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Abstract

High temperature oxide melt solution calorimetry using sodium molybdate (3Na,O-4MoQOs3)
solvent at 973 K was performed for the Na;,RE 47, TiO; (RE = La, Ce) perovskite series. The enthalpies
of formation of lanthanum perovskites from oxides (La,Os3;, Na,O, TiO,), are -107.25+£2.56, -93.83 +
6.06, -80.68 £ 5.93 and -33.49 + 4.26 kJ/mol and enthalpies of formation from elements are -
1614.054£5.37, -1596.44 + 7.68, -1594.03 + 7.58 and -1577.56 + 6.36 kJ/mol for Nag4seLags22T19.999053,
Nag4s4l.a0.523T10.99403, Nag3s0La0.567Ti0.08003 and Lag 92 Ti0.97903, respectively. The enthalpies of formation
of cerium perovskites are -99.98 + 5.78 and -45.78 £ 3.30 kJ/mol from oxides (Ce,03, Na,O, Ti0O,), and -
1611.34 £ 6.90 and -1602.06 + 2.72 kJ/mol from elements for Nag442Ceg 547T10.903003 and Ceg72T19.9605.
The A-site defect perovskites become more stable relative to oxide components as sodium contents
increase. NagsCeosTi0; and NagsLagsTiO; could be considered as thermodynamically stable endmembers
in natural loparite minerals, in which these endmembers are in solid solution with CaTiO; and other

components.
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Introduction

Perovskite is a structure of great interest to Earth and materials science (Bruce et al., 2010;
Galasso, 1990; Navrotsky and Weidner, 1989). The perovskite structure with stoichiometry 4B0O; is
adopted by a huge number of oxides containing 4 and B cations with different oxidation states. Their
exquisite electrical and magnetic and structural properties make them attractive for various technical
applications, including solar cells (Grinberg et al., 2013; Mei et al., 2014), sensors (Fergus, 2007), oxygen
ion or cationic conductors, and battery materials (Zhang et al., 2014). Nature utilizes MgSiOs-based
perovskite as a major phase in in the dense hot ceramic interior of our planet, the lower mantle. From the
670 km seismic discontinuity to the core - mantle boundary, a MgSiO; - rich perovskite phase, now called
bridgmanite after its recent discovery in meteorites (Tschauner et al., 2014), accounts for 50 — 90 % of the
lower mantle as the most abundant mineral in the planet (Ito et al., 1990). CaTiOs, the mineral perovskite
after which the whole structural series is named, is an important accessory mineral in a number of crustal
settings (Chakhmouradian and Wall, 2012; Jones et al., 1996; Lemanov et al., 1999; Mitchell, 2002). This

mineral is the host for many ionic substitutions, including those of rare earths (Campbell et al., 1997).

The perovskite mineral loparite (Ce, Na, Sr, Ca)(Ti, Nb, Ta, Fe"*)Os, is the principal ore of the
light rare earth elements (LREE) at Lovozero, Russia. Loparite has coupled substitutions, polymorphism,
defect chemistry and a tendency to become metamict when containing uranium or in close proximity to
uranium minerals (Hedrick et al., 1997). The crystal structures of loparite-(Ce) have been investigated
(Mitchell et al., 2000). As rare earths are critical to technological applications, there is increased interest
in mining and processing (Hurd et al., 2012). It is significance to understand the energetics of rare earth
perovskites for both optimizing the processing of rare earth ores and understanding the paragenesis and

occurrences of rare earth minerals.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5529

Perovskites have a 3-dimensional framework structure constructed from vertex-sharing
BOg octahedra and A-site ions placed in 12-coordinate sites in a cubic close packing of A and oxide ions.
Anion vacancies are well known in perovskites (Alariofranco et al., 1982). A-site defects, leading to a
family of defect perovskites or bronzoids, are also tolerated in some perovskites such as
Lay¢7TiO3 (abe and Uchino, 1974). Perovskites derived from Lags;TiO3 are of interest because the

vacancies at these sites facilitate the electrochemical insertion of alkali metal ions and the subsequent

movement of these cations through its structure (Ruiz et al., 2005).

In the ideal cubic case the cell axis, a, is geometrically related to the ionic radii: a=\2 (ra+ro)=
2(rg + ro), where ra, rg and rg are the respective radii of A cation, B cation and O anion in the appropriate
coordination. Deviations from cubic symmetry, leading to orthorhombic or rhombohedral polymorphs,
can be rationalized using the Goldschmidt tolerance factor; t= (ra + ro)/N2(rs + ro). The ideal cubic
structure is formed for # = 1, when the A cation matches in size with the O® ions to form cubic close-
packed layers, and the B cation matches the size of the interstitial sites formed by the oxygens to give an

array of corner-shared BOg octahedra.

Phase equilibria in La,0s3- TiO, (Macchesney and Sauer, 1962) and Ce-Ti-O (Bamberger et al.,
1994) have been investigated. The oxidation state of cerium remains 3+ in a reductive atmosphere and
becomes 4" in an oxidative atmosphere, but knowledge of phase equilibria in the Ce,03-CeQ,-TiO,
system is incomplete. For analogous systems containing sodium oxide, there are few phase equilibrium
data available (Kehoe et al., 2013). Thermodynamic data for perovskites in these systems are also sparse
(Gong and Zhang, 2012), especially for sodium substitution in these cation deficient rare earth
perovskites. The emphasis of the present study is to determine thermodynamic properties in the system
Na;RE(7..TiO3; (RE = La, Ce) by measuring heats of formation using high temperature oxide melt
solution calorimetry. The energetics of these substitutions and comparison between lanthanum and cerium
could help in understanding the A-site substitutions and the occurrence of lanthanum- and cerium-

perovskite minerals.
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Experimental Methods

Materials

Na3,RE(7..TiO5; (RE = La and Ce) samples were prepared by a standard solid state synthesis
method, where Na,COs, TiO, and La,0; or CeO, (each 99.9 %, pure on metals basis, Alfa Aesar) were
thoroughly mixed in stoichiometric ratios and calcined at 1273 K for 3 h. The calcined powder was cold
pressed and sintered at 1473 K for 12 h. The sintered pellets were crushed and annealed at 973 K for
diffraction and calorimetric experiments. For lanthanum perovskite, the compounds were synthesized in

air. The cerium perovskite compounds were synthesized in a reducing atmosphere (5 % H; in 95 % Ar).
Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 diffractometer (Bruker-
AXS Inc., Madison WI) operated at an accelerating voltage of 40 kV and an emission current of 40 mA
with a rotating sample stage attachment using Cuk, radiation (A = 0.15406 nm). The phases were
identified using the Jade 6.1 software package (Materials Data Inc., Livermore CA) equipped with both
the International Center of Diffraction Data (ICDD) Powder Diffraction File (PDF) and the Inorganic

Crystal Structure Database (ICSD).

The compositions were determined by wavelength dispersive electron probe microanalysis using
a Cameca SX100 instrument (Cameca Inc., Gennevilliers, France) on polished samples. The instrument
was operated at an accelerating voltage of 15 kV, with a 20 nA beam current and a spot size of 1 um. The
compositions were calculated from an average of 10 data points per sample. The standards used were

NaAlSi;Og (albite), LaPOy4, CeO, and TiO,.

High temperature drop solution calorimetry in molten sodium molybdate (3Na,04MoOs) at 973
K was performed in a custom built Tian - Calvet twin calorimeter. The details of the calorimeter and

methodology have been described previously (Navrotsky, 1977; Navrotsky, 1997; Navrotsky, 2014).
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Prior to calorimetry, compounds were stored in a desiccator. For each measurement, a ~5 mg pellet was
loosely pressed, weighed and dropped from room temperature into 3Na,O-4MoO; melt at 973 K. The
calorimeter was calibrated using the heat content of corundum. Oxygen was bubbled through the solvent

at 5 ml/min and flushed over it at 50 ml/min to stir the melt and retain oxidizing conditions.

Results and discussion

Structure and chemical analysis

All synthesized samples were analyzed using powder XRD. The formation of a phase with the
perovskite structure was confirmed for all samples and no secondary phases were detected (see Table 1).
The back scattered electron images confirmed homogeneity with no secondary phases. From the
microprobe analysis, the chemical compositions were determined as NagssolagsTige9903,
Nay 454120523 Ti0.99403, Nag3s0Lao.567T10.98003, Lao.s02T10.97903, Nag.442Ce0.547Ti0.98003 and Cep.72Tip.0603. For

La,s3TiO; and Ce,3TiO3, the structure was tetragonal with P4/mmm space group (see Table 2).

Table 1: Composition and tolarance factor of RE47.,Na3; TiO; (RE = La and Ce)

Nominal Microprobe Tolerance number
NagsLagsTiO; Nag 450189522 Ti0.99903 0.9689
Nag3sLag ssTi03 Nag 4s4La0 523T10.99403 0.9578
Nag sLag4sTiO3 Nag 350La0.567T10.98003 0.9691
Lag, 67T10; Lag, 692 T19.97903 0.8309
Nay 45CesTi03 Nag 442Ce0.547T109.98003 0.9748
Ceg.67T10; Ceo. 12T19.9603 0.8442

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5529

Table 2: Calculated latice parameters and space groups of REs7..Nas, TiO3; (RE = La and Ce)

Composition a(A) b(A) c(A) Space group
Nag.asoLags2:Tio90003 5.4781(0) 7.7529(9) 5.4833(1) Pbnm

Nayg 454La9 523 1099405  5.4760(3) 7.7472(5) 5.4805(3) Pbnm

Nayg 3s0La0567 1095005 5.4753(3) 7.7459(5) 5.4796(8) Pbnm

Lag, 692 Ti0.97903 3.8819(3) - 7.7486(5) P4/mmm
Nag 442Ce0547Ti0 08003  5.4591(2) 7.7295(9) 5.4710(1) Pbnm

Ceo. 72Ti9.9603 3.8825(2) - 7.7327(5) P4/mmm

The lattice parameters observed are smaller for sodium-bearing samples, which show a volume
decrease of about 1 %, which is close to the experimental uncertainty. A change from tetragonal to
orthorhombic space group is known for these compounds (Ruiz et al., 1999). Ruiz et al. analyzed
NagsLags:sTiO; and Nagp4Lags5s5TiO5 by neutron diffraction and found an orthorhombic superstructure
for these compounds, in contrast to undoped material Lag¢;TiO3, and they attributed this change to the
difference between lanthanum and sodium ionic radii (Ruiz et al., 2002). Further X-ray studies confirmed
the orthorhombic structures for Nag 45189 5,5T103, and showed that the system tends to form the tetragonal

phase as sodium content decreases.

Enthalpies of formation

The measured enthalpies of drop solution, AH, of Na3,RE(7.,TiO3; (RE = La and Ce) were used
for determination of the enthalpy of formation from binary oxides, 4H,,, and from elements, AH.;. (see
Tables 3, 4 and 5). To be noted, there are two valence states for Ce (3" and 4"). In the high temperature
oxide solvent drop calorimetry, the Ce dissolves into the solvent to form Ce*"species. Thereby we first
calculated the enthalpy of formation using CeQO, as a reference and finally calculated the enthalpy of

formation using Ce,O; as a reference
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Table 3. Thermochemical cycles for the calculation of formation enthalpies of RE,4,.,.Na;, TiO; (RE =

La and Ce) from binary oxides

Reactions AH, kJ/mol
(a) Enthalpy of formation of Naj,Laj¢.xTiO; from oxides at 298 K
NaszLag67.xT103 (s, 208 Kj=1.5xNa,Osin, 973 )+ (0.335-0.5x) LarOs(sin, 9731yt T1O02s1n, 973 k) AH=AHg

Na,O (s, 208 k) — NayO sin, 973 %)
La,03 (s, 208 k) — La203 (sin, 973 %)
TiO; s, 208 k) — T1O3 (sin, 973 k)
1.5x NayOys, 208 kyt (0.335-0.5x) La,O3(s, 208 k)+T10xs, 208 kj=NasxLag 67.xTiO3s, 208 %)
(b) Enthalpy of formation of Na;Ces7xTiO; from oxides at 298 K using CeO; as reference

state
NaszCeo 67-xT103(s 208 K)1(0.17-0.25x)O 4,073 k)y=1.5xNar0 511,073 k) + (0.6 7-X) CeO(sin, 973 k) H T102(51n,073K)

Na,O (5,298 K) — Na,O (sln, 973 K)

CeO, (5,298 K) — CeO, (sln, 973 K)

TiOy s, 208 k) = TiO3 s1n, 973 k)

O3 (g, 208 )= O2(g,9731)

1.5xNayOs, 208 k)t (0.67-X) CeOxs, 208 k)T T102(s, 208 k)y=NazCeo 67-xT103s, 208 k)T (0.17-0.25x)Ox (g, 973 k)

(c¢) Enthalpy of formation of Na;Cey47.,TiO; from oxides at 298 K using Ce,0; as reference
state at 298 K
0.5Ce:03(s, 298 k10.2502(g, 208 K)=CeO s, 208 %)

1.5xNa,O¢s, 208 Kyt (0.335-0.5x) Cer05 (s, 208 k) FT102(s, 298 Kj=NaszxCeo 67-xT103(s, 208 k)

AHy=-217.56+4.25 (Tessier et al., 1999)
AH;=-225.10+£3.16 (Cheng et al., 2005)
AH4= 60.81+0.11 (Navrotsky, 2014)

AHs=AH; oy = -AH+1.5x AHy+(0.335-
OSX) AH3+AH4

AHg= AHge
AH,=-217.56+4.25 (Navrotsky, 2014)
AH7= 74.37+0.75 (Navrotsky, 2014)

AH4= 60.81+0.11 (Navrotsky, 2014)
AHg=21.83 (Chase, 1998)

AH o, = -AHg+1.5xAH,+(0.67-x)
AH,+AH,-(0.17-0.25x)AHs)

AHg=-185.8+2.5 (Putnam et al., 2000)
AHF,OX = AHf,0x+(0-67-X) AH9
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Table 4. Thermochemical cycles for calculation of enthalpies of formation of RE4,..Na;, TiO; (RE = La and Ce) from elements

Reactions AH, kJ/mol
a) Enthalpy of formation of Naj.La,,7.,TiO; from elements at 298 K
1.5x NayO, 208 k) (0.335-0.5%) LayOss, 208 k)t T1O0x(s, 208 ky=NazxLag 67-xT103(s, 208 k) AHi o

2Nags, 208k) T 72 Oo(g, 208x) — NaOys, 208K
2 La, 208x) T 3/20(g, 208x) — LaxOss, 208k)
Tis, 208k) + Oa(g, 208x) — T1O(s, 208K)

3xNays, 208 k)T (0.67-x)Lags 208 k)T Tis, 208 k) T1.502(g, 208 k) = NazxLag 67-xT103(s, 208 k)

b) Enthalpy of formation of Na;.Cej 7., TiO; from elements at 298 K
1.5xNayOs, 208 k)t (0.67-X) CeOxs, 208 k)T T102(s, 208 k)y=NazCeo 67-xT103s, 20 k)T (0.17-0.25x)Ox (g, 973 k)
ZNa(s, 298K) T V2 Oz(g, 208K) — Nazo(s, 298K)
Ce(s, 298K) +O2(g, 298K) CeOZ(s, 298K)
Tis, 208K) T O, 208K) — TiOxs, 208K)
Thereby the Enthalpy of formation of Na;.Cey 7., Ti0O; from elements atr 298 K is

3XN3(S, 298 K)"F (067—x)Ce (S, 298 K)+Ti(S, 298 K) +1 502(g, 298 K) = Na3xCeo,67_XTiO3(S, 298 K)

AH,=-417.98+4.2 (Chase, 1998)
AH;= -1791.6+2 (Chase, 1998)
AH,=-944+0.8 (Chase, 1998)
AHg 208 k=1.5xAHp+(0.335-

0.5x)AH ;1 +AH 2)+AHfox, 208 k

Al—lf,ox
AH o= -417.9844.2 (Chase, 1998)
AH,3= -1088.68+1.46 (Chase, 1998)

AH,=-944+0.8 (Chase, 1998)

AHg ) 208 k=1.5xAH;¢+(0.67-

X)AH3+AH 2)+AH o, 208 &
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Table 5. Enthalpies of formation of RE,,,Na;, TiO; (RE = La and Ce) at 298 K

Compounds* AH g, 208 kJ/mol AHy o 298k, kJ/mol AHy ), 20sx, kJ/mol
Nag.450L.20.522Ti0.99903 59.38+0.66 -107.2542.56 -1614.05+5.37
Nag.4s54L.20.523Ti0.99403 45.914+2.95 -93.83+6.06 -1596.44+7.68
Nag380La0.567T10.98003 35.124£2.67 -80.68+5.93 -1594.03+7.58
Lag, 692T19.97903 15.14+2.85 -33.49+4.26 -1577.56+6.36
Nag442Ce0.547T10.98003 47.48+2.92 -99.98+5.78 -1611.34+6.90
Ceo. 72T10.9603 19.98+2.01 -45.78+3.30 -1602.06+2.72

*Calculated based on the microprobe analyses from 10 points data for each sample

Figure 1 shows the formation enthalpy of Na;RE4,.,TiO3; (RE = La and Ce)as a function of Na
substitution. The enthalpy of formation from oxides becomes more exothermic with increasing sodium
content and A-site filling (see Fig. 1). The formation enthalpies become more negative as the sodium
substitution grows, implying that the sodium substitution in the A-site vacancies improves the
thermodynamic stability of NasREs;,TiO; (RE = La and Ce). For the cerium and lanthanum
endmembers, the enthalpies of formation from oxides are less exothermic than values for Na-substitution
perovskites with titanium in the B-site. This can be attributed to the existence of empty A-sites. The
enthalpies of formation of NajRey47.,TiO; (RE = La and Ce) from the oxides become more exothermic
with increasing sodium content (see Fig. 1). In addition, the Cerium perovskite tend to be more stable
than the Lanthanum perovskite for comparable sodium contents. This could reflect the smaller radius of
Ce™ (1.34 A) than of La’* (1.36 A) for twelve - fold coordination (Shannon, 1976). Figure 2 shows a
linear trend between the enthalpy of formation and the Goldschmidt tolerance factor, where the enthalpies
of formation become more negative as the tolerance number increases, as has been noted before for many

other perovskite systems (Sahu et al., 2015).
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Figure 1: Formation enthalpy of Na3;RE4;,TiO; (RE = La and Ce) as a function of Na substitution,

where squares represent lanthanum perovskites, circles represent cerium perovskites.

Figure 2: Formation enthalpy of NajRe)s;,Ti0; as a function of tolerance factor, where squares

represent lanthanum perovskites, circles represent cerium perovskites.

To be noted the fact that it is 12-fold coordination for cubic structure, while for tetragonal and
orthorhombic structures the coordination number is less. As in prior work (Sahu et al., 2015), we use the

12-fold coordination number to calculate the tolerance number. The reasoning behind this is that the
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tolerance factor, calculated for the cubic case, shows the driving force both for distortion and for overall

decrease in stability.

Implications

The RE 4;TiO5 perovskite is cation deficient. With increasing sodium content in the A-site, the
perovskite become more stable relative to the binary oxides. This reflects both the greater basicity of
Na,O compared to REE,;O; and increasing A-site occupancy. When the sodium substitution is 0.5, the
A-site is completely filled by a (presumably random) mixture of Na and REE ions which are reasonably
well matched in size (for Na” and La®* or Ce’"). The ionic radii for Na” and La’" or Ce®" are well-matched
in size. The ionic radii are close for Na” (1.39 A) and La’" (1.36A) or Ce’" (1.34 A), which makes them
randomly mixed at A-sites. This leads to greater thermodynamic stability. Further sodium substitution (3x
> (.5) is presumably less favorable as there are no more A-site vacancies to fill and materials with 3x >
0.5 are difficult or impossible to synthesize. Therefore Na,;RE,sTiO; will be considered, in a
thermodynamic as well as structural sense, to be an endmember in the Na3;RE47.,TiO5 system. It could
be incorporated into natural perovskite, CaTiOs, by the charge coupled substitutions Ca*= 0.5Na"+
0.5REE*. Our determination of the energetics of these endmembers is a starting point for future analysis
of the thermodynamics of complex perovskites of the loparite family. Such perovskites are important to
petrology, rare earth mining, and materials science and technology. Interestingly, most loparite contains
cerium more than lanthanum. The more negative enthalpy (and presumably free energy) of formation of
the cerium endmember may contribute to this preference. Further calorimetric study of complex rare earth

perovskites is underway.
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