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Abstract

The present work aims to bring an original approach to the understanding of the polymorphic
transition of RE;O; from the low-temperature polymorph to the higher-temperature polymorph: from
the cubic C to the hexagonal A form or from the monoclinic C to the monoclinic B form, for which the
transition temperatures depend intimately on the rare earth element. The view proposed here, focusing
on the lanthanide sesquioxide series, from Nd,O3; to Dy.Os, includes crystallographic and energetic
considerations, using both bulk and surface energy calculations. After a complete description of the
polymorphic filiations based on A, B and C unit cells described on simplified RE cation stacking
schemes, it will be shown that the growth of the crystallite size as a function of temperature explains

the existence of such transitions for these sesquioxides.

1. Introduction

In contrast to the crystallization-melting-recrystallization process, crystalline solid-solid transitions
occur only in the ionic, covalent or metallic bonded solid state [1]. Solid-solid phase transitions can be
arbitrarily divided into two main categories: “reversible solid-solid phase transitions”, which are
reversible, with mostly the observation of hysteresis between cooling and heating modes, and “phase
change materials ”, which are not reversible, i.e. used for the transformation of a metastable phase (out

of the phase diagram) into a stable allotropic form.



Just focusing on inorganic ionic crystals (with inorganic oxides as main category), the solid-solid
transitions take place between two different crystalline forms of a unique compound and, from the
thermodynamic standpoint, solid-solid phase transitions are associated with their single robust
transition temperature: To, at which both the crystalline forms coexist in equilibrium [2]. Whether 1%
order or 2" order, or with a displacive or order-disorder mechanism, the reversible solid-solid phase
transitions are the most studied ; reversible phase transitions can imply besides the structural
transformation some huge changes in terms of magnetic [3], optical [4], transport (ionic, electronic)
[5] or catalytic properties [6]. Reversible phase transition can thus be used in smart/active materials, as
for example the metal-insulator phase transition of vanadium dioxide, which is accompanied by a
radical change of its transparency in the infrared, is extensively studied for smart window applications
[7-11]. Nonetheless, “phase changes™, although not reversible change processes, can also be used in
some industrial innovations, such as in thermal or pressure sensing systems [12-18]. Phase changes
occur because the crystal structure of the nanocrystal is metastable, meaning only stabilized thanks to
the surfaces, which are with lower energies than the stable allotropic form. For well-known example,
titanium dioxide (titania) made in the nanophase always adopts the anatase structure. At higher
temperatures, the material spontaneously transforms into the bulk rutile stable phase [19-23]. The role
of grain size in these metastable to stable phase transitions is crucial. Such a mechanism can be
illustrated by superimposing the evolution of the total energy (in J.cm™) as a function of the crystallite
size (for crystallites here of cubic shape) for two allotropic forms of different lattice energy (E/) and
surface energy (Es). In a methodology that will be applied latter in the manuscript, the total volume
energy was calculated as Ew/V= (E-xV+EsxS)/V = Exa’+Esx6xa2, with a the cube edge length. The
"red" form (metastable form, low temperature, nanometric crystallites) of lattice energy less stable
than the blue form (stable form) but which has at the same time a surface energy less high than the
blue form, will have its total energy crossing that of the stable form at the phase change temperature,

for a critical crystallite size of, in this example, 9 nm (Fig. 1).
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Fig.1 Evolution of the total energy (Et/V) in kJ.cm™ of two allotropic forms with a phase change

The polymorphism and thermodynamic properties of lanthanide sesquioxides have been studied since
the beginning of the last century [24-30]. Nowadays rare earth (RE) oxides are key materials for
electronic, photonic and magnetism, their strategic position justifies the need to better understand their
properties. Large differences on the thermodynamic properties of their polymorphic transitions are
reported in the literature. Due to strong chemical similarities of the various RE oxides making their
metal separation difficult, the oldest studies dating from the beginning of the 19" century suffered
from the low purity of the powder available at that time, leading to disparity in the collected data [31].
Three recent reviews gathering thermodynamic properties of rare earth sesquioxide (RE.Os) are
already published [13, 32-35]. There is now a consensus on a major part of the various RE2O3 existing
phases, but some differences subsist, about Nd,Os; for example. The RE;Os; family presents 5
crystallographic forms, first named by Goldschmidt et al. [24]: C, B, A, H, X; with C, B and A, three
forms which could be stabilized at room pressure, being respectively with cubic, monoclinic and
hexagonal crystallographic systems. The temperature range stability of these C, B and A forms are
different depending on the RE,Os compound, varying from room temperature and up to 2000 °C. The
two last, H and X are respectively hexagonal and cubic high temperatures phases occurring only above

2000°C and/or high pressure, that will not be discussed in the present work. Phase diagram differs
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according to the different authors. Based on a critical review of the literature and the present work, we
suggest the phase diagram presented in Fig.2. This diagram is consistent with the work of [27,28,34].
The room temperature phase for the light rare earth oxide (La to Nd) is only A, except for Nd.Os, a
stable cubic phase is also found, leading to a C to A transition around 750°C. The middle RE,Os (Pm
to Gd) presents two stable forms, C and B, and the heavy RE2Os (Tb to Lu), also presents C and B

phase up to Dy-0s, for smaller ionic radius only the cubic phase exist.
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Fig.2 Literature review on phase-transition temperatures of various lanthanide sesquioxides.

First it is not always clear from the literature, the cases where the transition temperatures reported are
extracted from in-situ characterizations (X-ray diffraction versus temperature) or, in the opposite, from
ex-situ techniques after a cooling down to room temperature (with a drastic quenching velocity, or, in
the contrary, a very slow cooling-down). Thus, the transition temperatures seem to be subject to a
large variability depending on the experimental protocol. This is a key point to apprehend the
thermodynamic origin of their solid-state transitions. In respect with the idea that the RE,Os oxides are
within the category of reversible solid phase transition materials, Stecura et al. [36] have assigned the
variability of the reported phase transition temperatures to the importance of the kinetics of the
different thermal treatments used depending on the authors. Especially, at this stage, one can enounce
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that the lanthanide sesquioxide phase transitions are not clearly classified depending on the two large
categories previously discussed, i.e. as reversible solid-solid transitions or phase changes. The
transitions cited previously are most of the times assumed to be reversible by different authors
[26,28,32-35,37], from the high to the low temperature forms which is supposed to have very slow
kinetics. As additional argues in favour to the reversible solid-solid phenomenon, Roth and Schneider
[27] obtained traces of cubic phase (low temperature form) on the surface of a monoclinic sample of
Gd.0s, after a 2 weeks thermal treatment at 1200 °C (i.e. just below the transition temperature).
However, from the appearing crucial role of the grain surfaces, they ambiguously concluded that all
the polymorphic transition must be irreversible and monotropic [27]. Shafer and Roy [26] and
Warshaw and Roy [28] announced reversibility for various RE2Os, but under hydrothermal conditions.
Hydrothermal conditions could favour dissolution and re-precipitation of the oxide phases, i.e.
implying mechanisms out of the scope of the solid phase transitions; thus, the obtaining of low
temperature form did not prove the reversibility of the solid-solid phase transition of the Re;Os;
compounds. Most of the other authors did not bring any evidence of reversibility. Stecura et al. [36]
heated several RE2O; compounds in their high temperature phase below the transition temperature,
and none reversibility effect was observed. Dogmatically, firmly believing that the phase transition of
lanthanide sesquioxides must be classified as reversible phase transitions, they explained the as-
observed irreversibility by the insufficient thermal energy, while temperature is fixed below the
transition temperature, to overcome the ionic interactions that block such a reconstructive transition.

The present work intends to bring a new approach to the understanding of the polymorphic transition
of RE,O; from the low temperature polymorph to the higher temperature one: from C to A and from C
to B transitions, depending on the RE element. The vision proposed here, focused on the lanthanide
sesquioxide series from Nd.Os to Dy,Os includes crystallographic and energetic considerations, using
both volume (bulk) and surface energy calculations. After a full new description of the polymorph
filiations basing on the A, B and C unit-cells described on simplified RE cation patterns and stacking,
the triple correlation between crystallite size evolution (growth), the RE ionic radius and the transition

temperature of such Re,Os phase transitions is investigated and disentangled.



2. Experimental section

Neodymium oxide 99.99 % was purchased at Alfa Aesar, samarium oxide 99.9 % was purchased at
ampere industry, gadolinium oxide 99.99 % was purchased at Reacton and aluminium oxide (99.99%,
sintered at 1700°C) was purchased at Koch-Light Laboratories Ltd.

Pure Nd;Os (neodymium oxide) is usually produced within its hexagonal phase with traces of cubic
phase (this is the case for the Alfa Aeser sample). In order to produce pure cubic phase (low
temperature form), the commercial Nd.O3; powder was first peptized into excess of water to lead to
Nd(OH)s formation. For such step, argon gas flux was continuously bubbled into the aqueous solution
for 20 min to avoid the formation of carbonate from dissolve CO; (i.e. CO2,H,0 - H,CO3) The
solution was kept under stirring during 5 days. To obtain pure cubic Nd,Os, the dried hydroxide was
calcined during 1 hour at 500°C under air. In addition, at the end of the paper, cubic Nd,O3 powder
was mixed with Al.Os; in a mortar to check the impact of Nd.Os crystallite size on the cubic to
monoclinic phase change temperature (the 80 wt% alumina in the Al,03/Nd>Os; mixture retarding the
growth of Nd,Os crystallites compared to the pure Nd2Os; sample). Pure cubic Nd-Os; and Nd>Os; mixed
with Al;Os are then thermally treat during 10 min, at temperature from 800°C to 1050°C with step of
50°C.

Alfa Aeser Sm;0s (samarium oxide) and Reacton Gd»Os (gadolinium oxide) raw powder exhibits only
the low temperature phase and were used without any additional treatment.

For phase transition reversibility tests, neodymium, samarium and gadolinium oxides were treated at
1100°C, 1200°C and 1400°C, respectively, during 1 hour to obtain the hexagonal or monoclinic phase
(high temperature forms). The three as-prepared powders were also treated at 400°C, 800°C and
1000°C, respectively during one week to eventually induce phase reversibility.

Purity of the phases was verified by XRD using a diffractometer PANalytical X'Pert MDP-PRO,
Bragg-Brentano geometry, equipped with a Cu Ka » radiation X-ray. Patterns were collected at 45 kV
and 40 mA between 8° and 80° (20) with a step size of 0.02° and a time per step of 0.47 second.

The RE»Os structural networks were drawn thanks to Diamond software (Crystal Impact) and

imported CIF files from ICSD database (ICSD number are listed Table 1).



3. Results and discussion

3.1 A, B and C crystal structure descriptions

The Fig.3a shows the C-type structure in the classic representation of C-type RE.Oz; compounds with
the space group | a -3. All cations are located in an anionic distorted oxygen octahedral cage. This
representation does not allow a clear understanding of the structural framework for further discussion
with both their A or B-type filiation. A representation considering a cation close-packed structure, i.e.
with anions in the centre of the cationic polyhedral cages, makes the crystalline periodicity
representation clearer. On Fig.3b, it can be noted that cations form a face centred cubic (FCC) system
(with arcc cell parameter). With this cationic FCC unit scheme, it can clearly be seen the filling of 3/4
of the 8 anionic tetrahedral sites, only. One FCC-like cell (sub-cell), as isolated, constitutes only the
1/8 of the unit-cell (so with a unit cell parameter such as a = 2xarcc) which is necessary to describe
the complete structure of the C-type phase (Fig. 3c), i.e. to describe the periodic organisation of the
anionic vacancies. About this anionic vacancy positioning, whatever the RE,O3z composition, two first-
neighbouring oxygen vacancies sites are always situated along the same FCC-like cell diagonal, i.e. in
two opposite corner-shared tetrahedral sites. Furthermore, in the unit-cell, for each anionic column

associated with four cationic tetrahedral cages, only three are filled with oxygen anions.
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In the case of both the hexagonal structure, A (SG: P-3 m 1) and the monoclinic B crystallographic
structure B (SG: C 1 2/m 1), the cations are located in a seven-fold coordination environment. The
variation of the local distortion of the seven-fold anion cages depending on the RE element explains
the occurrence of the two different space groups. As for the C form, the reinterpretation of the two
structures, by considering the cationic structural stacking, allows the description of the anionic
polyhedra and a clearer view of the periodic framework-type. The A hexagonal cell considering cation
stacking is shown in Fig.4a. The B-type system, more complex, is shown in Fig.4b. Similarly to the
work performed with the FCC-type cell for the C-type structure, it is possible for the B-form,
considering the cation stacking representation, to redraw a unigue unit pattern (sub-unit cell)
corresponding to a distorted hexagonal unit-cell as evidenced in Fig.4b. Thus, A and B-forms, at the
exception of slight angle distortions, both A and B type-structures can be described with this unique
unit-pattern hexagonal-like cell (HC-cell). In this HC-like cell (Fig.4a), the oxygen anions are located
in one distorted octahedral site and two highly distorted tetrahedral sites. In the first lower half-height
(along the standard c-axis), the single cationic octahedral site is filled, while in the second upper half-
height of the cell, the two available tetrahedral sites are filled. Consequently, the two cationic

tetrahedral cages are with an exotic edge-sharing situation.

Fig.4 a) Full unit-cell new representation considering cation stacking for a) the hexagonal A-form
and b) the monoclinic B-form. The hexagonal-like cell (HC), allowing the simplification of the B-form
representation in a nearly A-cell system, is evidenced on Fig.4b. Oxygen anions are represented in red

colour and RE cations in grey.



On a general point of view, polymorphic transition can be of three types, reconstructive, displacive
and dilatational [36]. In the case of RE;Os, the cubic to hexagonal or the cubic to monoclinic
transitions are reconstructive since changes on the coordination number occur. This reconstructive
behaviour is based on the breaking and reforming of anion-cation bonds. To emphasize the structural
evolution between C low-temperature form and A or B high-temperature forms, going beyond the new
cation stacking representations reported above, the three forms can be represented from the projection
along an unique equivalent crystallographic axis (axis perpendicular to the dense cation planes, in our
case). Consequently, both the three systems can be plotted as a series of 3 hexagonal-like cells stacked
along projection axis (Fig.5). The Fig.5a shows the C-type structure, where the cation atoms deviate
from the classical positions by the spreading of the atoms from the 1/3, 2/3, 1/2 axis to the 1/3, 2/3, 1/2
and 2/3, 1/3, 1/2 axes (associated to the ABABAB cation stacking to the ABCABC cation stacking
transitions). The Fig.5b show the hexagonal system (A form) clearly respects the standard hexagonal
unit cell representation of an inorganic oxide just reversing the anions and the cations. Finally, the
reconstruction of the monoclinic type (B form) (Fig.5¢c) well shows the atomic shift of all anions from
their standard positions into a hexagonal system. One can observe the small displacements of the
anions located on the c-axis edges of the HC-like cell and the more important displacements of the
anions located inside this HC-like cell, while the cations are still roughly located on the standard
positions. The similarity between the A and B forms or A and C forms can be clearly distinguished in
a glimpse. The transition from the C-type to the A or B-type, consists mainly on a displacement of just
few of the cations associated to light local deviations of the surrounding anions. In a way, C to A and
C to B phase transitions are both very close the common Blende- to Wurtzite-type phase

transformations.



a)

Fig.5 Representation in a common series of 3 stacked hexagonal like cells (HC) emphasizing the
structural filiation between the three studied RE.Os structural types: a) C-type, b) A-type and c) B-

type. Oxygen anions are represented in red and RE cations in grey.

3.2. Determination of the surface and volume energies

The purpose of this part is to calculate the total energy of the phases, considering approximations from
both the surface energy and the lattice energy (volume energy). First, to simplify the calculations, only
C to A transition will be considered for the RE203; from Nd to Dy, the B structure being a distorted
version of the A structure, as previously demonstrated. Indeed, in our model used for energy
calculations, only two kinds of bonds are considered, with only two different energies, whatever the
distortion of the anion sites: the one corresponding to oxygen — RE bond where oxygen is located
inside an octahedral cation cage, the one corresponding to oxygen — RE bond where oxygen is inside a
tetrahedral cation cage. In other words, since the distortions are inducing small modulations of the
bond valences, they were neglected. Hence, in a first approximation, the electron flux (assimilated to
bond valence, BV) of the chemical bonding around the O* oxygen anions in 6-fold coordination will
be equal to 2/6 (1/3) and the bond valence around the O in 4-fold coordination is equal to 2/4 (1/2).
The surface energy is then calculated just as on the number of bonds broken on the cutting plane,
which is chosen as the natural (hkl) cleaving plane, i.e. the one with the highest atomic density (atoms
number per surface unit). For the C-phase, with the (111) plane which is the densest one, the
calculation is a bit tricky because the (111) area (named hereafter Si6) needed for a robust calculus is
constituted by 16 unit parallelogram areas (the ab faces of the HC-like cell, named hereafter Swc). The
area (Si) on which is performed the calculation is illustrated on Fig.6a; surface construction has been

based starting from a pure cationic surface. To respect the anion/cation stoichiometry of the compound
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at the surface, several cation-oxygen bonds just above the cationic cleaving plane have not to be cut
for maintaining enough anions to keep the charge neutrality of the surface. The number of cations per
Sic surface unit is so: 4x1/4+12x1/2+9 = 16. Those same cations could be numbered as
4x1/8+12x1/4+9x1/2 = 8 cations per volume unit. Therefore, here, one has to consider that from the
choice to cleave the compound structure basing on a cationic surface, there is a relative enrichment of
8 cations per Sie surface-unit. To maintain the RE,O3 stoichiometry, 12 anions (3/2*8) just above the
cleaving surface have so to be maintained (bonded) to the surface cations. These anions are in two
different situations: some of them are with three bonds with three different surface cations, the others
are with one single bond with only one surface cation. The anions forming three bonds with the
cationic plane are prioritized for further incorporation into the surface because obviously, the energy
gain to maintain these is greater than for those bound from a single bond. Finally, it leads to the total
number of cut bonds per Sis unit (linked to the transparent atoms on Fig.6a) equal to 12x1/2+18 = 24
(i.e. 1.5 bonds per Snc parallelogram unit).

In our energy approximation, it has been considered that the equivalent energy of one bond can be
considered as proportional to the electron flux, as used in own previous works to discuss phase
transition phenomena [22,23]. All cation-anion bond valences in the C form being equal to %, the
surface energy associated is then 24 x % [ Sis = 12/Ss6 or, taking into account the HC-like unit
parralellogram face, as reference, = ¥ /Spc.

For the hexagonal structure A, as well as for the B monoclinic structure, the same method is applied.
The close-packed plane, so the realistic cutting plane is the 001, i.e. the ABAB stacking plan. Two
different cases have to be taken into account, here considering that one side of this cationic cutting
plane, the metal-oxygen bonds are belonging to tetrahedral sites, on the other side of the cutting plane,
these metal-oxygen bonds belong to octahedral sites (Fig.6b and Fig.6¢). The calculation area (Sa) is
constituted of 4 parallelogram unit areas (Swc). From the same kind of calculation for maintaining the
electroneutrality while creating a cleaving plane that for the C-form, the number of cations per S4
surface-unit is 4x1/4+4x1/2+1 = 4/S, while these same cations were counted as 4x1/8+4x1/4+1x1/2
= 2 per Ss* volume-unit. To keep the stoichiometry, 3 anions are still linked to the surface, whatever

the ‘“‘octahedral-site side” or “tetrahedral-site side” is considered. For the ‘“tetrahedral site side”
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(Fig.6b), 10 bonds, with BV = % are broken per Sa surface unit, leading to associated surface energy
equal to 5/ S4 or 1.25/Syc. For the “octahedral site side”, then, 12 RE-O bonds, with a BV = 1/3, are
broken (Fig.6¢) by surface creation. The energy associated is the 12x1/3/Ss or 1/ Spc. As, in first
approximation, it could be considered that the two configurations (excluding the “octahedral-site side”
or the “tetrahedral-site side” from the compound, i.e. beyond the cleaving surface or outside the

crystal) are equiprobable, hereafter, the mean value of the two energy is so considered, i.e., (9/8) /Skc.
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Fig.6 Representation of the cutting plans of RE,O3 forms: a) for the C-type form on the Si6 surface-
unit (16 x Spc parallelograms), b) and c) for the A or B-type forms, on the S, surface unit, considering
the two configurations: leaving the tetrahedral-site side or the octahedral-site side outside matter.
Oxygen anions are represented in red and RE cations in grey, semi-transparent ions (cations or

anions) are the ones removed from the surface.

The volume energy, i.e. the lattice energy, is then calculated with same approximation basing on the
equivalence between lattice energy and the product of the number of bonds times their bond valence,
per volume-unit. In the A hexagonal structure (and equivalently for B monoclinic form), for which
calculation is the most simple, the volume unit for the calculation is taken as the hexagonal-like
volume unit: Ve, containing 1 octahedral site (6 bonds) and 2 tetrahedral sites (8 bonds). The
associated volume energy is so 6x1/3+8x1/2 = 6/Vuc (Z=1/ Ve, i.e. corresponding to a single RE,O3
formula unit). In the C-type form, considering arcc® as calculation unit, containing 6x8 tetrahedra (192
bonds), the associated volume energy is 192 x 1/2 = 96/arcc®. arcc ® volume unit being associated with
Z=16 RE;O; formula units, the calculated energy for an equivalent volume unit that has been

performed for A (or B) form is then 96/16 = 6/Vc.
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From the calculation, which is performed on the V¢ hexagonal-like volume unit, all the polymorphs
exhibit same volume energy (same total bond valence flux, in our approximation): E; = - K X 6 / V¢
(with K a correlating constant in between the total bond flux energy and the real volume energy).
Whereas the A or B polymorphs (high temperature forms) exhibit 1.5 times higher surface energy
(positive energy) than the C form (low temperature form): Es (A or B form) = K x (9/8) /Snc and Es (C
form) = Kx (34) /Snc. Clearly, X-ray diffraction data from the literature reveals (Table 1) that the Vic
is subject to a contraction during the low->high temperature transition. Hence, the volume decrease
versus the low to high phase transition well supports that the high temperature form gets larger
negative volume energy (more stable). It is clear, at this point, that the transition is directly correlated
to the surface/volume ratio, i.e. is depending to the crystallite size. This could explain the significant
disparity of the transition temperatures reported in the literature by the various authors dealing with
the subject. Already, the phase transition clearly seems to have to be describe as a phase change
materials, with a low temperature phase or kinetic form (stabilized from its low surface energy) and a
high temperature form or thermodynamic form (stabilized for the volume energy). Thus, the transition
temperatures occur while a critical surface/volume ratio, associated to the phase shift at the total
energy crossing point, is reached.

The total phase energy of as-spherical crystallites approximated for all the solid forms can be
calculated as:

Etot = EXVHEXS = Ex4/3xmxr3+Ex4xmxr2 = -x4/3xuxr3x6xK/V e + 4xmxr2x6/8xK/Syc.

It comes that Eq/V is proportional to -6/Vyc + 6/8x3/rx1/Syc. For each RE2O; from Nd to Dy, the Syc
area unit and Ve volume unit are calculated from the representation on Diamond software drawings
using the data of the corresponding CIF files. All the numerical data are provided in Table 1. The
K’xEw/V curves (K> = K as expressed here before) are plotted Fig.7 for each RE;Os in both the
cubic (low temperature form in dotted lines) and hexagonal or monoclinic structure (high temperature

form in full lines).
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Table 1. RE ionic radii, Snc surface area unit and Vxc volume unit extracted from the corresponding

ICSD files, for all the discussed phases.

RE,03 n°ICSD Cell type RE ionic radius (A) Shc (A?) Vie (A3)
[24, 34, 35]
Nd,03 191535 C 0.995 13.3 85.5
169442 A 1.12 12.7 76.3
Pm,0; 647284 C 0.979 13.1 83.0
647285 A 12.6 75.8
Sm;03 8493 C 0.964 12.9 81.6
105430 B 1.09 12.5 74.7
Eu,03 431512 C 0.95 12.8 80.2
659184 B 1.07 12.3 73.4
Gd,0s3 10173 C 0.938 12.6 18.9
162248 B 1.06 12.2 72.1
Tb,03 40474 C 0.923 12.5 77.2
28172 B 1.04 12.0 71.0
Dy,0s3 248578 C 0.908 12.3 76.0
160228 B 1.03 11.9 70.1

The curves (Fig. 7) representing the variation of the total energy of both the RE,O3; compounds show
that low and high temperature forms for each compound intercept at different values of r (particle
size), depending on the RE element.

Calculations of energy versus crystallite size are based solely on crystallographic data of room
temperature structures. Here, the aim is to show that the transition is well guided by the surface-to-
volume ratio of the compounds. In addition, the energies are calculated as proportional to the valence
of the bonds, which does not vary with thermal expansion and similarly, the proposed "static" model
does not take into account entropic terms. Nonetheless the approximations made, results underline the
relevance of this model to explain the irreversible changes between metastable (low temperatures,
highly divided powder) and stable (high temperature) forms.

With the increase of r crystallite size, i.e. versus the growth of the particles, the surface / volume
energy ratio decreases. Because of the less contribution of surfaces with increasing annealing

temperature (and so grain size), the high temperature forms become with a lower total energy than the
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kinetic ones (low temperature form, with lower surface energy), leading to the transition from C-type
towards the A-type and B-type phases. It is clear that a minimal temperature is associated to the
transition. But the phase change materials are indirectly associated to temperatures through sintering
process or synthesis route because phase transitions are directly tuned through surface/volume ratio.
Hence, the thermal treatment rates and duration are also important parameters, which can explain the

variability of transition temperatures as-reported in literature.

--- Nd.,0, (C)
——Nd,0, (A)
--- Pm0, (C)

E./V (a.u)
Tonic radii (A)

Gd,0, (B)
--- Tb,0,(C)
——Tb,0, (B)
-~ Dy,0,(C)
——Dy,0, (B)

3
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r(A)

Fig.7 Plot of the total energy volume as a function of the particle size (r) for high (full lines) and low

(dotted lines) temperature forms from Nd,O3 to Dy,O3 compounds.

Furthermore, keeping in mind that approximations have been made on suc unit calculation, especially
for the B-type forms, for which the Suc parallelograms are distorted and not perfectly planar, the
critical crystallite size for which occurs the phase transition is shown to be dependent of the RE ionic
radii. The predicted phase transition temperatures and the crystallite size of the particles both increase
with the reduction of the RE cationic radii. The neodymium oxide has the lowest critical crystallite

size of the series as well as its reported transition temperature in literature; samarium and europium
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compounds present intermediate behaviour while Th.0; and Dy,O3 oxides characteristics belong to
the highest proposed values (Fig.2). Considering the just well-established phase change material
mechanism for the phase transition, one main aspect governing the irreversible transition is the brutal
change of the Ve, with a sharp decrease from low to high temperature form, leading to a densification
and so an increase of the volume energy. This decrease of unit-cell volume is associated with, by a
reorganisation of the cationic sub-network, a change of some cation positions and cation-anion
coordination: from a tetrahedral coordination of the anions in the C-type low temperature form to a
mixture of tetrahedral and octahedral anionic coordination in the A or B-type phases. Bigger the
cations (longer the cation-anion bond lengths), more pronounced the Vuc drop at the transition,
shifting so the phase transition from the kinetic (A and B phases) to the thermodynamic phase (C
phase) at lower temperatures. This structural reorganization with as stronger amplitude as the RE
cation is big, can be correlated to the decrease of the bond covalence/strength, since long ionic bonds
exhibit large “elasticity” than short covalent bonds.

Also, it can be noted that the critical crystallite sizes are low (2-4 nm diameter) and not realistic. It can
come from the different approximations: (i) the thermal expansion were not taken into consideration
calculation being based on Vuc and Swc from crystal network assessed at room temperature; (ii)
pending bonds formed with atmospheric water are neglected as all surface bonds were considered as
cut (over-estimation of surface energies); (iii) surfaces are considered as built only with the densest
cationic planes what is not realistic for low crystallite size tending a spherical shapes (under-

estimation of the surface energies).

Experimental evidence: introduction

First, a heat treatment of 10 min applied on a mixture of three sesquioxides: Nd,Os, Sm,0O3z and Gd;Os,
allowed us to determine approximately the transition temperature of these three oxides. XRD patterns
were recoreded in 24° - 35° short 20 range. Respectively, these three oxides change allotropic form at
about 900, 1150 and 1250°C. The Nd»Os transition is marked by the appearing of the (101) hexagonal
peak concomitant to the disappearance of the (222) cubic form peak (Fig.8a). The Sm,0Os transition is

marked by the appearing of the (401) monoclinic form peak concomitant to the disappearance of the
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(400) cubic form peak (Fig.9a). The Gd,Os transition is marked by the appearing of the (111)

monoclinic form peak concomitant to the disappearance of the (222) cubic form peak (Fig.8a).
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Fig.8 X-ray diffraction pattern versus thermal treatment temperature of a mixture of the three
lanthanide sesquioxides: Nd>Os;, Sm,03z and Gd,Os showing the low to high polymorph transition of a)

NdzOs, b) Sm,03 and C) Gd203.

Experimental evidence 1: lack of reversibility

As proof by absurd, an attempt to obtain reversibility by thermal treatment was performed on a series
of three lanthanide sesquioxides: Nd.Os, Sm;Os; and Gd,Os; compounds with various transition
temperatures. The X-ray diffraction (XRD) patterns of the samples after synthesis and after induction
of reversibility from thermal treatment below 400°C about the transition temperatures determined
previously (experimental introduction) are reported in Fig.9. For both compositions, hexagonal or
monoclinic high-temperature phase were obtained by adequate treatments (above the transition
temperature), as described in experimental section. The type-A or B powder is then treated just below
the expected phase transition temperature for nano-powder to induce phase reversibility, a dwell time
of one week was chosen considering slow kinetics. Whatever the compounds, even after 1 week
thermal treatment able to induce reversibility considering a solid-state transition, the high-temperature
forms are still the main phase, as-observed on X-ray diffraction patterns. For Sm,Os; compound
(Fig.9b), after the 1 week post-treatment, a pure monoclinic phase without any trace of cubic peak is
observed on X-ray diffraction pattern. Moreover, while besides main monoclinic phase a small
fraction of cubic phase is still visible on the XRD pattern for the gadolinium oxide prepared at 1400°C

— 1 h treatment, the post-treatment at 1000°C — 1 week, to induce reversibility leads to a pure
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monoclinic phase without any more traces of cubic minor phases (Fig.9c). The long treatment
duration, at temperature a bit below the phase transformation observed in heating mode, at the
opposite of the targeted effect (reversible transformation for high to low temperature form), has
induced the full conversion of the cubic phase to the monoclinic one, via the growth of the particle.
These two experiments tend to evidence the non-reversible phase change nature of the phase
transition. Finally, low intense diffraction peaks associated with cubic phase (low temperature form)
are observed on the X-ray diffraction pattern of neodymium oxide retreated for reversibility test at
400°C — 1 week. The presence of cubic phase might be due to remaining amorphous domains or
surface hydroxide that crystallized into the cubic phase at 400°C. Indeed, the Nd,Os; compound is very
hygroscopic and hydroxide formation is difficult to avoid. Those cubic phase peaks present large
widths, corresponding to small diffraction domains, estimated using Scherrer equation, at about 30 nm
diameter (50 nm for the hexagonal phase). Thus, the presence of the cubic phase cannot be considered
as a proof of a beginning of reversibility. More surely, the small cubic phase fraction is issued from
the hydroxide minor phases detected initially. Even if can be oppose to our observations that the
duration of 1 week of the thermal treatment and/or the chosen temperature do not allow the
thermodynamic transformation to occur, these experiments without any doubt, go to the sense, for the
three studied compounds, of non-reversible transformation (i.e. in the sense of a mestastability of the

low temperature forms).

a) + C-Nd,0, h) C)

Al
Al

800°C, 1000 °C, l h
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Fig.9 X-ray diffraction pattern of lanthanide sesquioxides in their high temperature form (after
synthesis) and then treated a bit above the phase transformation temperature to induce eventual

reversibility, a) Nd>Os, b) Sm,Oz and ¢) Gd-Os. (Aluminium peaks are due to the sample holder)
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Experimental evidence 2: impact of the crystallite growth of phase change temperature

To demonstrate that the phase transformation is linked to the particle size, two experiments have been
performed. First, a pure (cubic phase) neodymium oxide sample and a (cubic phase) neodymium oxide
- aluminium oxide mixture were both submitted to 10 min. thermal treatment from 800 °C to 1050 °C,
in order to follow the cubic to hexagonal phase transition (Fig.10). The heating rate was 10 K/min;
after calcinations, the powders were allowed to cool down slowly to room temperature inside the

furnace.
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Fig.10 X-Ray diffraction patterns after thermal treatments at various temperatures of a) a pure Nd2O3

sample and b) a 20-80 wt% Nd»Os - Al,O3; mixture.

The large amount of Al,O; was used in the mixture in order to limit the sintering of Nd-Os and thus
the growth of its crystallites with the increase of the temperature compared to the pure Nd,Oz sample.
It can be noted that regardless the heat treatment applied, Al.O; and Nd.Os are the only two phases
still observed (in agreement with the preparation of the NdAIO; ternary oxide, requiring a heat
treatment of few hours at 1200°C even after an aggressive grinding consisting of wet ball-milling the
Al,O3 and Nd»Oz mixture for 12 h in a nylon jar using zirconia balls).

The intensity ratio of the two main peaks corresponding to each phases (222 cubic and 101 hexagonal

phases) is plotted Fig.11.
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Fig.11 Plot of the intensity ratio of the main hexagonal peak over the main cubic peak for pure Nd,Os

and Nd;0s - Al,O3; mixture. The segmented lines are guides for the eye.

Pure neodymium oxide is subjected to the phase transition around 900°C whereas neodymium oxide
mixed with alumina around 1000°C. The transition is significantly delayed, as expected from a non-
reversible phase change phenomenon, by the lower growth of the particles due to the diminution of the
diffusion paths, due to the presence of alumina grains surrounding the Nd.Os crystallites during the
sintering process. Hence, for Nd»Os, limiting the grain growth by limiting the sintering effect, is well
delaying the phase change from mestatable low temperature form into high temperature form, in

heating mode. This shows the correlation between surface/volume ratio and phase change temperature.

Conclusions

The polymorphic transitions between the C cubic form to the A hexagonal or B monoclinic one were
deeply discussed through a new approach. The aim is to disentangle the controversy on the
classification of Re,Os solid-state phase transition as a reversible solid state phase transition or a non-
reversible phase change. First, a clear structure filiation is proposed from Nd.O; to Dy,Os; oxides,
between polymorphs A, B and C. Second, additional energy considerations based on lattice and

surface energy calculations are performed. The lattice volume of all high-temperature forms (for all
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RE2O3 compounds) is slightly more energetic than the low-temperature forms, with respect to the
contraction of the unit cell through the polymorphic transition from low to high temperature. However,
the surface energy of the A and B varieties (high temperature forms) is about 1.5 higher than that of
the cubic variety (low temperature form). Thus, this phase transition clearly appears as a non-
reversible phase change. Also, the transition temperature being correlated to the surface/volume ratio,
in addition to the ionic radius RE, the crystallite size appears to be the predominant factor to induce
the phase transitions. Our demonstration explains the significant dispersion of phase transition
temperatures, which is reported for a single RE.O; compound. Experimental data based on
nanopowders of oxides Nd.Os, Sm;Os; and Gd»Oz confirm the non-reversible nature of the phase
transition. Moreover, a final examination of the neodymium phase clearly highlights the delay of the

temperature transition induced by a lowering of the crystallite size growth.
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