li;CO3 phase became more stable due to the treatment in CO5.
The stability of Li,CO3 over its melting point may be attributed
to the formation of nonstoichiometric rare earth carbonate com-
pounds, R>03-yCO, and Li;O-R>03-yCO,, on particles of the
rare earth oxide.
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