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The local structure of molten LaF;-LiF-Li,O has been investigated using High Temperature NMR

spectroscopy. The **La and "F chemical shifts have been measured as a function of temperature and

composition. The NMR spectra show that Li,O reacts completely with LaF; to form LaOF compound at

the solid state below the melting temperature of the sample. LaOF is not completely dissolved in the

fluoride melt and solid LaOF is observed on the '°F spectra for Li,O concentration above 10mol%. We

discuss the local environment of lanthanum ions in molten LaF;-LiF-Li,O and compared the results to

those with LaF;-LiF-CaO system. The analysis of the temperature and Li,O concentration dependences of

the '*’La and '°F chemical shifts suggests that several kinds of lanthanum oxyfluoride long-lived

LaO,F,” ™ units are present in the melt.

1. Introduction

The description of the oxyfluoride structure at the liquid state is
at its very first step. The oxyfluorides are the evident bridge
between the oxides and the fluorides fields. Nevertheless, the
researches use to be focused in only one or the other domain
because their respective experimental requirements are really
different and very severe (high temperature, corrosiveness,
volatility...). As an example, the cell material for spectroscopic
investigation suitable for oxides (other oxide like alumina) are
dissolved by molten fluorides and reversely boron nitride used for
fluorides reacts with molten oxides. These factors have lead to
separate these two domains of research and to leave the
oxyfluorides not studied relatively.

The local structure in molten salts is often discussed in terms
of coordination numbers, radial distribution functions and
possible ‘complex’ species which lifetime is typically around the
picosecond.l’z’3 In molten fluorides, such information has been
experimentally brought by Raman**®, NMR™*!® and
EXAFS'12131% gpectroscopies. Molten fluorides are particularly
interesting systems because their liquid structure may switch
from a simple bath of charged hard spheres to a loose ionic
network or a liquid with free ‘complexes’."""* Typically, molten
LaF;-LiF structure spans with the LaF; molar fraction (xp.p3)
from free LaF,>™ units (x;,r<0.1) to loose ionic network
(%1ar3>0.2)."° Tt turns out that the lifetime of these configurations
is crucial for the physical and chemical properties of the melt.” In
molten oxides, Raman,'™'®! and NMR?**' spectroscopies have
been also employed but mainly X-Ray*** and neutron
scattering.”*? Similarly to fluorides, oxides exhibit various liquid
structures that span from ionic liquids to glasses with covalent
bonds.”® The understanding of both molten fluorides and oxides
has taken great benefit from the advances brought by Madden and
his co-workers in numerical simulations.’”*® They described
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successfully both the molten fluorides and oxides,
They are able to well reproduce experimental EXAFS*® and
Raman® data testifying hence of their reliablity. Combined to
experiments they gave a new impact to molten salts
understanding. Despite all these works on molten salts, no
experimental or numerical study has been devoted to the local
description of oxyfluoride melts yet. Only few papers have
studied the effect of small amount of oxide on the structure of
molten fluorides. > %%

In this paper, we investigate the molten LaF;-LiF-Li,O system.
Lanthanum typifies the large rare earths that are nowadays
utilized in most advanced technology. Their polluting production
procedure and their exportation is even a source of political and
econimal tension between countries.*’ Rare earth recycling thus
becomes an important issue. For rather different reasons, rare
earth recycling is also crucial in the nuclear engineering field:
they are wastes produced by the nuclear reactions. In molten salt
nuclear reactor (MSR), they have to be removed continously from
the liquid fuel because they are poison to the nuclear reaction.*'
In more traditionnal nuclear reactor (with a solid fuel), rare earth
extraction has to be performed by considering either their
radioactive period for geological storage or their ability to be
burnt. For all these recycling needs, the molten salts processes
appear to be a good candidate.*>***4

In order to describe the local structure of molten LaF;-LiF-
Li,O sytem, we use high temperature nuclear magnetic resonance
spectroscopy (HT NMR). This technique gives insight into the
first shells around '®La, "F and into the potential network
formation via bridging fluorine and oxygen.

2. Experimental and methods

All reagents used for experiments (LaF;, LiF and Li,O, purity
99.99%) were purchased from Alfa Aesar. The appropriate
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quantities of binary mixtures were weighed and then put into
NMR crucibles in a glove box under dried Argon atmosphere in
order to avoid H,O and O, contamination of the samples. The
NMR crucibles are made in boron nitride (BN) without oxide

s binder and are tightly closed by a screwed cap also in BN. The
amount of salt in each crucible is ca. 100 mg.

The High Temperature NMR (HT NMR) spectra were
recorded using a Bruker Avance WB 400MHz spectrometer,
operating at 9.40 T. In situ HT NMR spectra were obtained by

10 using the CO, laser heating system developed at CEMHTI-CNRS
in Orléans, France®. In this study, the samples are heated by 2
lasers that irradiate the top and the bottom of the sample in order
to reduce the temperature gradient. The temperature cannot be
measured in situ during the measurement but is calibrated using a

15 series of reference compounds. Some of the salts were checked
before and after the HT NMR experiments using X-ray
diffraction (Bruker D8 diffractometer).

The HT NMR spectra were acquired using a single pulse
sequence, with a recycle delay of 0.5 s, and 8 to 128

20 accumulations. The pulses were /2 for '°F and '*’La HT NMR.

The chemical shifts were referred to CCL5F for °F and LaCl,
IM aqueous solution for '*La. All NMR spectra have been
treated by the dmfit program*.

3. Results and discussion

25 The effect of increasing amount of Li,O in molten LaF;-LiF has
been firstly and more extensively studied for the LaF;-LiF 20-80
mol% composition (noted LaLisF; in the following for
convenience although there is no such define solid compound) in
section 3.1 and 3.2. The effect of the amount of Li" ions

30 compared with La®" ions has been also investigated in section 3.3
with LaF;-LiF 10-90 mol% and 30-70 mol% compositions.

To help the discussion the chemical shift values of key
compositions measured in this work are gathered in Table 1.

Table 1: Chemical shifts of key compounds (ppm)

19F 1391_‘a
compound RT solid HT solid Liquid RTsolid Liquid
LiF -201 -201 -201 - -

LaF; -25.2,12.4 +10 +52 -129 -60
and 19.7
Weighted
average =-8
LaF;-LiF * * -90 * -51
(¥Lar3=0.2)
LaOF -35 -10

35 * As there is no defined phase of solid compound at this composition, so
the chemical shifts of F and '*’La are those of pure LaF; and LiF.

LiF has a CFC crystal structure that is kept upto the liquid; in the
liquid, the average coordination number of both ions is about
w0 4.7 LaF; crystallizes at room temperature in P -3 ¢ 1 space
group where lanthanum occupies one site surrounded by 9
fluorine and fluorine occupies 3 sites (F1, F2, F3) surrounded by
3 lanthanum and 3 fluorine for F1 and F2 and by 3 lanthanum for
F3.43051 1 a0F crystallizes at room temperature in P 4/n m m

ss space group’> where lanthanum is surrounded by 4 fluorine and 4
oxygen and both the fluorine and the oxygen are surrounded by 4
lanthanum. LaOF follows a phase transition at 778K,> its space
group is then F m -3 m where lanthanum is still surrounded by 8
anions nevertheless oxygen and fluorine share the same site.™

so Hence there is 24 possible configurations around lanthanum. The
coordination number of fluorine is equal to the one in LaOF at
room temperature but the fluorine-lanthanum distance is longer.
The characterization of the samples after the NMR experiments is
displayed in the ESI (Figures S1 and S2). The important point is

ss that whatever the ratio O/La investigated here (from x; 0 = 0 to
0.5) the whole Li,O has reacted with LaF; to form LaOF and no
La,0O; was observed.

3.1. Behaviour during heating and temperature dependence

In this section, we present the evolution of the NMR spectra
0 versus temperature from room temperature upto 100-200 K above
the melting point. Several procedures of heating have been used:
(1) progressive heating from room temperature and (2) heating
directly up to the liquidus temperature. The goal is to evidence
the melting behaviour and / or the signature of reaction with
s oxide in solid. Indeed, it appeared during the first experiments
that the dissolution was not a simple process. Moreover, LaOF
can be formed by mecanosynthesis with LaF; and Li,0.”>*
Figures la and 1b show the NMR spectra of '°F and '*’La from
700K to 1290 K in LaLisF; + Li,O (x; ;0 = 0.2) and in ESI are
70 presented the similar figures for LaLisF; without Li,O, with Li,O
(-xLiZO = 01, 0.3 and 05)
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Fig.1. F (a) and '*’La (b) NMR spectra of LaLisF; + Li;O (xri0 = 0.20)
for increasing temperature. For '°F spectra, the liquid peak (-120ppm) is
cut in order to make it possible to see the secondary peaks, in the inlet the
full spectra are plotted.

YF. Before discussing the results presented in Figure la, it is
important to recall that the observation characteristic time of
NMR spectroscopy does not make it possible to observe the
different ‘complexes’ present in the melt. The nucleus
experiences all the different environments during the
measurement and NMR spectrum is made of only one sharp peak.
Nevertheless, this peak is the weighted average of all the
individual peak positions that should be if the measurement was
infinitely fast. On the contrary, the NMR spectrum of a solid
yields to as many peaks as there are different environments for
the observed nucleus provided the resolution is sufficient. In the
'F NMR spectra presented in Figure la, two peaks are already
visible at 700 K. At this temperature the sample is still at the solid
state as determined by complementary DSC experiments. The
peak around +10 ppm corresponds to LaF; solid as illustrated in
Figure 2 where the "’F spectra of pure polycrystalline LaF; at
775 K is displayed.

L L L

20 0

-60 -80 -100

100 80 60 40 -20  -40
9F (ppm)
Fig.2. ’F NMR spectra of pure LaF; recorded using a HT static probe at
775K.

On the figure la, the position of LaF; peak is shifted toward
positive value by increasing temperature. The peak around -
10 ppm is attributed to LaOF solid. Its position is also shifted
toward positive value by increasing the temperature. Hence, Li,O
and LaF; rapidly react at the solid state to form LaOF. The solid
state reaction has been also evidenced in the LaLi;F,+CaO
system.”” At 700K, only one peak is observed for LaFs. Previous
NMR studies on monocrystalline and polycrystalline LaF; have
shown that the fluorine are in rapid exchange between the 3

3 crystallographic sites at this temperature.’® One peak is

40

45

observed for LaOF as expected from its crystallographic
structure. The fluorines of LiF cannot be observed at 700K
contrary to those of LaF; and LaOF because the mobility of its
fluorine ions is much less. LaF; and LaOF are good ionic
conductor with fluorine as conducting species (LaF; 50:61:6263.64
being however a much better ionic conductor than LaOF %),
These peaks are shifted toward positive chemical shift values
with temperature (see also ESI). The characteristic peak of LiF (-
201ppm) appears around 850K. In the same time, the intensity of
LaOF peak increases contrary to the one of LaF; that decreases.
Around 950K a new peak appears around -110ppm along with a
very broad peak in the '*La spectrum. This '°F peak is the first
sign of the liquid appearance. At 1050K, the sample is liquid and
both the LiF and LaF; peaks have disappeared. The LaOF peak
remains even at the highest temperature investigated here
(1300K). As explained in the introduction of this section, the
observation of a secondary peak while the salt is molten indicates
that either a solid compound remains in the sample or the sample
is multiphasic. It means that LaOF is not completely dissolved in
the LaF;-LiF melt. The LaOF peak appears around 10mol% Li,0.
This value is in agreement with the one observed in the
LaLiy,F;+CaO system (around 13mol% CaO). It is also in
agreement with the solubility of LaOF determined in LiF-NaF
and in LaF;-LiF melts."*>" Its solubility constant is indeed
relatively low and is about 107 in molten LaLi,F; at 1115K and
in LiF-NaF at 1075K.

The peak of the liquid (-147ppm) is shifted toward positive
values with increasing temperature and becomes thinner. The full
width at half maximum (FWHM) of the ""F NMR peak is
correlated to the viscosity and by increasing the temperature the
latter decreases. In the same time, the LaOF peak intensity
decreases (and is also shifted toward positive values): it means
that the amount the dissolved LaOF increases with temperature as
expected.

39La. The *’La spectra are consistent with the '°F spectra: a
broad peak appears around T= 890K and as for '°F corresponds to
the first sign of the liquid, the melting being complete at 1050K
(Figure 1b). However, contrary to '°F, only one peak is observed.
The signature of solid LaOF cannot be observed in the '*La
spectra due to the NMR characteristic of this nucleus (large
quadrupolar constant that makes its solid spectra very broad and
unobservable using the HT NMR static probe at 9 Teslas). The
%La peak is shifted toward positive chemical shift values with
temperature similarly to the '°F peak.

Rapid heating procedure of samples leads to the same results in
the liquid as the slow heating procedure: solid LaOF remains
visible upto 1300 K.

At the liquid state, the evolution of the chemical shifts of '°F
and *°La with temperature is low in the mixture without oxide, as
already observed for other molten RF;-MF (R=rare earth and
M=alkaline).®® This evolution is stronger when oxide are added in
the melt. It is similar from x; 0 = 0.1 to x o = 0.3 and becomes
much stronger above. It is difficult to deconvolute the effect of
temperature on the liquid structure for a given composition (i.e. a
given amount of dissolved LaOF) and the variation of dissolved
LaOF amount in the melt due to the temperature. Nevertheless,
this change in the temperature dependence may be connected to a

This journal is © The Royal Society of Chemistry [year]
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change in the LaO,F,” ™ units present in the melt. The NMR
peaks of both '°F and *?La appears to be larger around x; 50 = 0.3
supporting the idea of a change in the liquid structure (Figure 3).
The full width at half maximum (FWHM) gives an insight into

s the viscosity of the melt. The variation observed in Figure 3 may
indicate that above x; ;5o = 0.3, chains of -La-O-La-O- are formed
in the melt. This is similar to what has been already evidenced in
molten RF5-AF #7%% and ZrF,-AF "% however the lifetime of
these configurations seems to be much longer.

(@) 121 o o
— [ ]
%‘ 1.0 o
X 0.8 o
g . 8
L 0.6
2
%5 0.4 °s °
E [ N ) ° d
T 025 ©® *°
; $ o
LL 0 T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5
XLi20
1.2 e
(b) N
N 1.01 A A
3
~ 0.81
(4v]
8 0.6 * ‘4
g ° :
3 a4
ol 041 a aaat N
(@]
= 021t
= o
=
LI— 0 T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5
XLi20

Fig.3. FWHM of the'’F (a) and "*La (b) NMR peaks in molten LaLisF; +
Li,O versus the molar fraction in Li,O.

3.2 Oxide amount dependence

15 In this section on the oxide amount dependence, we restrict the
discussion at the temperature 1100K. The "°F and '*’La chemical
shifts of the liquid peak are plotted as a function of the Li,O
molar fraction x ;5o in Figure 4. The values for the LaF;-LiF-CaO
system extracted from ref 57 have been also plotted for

20 comparison. With increasing oxide amount, the '°F chemical shift
moves toward negative values almost linearly (Figure 4a). This
evolution is the same as the one observed when CaO is added to
LaLisF5; both curves superimposes each other. The displacement
toward negative values indicates that the fluorine environment

25 goes toward a “LiF” environment, i.e. that fluorine anions are
removed from the first neighbour shell of La and are replaced by
oxygen anions. The *’La chemical shift moves toward positive
values (Figure 4b). This evolution is similar to the one observed
when CaO is added to LaLisF;; however, contrary to F both

30 curves do not superimpose each other. With Li,O the evolution of
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the '*La chemical shift is much stronger than with CaO.

0.1

T T T T T
0.2
XLi20 OF Xcao

DA D
N R

-60 7 T

T T
0.1 0.2 0.3
XLi20 OF Xcao
Fig.4. "°F (a) and "*’La (b) chemical shift in molten LaLi,F; + Li,O versus
the concentration of Li,O (black symbol) at 1100K. For comparison the
LaLisF; + CaO system is also plotted (grey symbol).

This difference may be attributed to the difference of fluoro-
acidity between Li" and Ca®'. Recently, a new electrochemical
method to build a fluoroacidity scale has been proposed by the
LGC’s team in Toulouse — France based on the measurement of
the equilibrium between gazeous SiF, or BF; and dissolved in
molten fluorides.”>”* They have shown that the CaF,-LiF is more
acidic than LiF, i.e. fluorine anions are less available in CaF,-LiF
than in LiF. In addition, it has been shown that Ca®" cations
induce less change in the La*" local environment than Li*. In
molten CaLi,F¢-LaFs, La®* environment appears to be almost the
same as in pure molten LaF; while in LiF-LaF 537 La¥t s
surrounded by slightly less fluorine anions.'® Furthermore, Ca®*
ions has higher affinity for O* ions than Li" ions.”*” This fact is
evidenced here by the LaOF peak in the '°F spectra that appears
at lower oxide content for Li,O than for CaO. It may therefore be
conjectured that the long-lived lanthanum oxyfluoride
LaOXFyH"y units are different in CaO and Li,O addition cases
with an average x greater with Li,O than with CaO. This
hypothesis is consistent with the trend of the '*La isotropic
chemical shift in solid compounds: it goes from —135 ppm in
LaF; "% and -60 ppm in RbLaF, "’ to + 375 ppm in LaAlO,,”
+600 ppm in LaGaO; 7 and + 640 ppm in La,05.% Hence,
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replacing fluorine by oxygen around lanthanum induces a
important displacement of the '*’La isotropic chemical shift
toward positive values. This hypothesis is also supported by the
evaluation of the '*La and "F chemical shifts. In molten salts
such as molten fluorides, the lifetime of each structural
configuration is much shorter than the characteristic time of
NMR measurement. The measured chemical shift J,,.45eq 1S thus
the weighted average of all the individual values o; corresponding
to all the different environments experienced by the nucleus
during the time of the experiment:

5measured = Z alé‘l (1 )

Therefore, if all the a;0; can be assessed, then 0,queq Can be
calculated. Using this procedure, the '*’La and '°F chemical shifts
for the LaLi;F,-CaO system could be nicely reproduced using
only one kind LaOF,>™ unit. For the LaLi,F;-Li,O system, such
an approach fails and several LaOF,” * units should be considered
(in this case, the constraint on the calculation of the curves of
Figure 4 is insufficient to yield to valid result). Hence, the molten
LaLisF;-Li,O system may contain both isolated LaOF 2 long-
lived units and bigger units LaO.F,’™ which proportions
change with the concentration of Li,O. Note that longer
lanthanum oxyfluoride chains can even occur.

3.3. Lithium amount dependence

In this section, we address the influence of the ratio ng,/ng; (or
n;,/ng). By changing this ratio, one changes the fluoroacidity of
the melt. Two other compositions from each side of the LaLisF,
composition have been used: LaF;-LiF 10-90mol% where
n/n;;=0.111 and ng/ng=0.083 and LaF;-LiF 30-70mol%
where np,/n;;=0.426 and n;,/ng=0.188. In LaF;-LiF 20-
80mol%, np,/n;;=0.25 and np/ng=0.143. Nevertheless, this
comparison is not straightforward because the temperature could
not be the same for the three system. Indeed, the liquidus of LaF;-
LiF 10-90mol% and LaF;-LiF 20-80mol% are approximately the
same, ca 1100K, but it is much higher for LaF;-LiF 30-70mol%,
ca 1250K. We therefore have chosen to run each experiment at
the liquidus temperature of the corresponding LaF;-LiF mixture
without oxide. In the ESI the position of our experiments are
placed in several LaF;-LiF phase diagrams determined by
different groups®' 82838485 (Figure $10).

The '°F and "*’La chemical shifts of the liquid peak are plotted
versus the ratio no/ng, in Figure 5. The variation of F chemical
shift is similar for the three ratio np,/n;; investigated here. The
Fs value for the three systems seems to converge on ca -
200ppm at no/n;;=1. Interestingly, '*&=—200 ppm is the value
measured in neat molten LiF. It is important here to stress that the
values plotted in Figure 5a correspond to the main peak shown in
Figure la but the LaOF remains in all the compositions rich in
oxide.
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Fig.5. “F (a) and '*’La (b) chemical shift in molten LaFs-LiF + Li,O
versus the ratio no/ng, for ni/nii=0.111 (white symbol), ni/nii= 0.25
(grey symbol) and n;./n;;= 0.426 (black symbol) at 1100K.

The variation of '*’La chemical shift '****5 is also similar for the

ss three ratio np,/np;: rapid increase up to ng/ng, = 0.1 then slow
increase or plateau. For La/Li = 0.11 a plateau is observed while a
slow increase occurs for La/Li = 0.25. The comparison between
La/Li=0.11 and La/Li = 0.25 is easier as the running temperature
were the same. From their curves it seems that the richer melt in

0 lanthanum, the higher proportion O/La accessible. The more
fluoroacidic melt, the higher quantity of LaOF.

Conclusions

The local structure of molten LaF;-LiF-Li,O system has been
investigated thanks to HT NMR. By increasing the temperature

6s from room temperature upto the liquidus temperature, Li,O reacts
at the solid state with LaF; to form LaOF; at the liquidus
temperature of LaF3-LiF, LaOF is dissolved in the melt. The
amount of dissolved LaOF increases when temperature is
increased but the solubility remains low (Ks ~ 107). The

70 variations of '°F and '*’La chemical shifts in the melt indicate the
formation of LaO,(FyH“y long-lived units with possible chains of
-La-O-La-O- kind.
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In-situ high temperature NMR technique evidences the local structure of lithium lanthanum
oxyfluoride melts.

T (K)
19 A
F
139
La
P g === 1290K
99 1245K
s | 5

l l l 1200K
A 1290K 150K

A 1245K
i o 1100K
=\ Il 1150K 1045K
. 1100K NA_"_J\_\—’_\ 950K

7{ 1045K
885K

950K
Y, Ny —_— —m — ®K
—NL BooK _— B

780K
t i ; + t i 700K R et A T, DRt D 700K
)

50 0 -50 -100 -150 -200 -250 150 100 50 -50 -100 -150

0
19F (ppm) ¥La (ppm)

Page 8 of 8



