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The Chemistry in Air of the Rare-earth-metal Sesquioxides. Comparative Study
of Hexagonal and Cubic Neodymia Samples
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Departamento de Quimica Inorgdnica, Facultad de Ciencias, Universidad de Cédiz, Apartado 40, Puerto

Real, 11510 Cddiz, Spain

The evolution in air of four different neodymia samples, two of them with hexagonal structure and
the other two cubic, has been studied. Upon exposure to air the four samples become heavily
hydrated. Likewise, carbonation, though much less intense, does affect the bulk oxides. The
behaviour of the hexagonal samples on the one hand, and that of the cubic oxides on the other,
was found to be quite different. Dissimilarities were observed in the rates of the aging processes,
being much faster for the cubic oxides, in the nature of the carbonated phases, and in the thermal
evolution of samples stabilized in air. In the case of the cubic neodymium oxides, a crystalline
carbonate hydroxide-like phase, isostructural with that observed for cubic samaria and europia
samples aged in air, was found. By contrast, the carbonated phase of the hexagonal neodymias
seems to be similar to those detected for hexagonal lanthana, as well as for a monoclinic sample of
samaria. The results, in addition to showing that the behaviour in air of the rare-earth-metal oxides
is much more complex than presumed earlier, give further support to the tentative classification of

these oxides into three groups.

The rare-earth-metal oxides are used as starting materials to
prepare novel phases like superconducting ceramics® and
catalysts,? currently of great interest. As a consequence, it has
become apparent that there is a lack of detailed information
about several aspects of the chemistry of lanthanide oxides, the
knowledge of which is essential to interpret their behaviour, and
to develop their technological applications.

One aspect worthy of further investigation is the reactivity of
the 4 /'sesquioxides to atmospheric CO, and H,O, at ordinary
temperature and pressure,® ie. under the usual storage and
manipulation conditions. As we have shown,*°® aging may
have profound effects on both the mechanism and the actual
nature of the phases resulting from reactions involving
lanthanide oxides. Studies specifically concerned with aging of
rare-earth-metal oxides in air are, however, very scarce, which
prompted us to initiate a research project on this topic ’~!3 the
results of which have recently been reviewed.'#

According to our earlier investigations on samaria, not
only the intensity of the aging processes but also the structural
nature of the resulting phases can be very different for samples of
the same 4 f sesquioxide. Such differences might well be related
to the structural nature, either cubic or monoclinic, of the starting
samarium oxides.

Since neodymia can exhibit at ordinary temperature and
pressure the hexagonal (A) and cubic (C) structures of Ln,0,,!>
this oxide constitutes a good candidate to investigate further the
relationship between structure and reactivity to atmospheric
H,O0 and CO,. In the present work, results corresponding to

1113

four different neodymium oxides are reported. Two of these
samples showed the hexagonal structure, and the other two the
cubic one. The study includes the characterization of the
starting oxides as well as of the final aged-in-air phases. The
evolution of the samples throughout the whole aging process
was also investigated. Finally, the mechanism of the thermal
decomposition of the aged phases was studied and is discussed.

Experimental

Data corresponding to the preparation of the four neodymia
samples investigated in the present work, hereafter referred to as
A1, A2, C1, and C2, are summarized in Table 1.

The hydroxide nitrate was precipitated from an aqueous
solution of Nd(NO,);-6H,0, 99.9%; pure (Fluka), with a large
excess of aqueous concentrated ammonia (Merck). The precipi-
tate was washed with distilled water and dried in a flow of
helium at 383 K.

The starting Nd(OH); used to prepare sample C2 was
obtained by rehydrating an oxide obtained from the calcination
in a flow of He, at 1 273 K, of an aged-in-air neodymia. The
rehydration was carried out in a flow of He which had
previously been bubbled through distilled water. The tempera-
ture was 350 K and the duration 24 h.

Thermogravimetry (t.g.) experiments were carried out with a
Mettler model ME-21 microbalance. The flow rate of He was 1
cm?®s7!, and the heating rate 0.1 K s™*.

The temperature-programmed decomposition (t.p.d.) experi-

Table 1. Data on the preparation of the neodymia samples investigated

Neodymia Flowing
Sample precursor gas
Al Nitrate hydroxide He
A2 Nitrate hydroxide He
C1 Nitrate H,

C2 Hydroxide H,

Heating Calcination Calcination

rate/K s7! temperature/K time/h
0.15 1020 4.0
0.15 1310 30
0.03 770 0.2
0.15 820 0.1
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Table 2. Aging in air of the hexagonal and cubic neodymia samples

Aging process:

Starting oxides
A

total weight gain (%) upon exposure to air
A

Stabilized in air samples *
Al

[ . Al (4
Crystallite
size/nm

89

10
11

Sper/m” g7 1 5
6.4 0 0

Sample
Al

A2 118 2.2 0 0 0

Ct 30 5.0 28 79 88

C2 36 174 42 68 75

* Values in parentheses are the numbers of molecules per nm?2.

20
38

11
96

82

Al r Al

Co, Crystallite
%) size/nm
2.5 32
(20
22
(23)
22
(50)
2.8

)

50d
96

30
63

Sper/m? gt
14.8

61 99 24 11.2

100 100 22 5.2

98 100 22 15.8

ments were performed under the following conditions: flow rate
of He, 1 cm?® s7!; heating rate, 0.1 K s~!. The gases evolved were
analysed by mass spectrometry (m.s.), with a VG model
Spectralab SX-200 instrument.

The i.r. spectra were recorded either with a Nicolet model 5
DXE Fourier-transform instrument or a conventional Perkin-
Elmer model 710 B spectrometer. The discs containing 5% of
the sample and 95% of KBr were pressed into wafers under a
pressure of 5 x 10° kPa.

The X-ray powder diffraction diagrams were obtained with a
Siemens model D-500 diffractometer, using zirconium-filtered
Mo-K, or nickel-filtered Cu-K, radiation. The mean crystallite
sizes reported in this work were determined by applying the
Scherrer equation for widening of the powder diffraction lines.
Peaks corresponding to structures A and C of Nd,O; as well as
to Nd(OH), appearing at around 0.220 nm were used. The
instrumental widening was estimated from the diffraction
pattern recorded for a gold sheet.

Results

The four neodymia samples were exposed to air at ordinary
temperature and pressure, and their evolution systematically
investigated by i.r. spectroscopy, X-ray powder diffraction, t.g.,
and t.p.d.—m.s. Also, the BET surface areas of both the starting
oxides and the aged-in-air samples were determined.

Table 2 summarizes some of the results of our study. The two
hexagonal oxides, Al and A2, stabilized after approximately 50
d. In both cases an induction period of several days can be
noted. The aging of the cubic samples C1 and C2 was much
faster, occurring with no induction period. The amounts of
water uptaken by the oxides roughly correspond to the
complete transformation of Nd, O to Nd(OH)s,, i.e. 16%, which
would indicate substantial hydration of the four samples. The
carbonation is much less intense; however, it it is recalled that a
monolayer of either H,O or CO, adsorbed on 4 f sesquioxides
should not exceed 8 molecules per nm?2,7°¢ it can be concluded
from the results in Table 2 that both the hydration and
carbonation reactions affect the bulk of the four neodymia
samples. The occurrence of bulk carbonation is particularly
noteworthy because in some earlier papers dealing with the
aging of neodymium oxides in air this process has been
completely ignored.'” !° In another case?° the carbonation
reaction is assumed to occur, but considered to be a surface
process.

The evolution in air of the hexagonal neodymia samples is, as
deduced from the ir. spectroscopic study, similar to that
reported for La,0,,'? the only difference being the rate of the
process, being much faster in the case of lanthana. This analogy

—_ T T
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Figure 1. Lt. spectra for the evolution of sample C2 in air. The exposure
time in days is indicated. The spectrum of the sample A2 stabilized in
air (60 d) is shown at the bottom

means that the i.r. spectrum recorded at different stages of the
process remains unchanged, so that we have included in Figure
I only the spectrum of the stabilized oxide. The most
remarkable features of this spectrum are the sharp band at 3 600
cm™!, characteristic of rare-earth-metal hydroxides,'*21-22 the
strong band at 660 cm™, which can also be assigned to
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Table 3. X-Ray powder diffraction data for the evolution of sample A2 in air

Exposure time/d

A

r Al
d'A Nd,O; (A)* 10 20 28 34 48 60 Nd(OH);*
5.57 — — w s Vs Vs Vs Vs
330 m m m w — — —
3.20 — — w m s s s s
3.08 — — w m s vs vs vs
299 m m m m w — — —
2.90 vs Vs Vs Vs s m — —
2.77 — — — vw w w w
2.21 m m m s s s s vs
1.91 m m m \ — — —
1.85 — — vw \ m m m m
1.84 — — w m s s s vs
1.71 m m m m \ — — —

w = Weak, m = medium, s = strong, and v = very. * Data from ASTM file.
Table 4. X-Ray powder diffraction data for the evolution of sample C2 in air
Exposure time/d
A

g N
diA Nd,0, (O)* 0 02 04 0.6 1.0 60 Nd(OH),*
5.57 — — — — m Vs Vs Vs
4.00 — — vw w — — — —
3.26 — — m Vs vs sh sh —
3.20 vs vs vs Vs s s s s
3.08 — — — — m Vs vs vs
283 — — w m w W vw —
277 s s m w w w w w
221 — — m s s vs
2.00 — w m — — — -
1.95 S m w —_— —_— —_ —
1.85 — — — — vw m m m
1.84 — — — — w s S vs
1.72 — — w m — — — —
1.67 s s m A — — — —

sh = Shoulder. * Data from ASTM file.

hydroxide,'*** and the two bands in the region 1 300—1 600
cm™!, typical of carbonate species.

The spectra of cubic oxides stabilized in air are
indistinguishable from those of samples A. Nevertheless, it is
obvious from Figure 1 that the first stages of their aging lead to
the formation of a phase other than that formed on the hexagonal
neodymias. For the shortest exposure times, in effect, the
spectrum of sample C2 is characterized by the absence of the
band at 660 cm™!, and the existence in the O-H stretching range
of two bands at 3 600 and 3 425 cm™, the latter being the most
intense. Also, absorptions due to carbonate species can be
noted. This spectrum is similar to those reported by us for cubic
samaria'!*'? and europia'* stabilized in air which were
assigned to a carbonate hydroxide-like phase.!?-!#

The further evolution of the spectrum of sample C2 exposed to
air (Figure 1) suggests that the initial step is followed by the
formation of Nd(OH),, as deduced from the growth of the band
at 3600 cm™!, and the appearance of a strong feature at 660
cm™'.

Tables 3 and 4 report the results of our X-ray powder
diffraction study of the stabilization of the neodymium oxides in
air. The diffraction patterns obtained for samples A can always
be interpreted as due to oxide, hydroxide, or to the coexistence
of both, Table 3. No diffraction lines suggesting the occurrence
of any carbonated phase could be observed at any stage of the
stabilization. This evolution pattern parallels that for La,0,
reported by us.!0-14

Samples C1 and C2 behave very similarly to each other. At
the very beginning of the process there are two diffraction lines
at 0.326 and 0.283 nm which do not correspond to any of the
phases described in the ASTM file for the ternary system
Nd,0,-H,0-CO,. At this stage no hydroxide is formed, as
deduced from the absence of the line at 0.557 nm. For exposure
times longer than 1 d, the cubic oxide, the hydroxide, and the
unidentified phase coexist. Finally, upon stabilization, the
pattern essentially corresponds to that of Nd(OH);. However,
the phase formed in the first stages of the process is also present,
evidenced by the lines at 0.326 and 0.283 nm.

The stabilization of the four neodymium oxides in air was
also investigated systematically by t.g. and t.p.d.—m.s., yielding
the results in Table 2. Figure 2 depicts representative t.g.
diagrams of hexagonal and cubic oxide samples aged in air. The
differences between the two traces are notable, which suggests
that t.g. may constitute a simple and useful technique to
establish the structural nature of the starting neodymium
oxides.

Asinthecase ofthei.r.and X-ray powder diffraction results, the
diagram in Figure 2 for sample A2 is similar to that of hexagonal
lanthana aged in air,'® a commercial sample of hexagonal
neodymia,'* as well as some monoclinic samarium oxides.!*'!3
The ir. spectra and powder diffraction pattern of the phases
formed after each of the steps of decomposition of lanthana *©
aged in air allowed us to propose a mechanism for the process,
which might well be applied to the present case. The first two
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Figure 2. T.g. diagrams for samples C2 (a) and A2 (b) stabilized in
air. The initial weight of the samples is indicated on the right-hand
side. The arrows in () indicate the stages at which the decomposition
process was stopped and the resulting phases investigated

weight losses in the t.g. diagram represent the dehydration of
Ln(OH); to the oxide through an intermediate hydroxide oxide,
LnO(OH). The third step, corresponding to the evolution of
CO,, is interpreted as due to the decomposition of a
monocarbonate dioxide phase, Ln,0,(CO;), to Ln,O5; the
carbonate phase above arises from the decomposition of a
carbonate hydroxide like phase ocurring through the first of the
two steps of the dehydration reaction.

To gain information about the mechanism of the thermal
decomposition of the cubic neodymium oxides aged in air, we
have investigated by ir. spectroscopy and powder diffraction
the phases resulting from the successive steps of the process. The
arrows in Figure 2 indicate the stages of the thermal
decomposition at which the process was stopped and the
resulting phases studied.

Figure 3 shows the ir. spectra corresponding to the
intermediate phases mentioned above. For comparison it also
includes the spectrum of the oxide stabilized in air. Step A
induces a notable decrease in intensity of the band at 3 600 cm™,
as well as the disappearance of that at 660 cm™, both
characteristic of Nd(OH),. Since this step also causes the
complete elimination of the lines due to hydroxide in the
powder diffraction pattern (Table 5), it is concluded that this first
step corresponds to the decomposition of the hydroxide phase
present in the aged sample. This is also consistent with the
evolution of water detected in this step by t.p.d.—m.s.

Contrary to what was reported for the decomposition of
hexagonal samples aged in air 81%2° no formation of NdO(OH)
can be deduced from the powder diffraction pattern in Table 5.
This suggests that in the case of the cubic neodymia samples the
dehydration of the hydroxide occurs through a single step.

It is also worth noting that spectrum A in Figure 3 is similar
to those obtained in the first stages of the aging of the cubic
neodymium oxides in air, Figure 1. Likewise, it is analogous to
those obtained for cubic samaria ! '*!? and europia '* exposed to
air. The powder diffraction pattern of the phase resulting from
step (a) is in accord with that observed at the initial stages of
aging of the cubic oxides, Table 4, characterized by the lines at
0.326 and 0.283 nm.

In accordance with these i.r. and powder diffraction data, step
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Figure 3. L.r. spectra of the phases resulting from freezing the decom-

position of sample C2 aged in air at the stages marked with arrows on
the t.g. diagram in Figure 2 (a)

Table 5. X-Ray powder diffraction data for the phases resulting from
freezing the decomposition of sample C2 stabilized in air at the stages
marked with arrows in Figure 2. Pattern A’ corresponds to the phase
obtained by decomposition of aged C2 at 20 K above the temperature
at which step A was stopped
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A of the process consists of the dehydration of Nd(OH); to
oxide, whereas the carbonate hydroxide phase formed in the
first stages of the aging process would remain unaltered. This
conclusion is also supported by the powder diffraction pattern
recorded for a sample decomposed at some 20 K above the
temperature marked with the arrow A in Figure 2. This
diagram, in effect, in addition to the pattern of the carbonate
hydroxide phase, shows lines that can be ascribed to cubic
neodymia.

The next step of the decomposition process, also consisting of
adehydration reaction, corresponds to the decomposition of the
carbonate hydroxide phase, as deduced from the disappearance
of the band at 3425 cm™' (Figure 3, spectrum B). The
diffraction pattern of the phase formed at this stage, Table 5,
does not show the characteristic lines at 0.326 and 0.283 nm, in
accord with the decomposition of the carbonate hydroxide
phase.

The third stage of the t.g. diagram in Figure 2 also
corresponds to a dehydration process. It can be interpreted as
the second step of the decomposition of the carbonate hydroxide-
like phase. Presumably, the reaction leads to a monocarbonate
dioxide, Ln,0,(CO,), a well known intermediate phase in the
decomposition of lanthanide carboxylates,2*25 carbonates,?¢*?’
as well as carbonate hydroxides.2¢-28 In this respect, it should be
mentioned that the evolution of the ir. spectra on heating
parallels that reported '2 for a cubic samaria aged in air, a case
in which the formation of a monocarbonate dioxide has also
been suggested.

After the last step of the t.g. diagram in Figure 2, that assigned
to the decomposition of the monocarbonate dioxide phase to
oxide, the powder diffraction pattern show lines corresponding
to both hexagonal and cubic neodymia, Table 5. This indicates
the occurrence of the well known C to A phase transition in the
oxide.?®

Discussion

In a very recent review !4 we have proposed a classification of
the rare-earth-metal sesquioxides based on their behaviour
towards atmospheric CO, and H,O, at ordinary temperature
and pressure, i.e. under the usual storage and manipulation
conditions. In accordance with this classification, three groups
of oxides, hereafter referred to as I, II, and III, can be
distinguished.

In ref. 14 several hexagonal lanthana samples, a commercial
hexagonal neodymia, as well as a samaria sample, probably
monoclinic,'!*'? were included in group I. Upon exposure to
air, these oxides are thoroughly transformed into the corre-
sponding Ln(OH),. For all of them, carbonation phenomena
which affect the bulk have been observed. Nevertheless, no
carbonated phase could ever be identified by powder diffraction,
which seems to be a characteristic of this group of oxides.
Moreover, a lanthana aged in air was treated with flowing CO,,
under normal pressure, in an attempt to increase the carbon-
ation level. This was achieved, but no new lines could be
observed in the powder diffraction pattern.3®

According to ref. 14, the so-called group II includes cubic
samaria and europia. The differences in behaviour between the
oxides belonging to groups I and II are notable. In the latter
case the transformation of the starting oxides is not complete at
apparent stabilization. It has also been proposed that aging of
the oxides of group II in air leads to the formation of a
carbonate hydroxide phase.!2 However, no evidence could be
obtained from X-ray powder diffraction for the existence of an
hydroxide in aged samples of this group of oxides.'?

Group III, the sesquioxides, which will not be considered
further in this work, comprises the heaviest members of the
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lanthanide series. In particular, oxides of Dy, Ho, and Yb have
been suggested to belong to this group.!#

Regarding the hexagonal and cubic samples of neodymia
investigated here, we propose to include them, in groups I and IT
respectively, of the above classification.

In effect, the results of our study support the existence of very
similar behaviour between Nd,O,-A samples and the oxides of
group [.8:10.12-14

The inclusion of Nd,0;-C samples in group II deserves
further comment. The exposure to air of both the oxides of group
II and the cubic neodymia samples leads to the formation of an
isostructural crystalline carbonate hydroxide. The difference
between the cubic neodymias and the remaining oxides belong-
ing to group II is that, in the former case, the formation of the
carbonate hydroxide is followed by hydration of the unreacted
oxide to Nd(OH),, a process which is not observed with cubic
samaria and europia.'*

Our proposal above is mainly based on the i.r. and powder
diffraction data, especially the latter. Figure 4 shows the
diffraction patterns for cubic Nd,0O;, Sm,0;, and Eu,0,, and
superimposed upon them, with dotted lines, the patterns of the
phases resulting from their exposure to air. In the case of Nd,O,
the dotted line actually corresponds to the pattern obtained
after the first step of the decomposition of the sample stabilized
in air, ie. that reported for A in Table 5. It is obvious from

287/°

Figure 4. X-Ray powder diffraction patterns corresponding to cubic
neodymia (a), samaria (b), and europia (c) (full line), as well as to the
carbonated phases resulting from their aging in air (dotted lines).
The radiation used was Mo-K,
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Figure 5. X-Ray powder diffraction patterns of cubic Ho,O, (a) and monoclinic Ho,(OH),(CO) (). The latter is a computer simulation based on the
crystallographic data reported in ref. 31. Pattern (a) was taken from the ASTM file. Mo-K, radiation was employed in each case

Figure 4 that the aging of cubic neodymia, samaria, and europia
in air leads to the formation of phases the structures of which are
very closely related.

In accordance with ref. 31, there are three well known
lanthanide carbonate hydroxides: orthorhombic, type A; hexa-
gonal, type B; and monoclinic. The ir. spectra and powder
diffraction diagrams recorded by us do not agree with those
reported in the literature for carbonate hydroxides of types A
and B.2!:3!173% The structure of the monoclinic Ho,(OH),-
(CO,) has recently been reported.®! From the structural data
given, a computer-simulated diffraction pattern for monoclinic
holmium carbonate hydroxide has been obtained. This as well
as the pattern for cubic Ho,0O; is given in Figure 5. When
Figures 4 and 5 are compared, it can be concluded that the
correlation observed when going from neodymium through
europium in Figure 4 fails for holmium. In particular, no
diffraction line at around 0.626 nm (6.5° when using Mo-K,
radiation), the most intense in the pattern for the holmium
carbonate hydroxide, can be observed in the patterns in Figure
4. This suggests that the phase formed upon exposure of cubic
neodymia, samaria, and europia to air does not correspond to
any of the three types of lanthanide carbonate hydroxides
reported to date. It is obvious, on the other hand, that it does
not agree with that formed when oxides belonging to the so-
called group I are exposed to air.

As further support to the tentative classification of the rare-
earth-metal oxides proposed in ref. 14, the results discussed
above show the existence of significant differences in the rates of
the aging processes, the nature of the phases formed, as well as in
the mechanism of thermal decomposition between the cubic and
hexagonal samples of neodymia. These differences are
particularly noteworthy in the present case because the oxides
belong to a single element. Furthermore, when the nature of the
oxides included in groups I and IT is analysed, it can be
concluded that samples of the same 4 felement in air behave in a
very different way to oxides of unlike lanthanide ions. Such is
the case for the samarium oxides,*!~!3 and for the neodymium
oxides investigated here.

Our results, on the other hand, strongly suggest that the
structural nature of the rare-earth-metal sesquioxides may
constitute one of the major clues to the observed differences in

behaviour. It is worth recalling that the oxides of group I are all
cubic, whereas those of group I are hexagonal, except for the
samaria sample, which is probably monoclinic.*® As is well
known, however, the hexagonal and monoclinic structures of
the lanthanide sesquioxides are closely related to each other,!?
which might justify the observed analogies in their behaviours
in air.

From the results in Table 2, some other interesting differences
between the cubic and hexagonal neodymia samples can be
noted. Thus, the stabilization in air of samples A results in
important alterations in both the mean crystallite size and the
BET surface area of the oxides. On the contrary, the effect of
aging on these properties is much less important in the case of
samples C. In other words, the textural modifications induced
in the rare-earth-metal oxides by their exposure to air also seem
to depend on the structure of the starting oxides. Accordingly,
the method proposed in ref. 16 to increase the surface area of
lanthana, consisting of subjecting the oxide to successive
hydration—dehydration cycles, will probably not work when
applied to cubic 4 f sesquioxides. This procedure is, however,
routinely applied to the lanthanide oxides used in catalysis,** no
matter what the structure.

In conclusion, our results show that the behaviour in air of
the rare-earth-metal sesquioxides is much more complex than
presumed earlier. The actual nature of the phases formed when
these oxides, as is usual, are stored and manipulated in air, is not
well known. From our point of view, data like those discussed in
this work are considered very valuable, because they can
contribute to a better understanding of the reactions in which
the lanthanide oxides are involved. In particular, the knowledge
of the chemistry in air of the lanthanide oxides may help to
improve the synthetic methods currently used to prepare
various novel materials I'2 based on 4f oxides.
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