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Abstract : 

Pure tysonite-type Ce1−xSrxF3−x solid solutions for 0 ≤ x < 0.15 were prepared by a solid-state route at 900 °C. The cell 
parameters follow Vegard's laws for 0 ≤ x ≤ 0.10 and the solubility limit is identified (0.10 < xlimit < 0.15). For 0 ≤ x ≤ 
0.05, the F2–(Ce,Sr) and F3–(Ce,Sr) bond distances into [Ce1−xSrxF](2−x)+ slabs strongly vary with x. This slab buckling 
is maximum around x = 0.025 and strongly affects the more mobile F1 fluoride ions located between the slabs. The 
19F MAS NMR spectra show the occurrence of F1–F2,3 exchange at 64 °C. The fraction of mobile F2,3 atoms deduced 
from the relative intensity of the NMR resonance is maximum for Ce0.99Sr0.01F2.99 (22% at 64 °C) while this fraction 
linearly increases with x for La1−xAExF3−x (AE = Ba, Sr). The highest conductivity found for Ce0.975Sr0.025F2.975 (3 × 10−4 S 
cm−1 at RT, Ea = 0.31 eV) is correlated to the largest dispersion of F2–(Ce,Sr) and F3–(Ce,Sr) distances which induces 
the maximum sheet buckling. Such a relationship between composition, structural features and fluoride ion 
conductivity is extended to other tysonite-type fluorides. The key role of the difference between AE2+ and RE3+ ionic 
radii and of the thickness of the slab buckling is established and could allow designing new ionic conductors. 

 

Introduction 

Non-stoichiometric tysonite-type fluorides (SG: P

c1, Z = 6) with general formulae RE1−xAExF3−x where 

RE are rare-earth elements and AE are alkaline-earth 

elements represent a remarkable class of materials 

because of their thermal stability and their high 

fluoride ion (F−) conductivity, even at room 

temperature.1–3 These solid solutions are considered 

as the best candidates for solid state electrolytes in 

promising Fluoride Ion Batteries (FIBs).4,5 In 

RE1−xAExF3−x, the F− conductivity is strongly affected 

by the concentration of fluorine vacancies (i.e. the 

chemical composition). Then, single-crystals of 

numerous combinations (RE = La–Lu and AE = Ca, Sr, 

Ba) with various contents of fluorine vacancies were 

elaborated to study the influence of the substitution 

rate on the ionic conductivity.6–11  

Various synthesis methods and shaping processes 

(ceramic route,3 ball milling,4 precipitation,12 crystal 

growth,7,13 hot pressing14 and thin films7,15) were 

developed to obtain the best ceramics, single 

crystals or thin films in order to evaluate the 

conduction properties. Considering single-crystal 

analyses, the alkaline earth Sr2+ substitution gives 

the highest ionic conductivity.11 For x = 0.05 

compositions (RE0.95Sr0.05F2.95), the RT F− conductivity 

strongly varies with the nature of rare earth and 

follows the order Nd < Pr < La < Ce.11 The steric 

effect related to the ionic radius of RE3+ seems to 

play a key role in the ionic conductivity. The best F− 

conductor in the tysonite series is Ce0.97Sr0.03F2.97 (σRT 

= 5 × 10−4 Ω−1 cm−1).9 

The impact of structural features on the ionic 

conductivity was recently investigated in La1−xBaxF3−x
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16 and Sm1−xCaxF3−x
17 solid solutions. In the tysonite-

type network, fluoride anions are located in three 

inequivalent crystallographic sites F1:F2:F3 with 

12:4:2 multiplicities.18 F2 and F3 atoms lie in infinite 

[RE1−xAExF](2−x)+ layers at z = 1/4. F2 atoms, above and 

below cationic triangles, adopt a C3v point symmetry 

and F3 atoms, at the centre of cationic triangles, a 

D3h point symmetry. F1 atoms, in [F2−x]−2+x− interslab 

spaces, occupy distorted Td sites (Fig. 1) 

In La1−xBaxF3−x,16 it was demonstrated that the 

chemical pressure induced by the Ba2+ cation larger 

than La3+ leads to an increase of the unit-cell 

parameters despite the creation of fluorine 

vacancies on the F1 site. On the basis of 19F NMR 

investigations, fluorine exchange occurs according to 

the order F1–F1 and F1–F2,3. The only structural 

features allowing to explain the ionic conductivity 

maximum at x = 0.05–0.07 were found on the 

variation of F1–F distances with the smallest 

dispersion of F1–F1,2,3 distances. 

In Sm1−xCaxF3−x
17 in which Ca2+ and Sm3+ cations have 

a similar size, the relaxation of the network leads to 

a decrease of the unit cell volume. The highest 

conductivity for x = 0.05 corresponds to the largest 

dispersion of F2–(Sm,Ca) and F3–(Sm,Ca) distances 

that implies a buckling effect onto the F2/F3 sheets 

and induces a distortion of the F1 environment. 

Following our strategy to analyse the relationships 

between the structural features and the ionic 

conductivity, a cation with an intermediate size, Sr2+, 

is considered here with the Ce1−xSrxF3−x series which 

represents the best solid F− conductors known in the 

literature.9 Ce1−xSrxF3−x (0 < x ≤ 0.15) solutions are 

prepared by the ceramic route; X-ray diffraction 

analyses (unit cell parameters and atomic positions) 

allow us to study the effects of Sr2+ substitution. 19F 

solid state MAS NMR study is undertaken on CeF3 

and Ce1−xSrxF3−x solid solutions, despite their 

paramagnetic character, to study the impact of the 

Sr2+ substitution on the F− anion environments and 

mobility. Finally, the solid solutions are characterized 

by Electrochemical Impedance Spectroscopy (EIS) on 

sintered pellets. The evolution of room temperature 

ionic conductivity and activation energy as a function 

of the Sr2+ content is then discussed. 

Experimental section 

Sample preparation 

Solid state route synthesis in platinum tubes was 

performed to prepare the Ce1−xSrxF3−x solid solutions. 

Cerium fluoride (CeF3) was purchased from Alfa 

Aesar (99.9%, anhydrous) and strontium fluoride 

SrF2 from Aldrich (99%). To limit water adsorption 

and hydrolysis, both products were first annealed at 

300 °C for 8 h under an argon gas flow and then kept 

in an Ar glove box. The precursors were ground in a 

glove box under an argon atmosphere for 15 min 

and the mixtures were placed in a platinum tube 

which was sealed before heating at 900 °C for 24 h. 

No quenching step was required for having pure 

tysonite-type. The resulting products, lightly 

sintered, were milled again for 10 minutes and 

stocked in a glove box before characterization.  

X-ray diffraction (XRD) 

All samples were characterized by powder XRD at 

room temperature with a PANalytical X'Pert MPD X-

ray diffractometer equipped with a linear X'celerator 

detector using a low scan rate (20° < 2θ < 130°, steps 

of 0.008° and counting times of 750 s) and with Cu-

Kα radiation. EVA software was used for phase 

identification. The structural refinements were done 

by using the Fullprof package of programs. All the 

diffraction patterns were indexed on the basis of the 

tysonite (SG: P c1, Z = 6) type structure. Fluorine 

vacancies were placed only on the F1 site. If this 

assumption cannot be proved from powder XRD 

analysis, it is however supported by previous results 

obtained on Ce1−xSrxF3−x,7 La1−xSrxF3−x,7,19 and 

La1−xBaxF3−x
16 tysonite solid solutions. F1, F2 and F3 

atoms were refined with a common isotropic 

displacement parameter.  

19F nuclear magnetic resonance (NMR) 

19F Magic Angle Spinning (MAS) NMR spectra were 

recorded on an Avance 300 Bruker spectrometer 

operating at 7 T (19F Larmor frequency of 282.2 

MHz), using a 1.3 mm diameter probe head allowing 

spinning frequencies up to 70 kHz. 1D NMR spectra 

were acquired using a Hahn echo sequence for 

http://pubs.rsc.org/en/content/articlehtml/2017/dt/c6dt04714a#cit17
http://pubs.rsc.org/en/content/articlehtml/2017/dt/c6dt04714a#cit16
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which the interpulse delay was synchronized with 

the rotor spinning frequency. A 90° pulse length of 

1.55 μs was used, recycle delays of 5 s were applied 

and 128 transients were accumulated. Air frictional 

heating allowed temperature to be varied by up to 

32 °C from 34 to 64 kHz. The maximum temperature 

gradient over the dimension of the 1.3 mm rotor 

was estimated to be around 8 °C. The 19F chemical 

shifts are referenced to CFCl3 at 0 ppm. Fits of the 

spectra, including spinning sidebands, were achieved 

with the DMFIT software,20 using, as for diamagnetic 

systems, four parameters: the isotropic chemical 

shift, δiso (ppm) = (δxx + δyy + δzz)/3, the chemical shift 

anisotropy (CSA), δcsa (ppm) = δzz − δiso, the 

asymmetry parameter, ηcsa = |δyy − δxx|/δcsa, and the 

Gaussian–Lorentzian shape factor. The principal 

components of the chemical shift tensor are defined 

in the sequence |δzz − δiso| ≥ |δxx − δiso| ≥ |δyy − δiso|. 

Hyperfine interactions between the unpaired 

electrons and the studied nucleus are not explicitly 

considered in these calculations.  

Electrochemical impedance spectroscopy 
(EIS) 

The ceramic pellets of pure Ce1−xSrxF3−x (x = 0, 0.01, 

0.025, 0.05, 0.07, 0.10) were pressed in a 6 mm 

metallic mould by uniaxial cold pressing under a 

pressure of 1 ton for 1 min. All pellets were sintered 

in sealed platinum tubes heated at 1200 °C for 24 h 

before cooling to room temperature (5 °C min−1 

heating rate and natural cooling). Dense ceramics 

(≥92% relative density) were obtained. XRD analysis 

of sintered pellets confirmed that only the tysonite 

phase was present and no demixtion was observed. 

A thin gold film was deposited by physical vapor 

deposition (15 min) on both sides of the pellets as 

blocking electrodes. The ionic conductivities were 

estimated by fitting the impedance data determined 

by Electrochemical Impedance Spectroscopy (EIS). 

EIS measurements were performed using Modulab 

Solartron software in the frequency range of 10 Hz 

to 1 MHz applying 50 mV signal amplitude. Nyquist 

diagrams were recorded from 25 °C to 250 °C under 

an argon atmosphere. At least, a two hour 

equilibrium time was required before each 

measurement during the heating and cooling 

thermal cycles in order to achieve steady state 

conditions. Equivalent circuits were used for fitting 

the Nyquist diagrams with Zview software of 

Scribner Associates Inc., in order to calculate the 

ionic conductivities.  

Results and discussion 

XRD characterization and structural 
features 

The XRD patterns of all samples are shown in Fig. 2. 

Pure tysonite-type (SG: P c1, Z = 6) Ce1−xSrxF3−x solid 

solutions are obtained for x ≤ 0.10. For x > 0.10, the 

solubility limit is reached and a fluorite-type impurity 

Sr1−yCeyF2+y appears. This result is in agreement with 

those of Sobolev et al.21,22 and Takahashi et al.23  

The a parameter remains almost constant whereas 

the c parameter and the cell volume slightly increase 

and satisfy the linear Vegard's laws (Fig. 3 and Table 

S1†). These evolutions are similar to those observed 

by Takahashi.23 The expansion of the cell volume is 

compatible with the difference of ionic radii 

between Ce3+ and Sr2+ (1.20 Å and 1.31 Å 

respectively for nine-fold coordination24). This 

variation is odd compared to that observed for 

Sm1−xCaxF3−x in which the fluoride anionic vacancies 

segregate around Ca2+.17 In Ce1−xSrxF3−x, the Sr2+ 

cations exert a chemical pressure, weaker than that 

of larger Ba2+ in La1−xBaxF3−x that contributes to the 

enlargement of the interslab space only (Fig. 1 and 

3).16 

As an example, the powder XRD Rietveld refinement 

of Ce0.975Sr0.025F2.975 is given in Fig. 4. The powder XRD 

Rietveld refinements of the other samples are given 

in the ESI (Fig. S1–S5†). The atomic positions are 

presented in Table 1. Rietveld refinements of the 

XRD patterns lead to low reliability factors (Table 1). 

In Ce1−xSrxF3−x, the z coordinate of the F2 site strongly 

varies for 0 ≤ x ≤ 0.05 and then remains constant for 

x ≥ 0.05 (Fig. 5). The distance to the z = 1/4 plane is 

maximum for 0.01 ≤ x ≤ 0.025 together with the 

[Ce1−xSrxF]2−x layer thickness and induces a buckling 

effect already observed in Sm1−xCaxF3−x.17 
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The F–(Ce,Sr) distances are reported in Table S2† 

and Fig. 6. Strong opposite evolutions of F2–(Ce/Sr) 

and F3–(Ce/Sr) distances with x are observed for x ≤ 

0.025 and the difference is maximum for x = 0.025. 

Similar evolutions were recently observed in 

Sm1−xCaxF3−x.17 The average <F1–(Ce,Sr)> distances do 

not vary significantly with x. However, the F1 

tetrahedral site is distorted with two short and two 

long distances; the dispersion of longer F1–Ce/Sr 

distances is minimum for x = 0.025 (Fig. 7). For this 

composition, the symmetry of the F1 site together 

with the buckling of the [Ce1−xSrxF]2−x sheet is clearly 

evolved and these structural features should greatly 

influence the fluoride ion mobility. 

19F solid state NMR analysis 

19F magic angle spinning (MAS) NMR provides an 

ideal method to probe the local order in fluoride 

solid solutions5,25–33 and motion of fluorine nuclei in 

F− ion conductors. Chemical exchange processes 

occurring between sites with distinct NMR shifts 

result in characteristic NMR line shapes when the 

system is in the so-called intermediate exchange 

regime, i.e. when the exchange frequency is of the 

same order of magnitude as the NMR shift 

difference, expressed in Hz, of the corresponding 

NMR resonances of the sublattices.34 Thus in this 

case, one-dimensional methods can be used to 

obtain correlation times between the different 

fluoride-ion sublattices.16,35–40  

Earlier, 19F wide-line NMR spectra of polycrystalline 

REF3 fluorides (RE = La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, 

Ho, Er, Yb41–45 with two distinct NMR lines,43 

corresponding to the two inequivalent fluorine sites 

for HoF3, ErF3 and YbF3) and single crystals (RE = Ce,46 

Tb and Ho,47 Nd and Pr,48 Er45 with distinct NMR 

lines, corresponding to the inequivalent fluorine 

sites) were reported. More recently, CeF3 and 

Ce1−yCdyF3−y solid solutions have been studied by 

variable temperature (VT) 19F NMR.49 It was shown 

that (i) fluoride ion diffusion begins at low 

temperatures in the F1 sublattice, (ii) when the 

temperature increases, two exchange processes 

start, at first between the F1 and F2 sublattices, then 

between the F1 and F3 ones, and (iii) the exchange 

processes are easier in the solid solutions; thanks to 

fluorine vacancies. Except for the order of 

appearance of the exchange processes between the 

F1 and F2 and F1 and F3 sublattices, these 

conclusions are in agreement with those of Wang 

and Grey drawn from a VT 19F MAS NMR study on 

LaF3 and La0.99Sr0.01F2.99.37 

Only a few 19F MAS NMR studies (CeF3, NdF3 and 

SmF3)50,51 of paramagnetic fluorides were published, 

probably due to the expected difficulties in the 

hyperfine interaction. The dipolar and Fermi contact 

couplings of the unpaired electron to the 19F nucleus 

can lead to substantial 19F line broadenings and 

shifts. This lack was partly filled by our recent study 

on SmF3 and Sm1−xCaxF3−x (x = 0.05 and x = 0.15).17 

The experimental and fitted 19F MAS (64 kHz) NMR 

spectra of CeF3 are reported in Fig. 8. The NMR shifts 

of the two NMR lines and the difference between 

these values (Table 2) differ significantly from those 

previously reported (43.4 and 9.8 ppm).50 These 

discrepancies could be due to field and temperature 

dependences of the NMR shifts in paramagnetic 

systems. The two NMR lines are assigned on the 

basis of their relative intensities to F1 for the most 

intense and to F2 and F3 for the less intense (Table 

2). These resonances are especially broad compared 

to those of LaF3 (linewidths between 6 and 9 ppm 

(ref. 16)). Assuming that, at this spinning frequency 

(64 kHz), homonuclear 19F–19F dipolar couplings are 

significantly reduced, this broadening arises mainly 

from dipolar coupling of 19F nuclei with the unpaired 

spin density on the Ce atoms. As a consequence, F2 

and F3 contributions are not resolved. The 19F NMR 

shift values of CeF3 are in the range of the δiso values 

of diamagnetic MFn fluorides,52–57 being similar to 

those of LaF3 (−23 to 26 ppm (ref. 16 and 54)) and 

smaller than those of CeF4 (196 to 235 ppm (ref. 

57)). As shown in the ESI (Fig. S6†), the NMR shifts of 

CeF3 are temperature-dependent: when the 

temperature increases, the 19F NMR shift value of 

the resonance assigned to F1 decreases whereas 

that of the resonance assigned to F2 and F3 slightly 

increases. Although recorded at very fast MAS, the 
19F NMR spectra exhibit a large number of intense 

spinning sidebands and are fitted with very large 

“chemical shift anisotropies” (the effects of dipolar 

coupling interactions between the unpaired 

electrons of Ce and the 19F nuclei are not explicitly 
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considered in the fits of spectra). These values (−520 

and −791 ppm) are higher than the strongest ones 

determined in diamagnetic fluorides (between −370 

and −410 ppm for CeF4
57 and up to −410 ppm for 

NbF5
56) but remain nevertheless significantly smaller 

than those determined recently in PuF4 (∼3700 

ppm).58 

The 19F MAS (64 kHz) NMR spectra of CeF3 and 

Ce1−xSrxF3−x (x = 0.01, 0.025, 0.05, 0.07 and 0.10) 

samples are reported in Fig. 9. When x increases, the 

NMR resonances become broader, in relation to 

increasing disorder due to the heterovalent 

substitution. For the largest x values, the NMR 

resonance assigned to F2,3 is only evidenced by the 

asymmetry of the broad signal. The relative intensity 

of the NMR resonance assigned to F2,3, when 

discernible, decreases from x = 0 to 0.01, and then 

slightly increases from x = 0.01 to 0.05. The NMR 

shift of the resonance assigned to F1 increases with 

x, as shown by the fit of the NMR spectrum of 

Ce1−xSrxF3−x for x = 0.01 (Fig. 10 and Table 3), x = 

0.025 (Fig. S7 and Table S3†) and x = 0.05 (Fig. S8 

and Table S4†). These findings are ascribed to the 

exchange between F1 and F2,3 sublattices.37,49 

Exchange between two sites at a frequency greater 

than the separation of the two resonances (19 kHz 

between F1 and F2,3 for CeF3) should result in a 

single resonance whose chemical shift is 

intermediate between the two resonances.34 

However, F1–F1 exchanges being considerably faster 

(about two order of magnitude in La1−xSrxF3−x
59) than 

F1–F2,3 exchanges, the exchange between F1 and 

F2,3 sublattices results in a shift toward larger 

frequency of the NMR resonance assigned to F1 and 

in a decrease of the relative intensity of the F2,3 

resonance. The NMR shifts of Ce1−xSrxF3−x compounds 

are also temperature-dependent as illustrated in the 

ESI (Fig. S9 and S10†) where the 19F MAS spectra of 

Ce0.99Sr0.01F2.99 and Ce0.975Sr0.025F2.975 recorded at two 

different spinning frequencies (temperatures) are 

compared. These spectra also illustrate the decrease 

(increase) of the relative intensity of the NMR 

resonance assigned to F2,3 (F1–F2,3 exchange rate) 

when the temperature increases. One can also 

observe that the intensity of the spinning sidebands 

is lower for x ≥ 0.01. For the NMR resonance 

assigned to F2,3 this is mainly due to the decrease of 

its relative intensity whereas this is due to a 

decrease of the “chemical shift anisotropy” of the 

NMR resonance assigned to F1. F1–F2,3 exchanges 

thus reduce the anisotropy of the dipolar coupling 

interactions between the unpaired electrons of Ce 

atoms and the F1 nuclei. In the case of Ce1−xSrxF3−x, 

since the relative intensity of the NMR resonance 

assigned to F2,3 decreases from x = 0 to x = 0.01 and 

slightly increases from x = 0.01 to x = 0.05, the 

continuous increase of the NMR shift of the 

resonance assigned to F1 also illustrates the effect of 

the substitution of the Ce atoms coordinating F1 by 

Sr atoms. The expected (from formulation 

considering fluorine vacancies on the F1 site) and 

estimated (from the fit of the NMR spectrum 

recorded at 64 °C) relative intensities of the 19F NMR 

resonances assigned to F1 and F2,3 allowed us to 

determine the fraction ((Iexpected − Iestimated)/Iexpected) of 

mobile F2 and F3 atoms at 64 °C (see Table S5†) in 

Ce0.99Sr0.01F2.99 (22%), Ce0.975Sr0.025F2.975 (19%) and 

Ce0.95Sr0.05F2.95 (17%). 

Unfortunately, for x > 0.05, the resonances are not 

enough resolved to obtain confident NMR line 

relative intensities and the evolution with x of the 

fraction of mobile F2 and F3 atoms then cannot be 

drawn up to x = 0.10. In Ce1−xSrxF3−x, for 0.01 ≤ x ≤ 

0.05, these fractions are greater (for the same x 

value and at the same temperature) than those 

determined in La1−xBaxF3−x (linear increase with x up 

to 11.3% for x = 0.10)16 and La1−xSrxF3−x (linear 

increase with x up to 21.7% for x = 0.10)60 whereas 

the chemical shift difference (Δν = 19 kHz) is greater 

than in LaF3 indicating shorter correlation times (at 

coalescence τc = √2/(πΔν)). Compared to other 

tysonite-type solid solutions, greater fluorine 

mobilities (at least between F1 and F2,3 sublattices) 

are then reached at a low doping level in the 

Ce1−xSrxF3−x compounds. 

Ionic conductivity 

As an example, the Nyquist diagram at 25 °C of a 

sintered pellet of Ce0.975Sr0.025F2.975 is shown in Fig. 

S11.† An equivalent circuit was used to fit the 

impedance diagrams as described recently.16,17 The 

ionic conductivity of fluoride ions is determined by 

using two resistances related to the bulk and the 

http://pubs.rsc.org/en/content/articlehtml/2017/dt/c6dt04714a#fn1
http://pubs.rsc.org/en/content/articlehtml/2017/dt/c6dt04714a#cit60
http://pubs.rsc.org/en/content/articlehtml/2017/dt/c6dt04714a#fn1
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grain boundaries (R2 and R3, respectively) and the 

following equation: 

σ = (1/(R2 + R3)e/S) 

where e is the thickness and S is the surface of the 

pellet.  

Temperature dependence of the ionic conductivity is 

plotted using the Arrhenius-type equation: 

σT = Ae(−E
a
/kT) 

where A is the pre-exponential constant factor, and 

Ea is the activation energy. 

Arrhenius plots of the ionic conductivity of 

Ce1−xSrxF3−x (x ≤ 0.10) are reported in Fig. 11. From 25 

°C to 250 °C, all samples exhibit a linear evolution of 

log(σT) versus (1000/T). The best ionic conductivity 

at room temperature (σRT = 3 × 10−4 S cm−1) is 

obtained for Ce0.975Sr0.025F2.975. This value is very close 

to that reported in the literature on single crystals22 

and better than other fluoride ceramics.61 At RT, the 

ionic conductivity follows a classical variation with a 

bell curve often observed in numerous oxides 

adopting the fluorite-type structure, the value is 

maximum at x = 0.025 (Fig. 6). The activation energy 

strongly decreases from x = 0 to 0.025 and then, 

slightly increases up to x = 0.10 (Fig. 12). 

Furthermore, the value of 0.31 eV for x = 0.025 is 

among the lowest found for fluorinated 

electrolytes.62–65 The Sr2+ substitution for Ce3+ ions in 

this network associated with the creation of anionic 

vacancies modifies drastically the fluoride ion 

mobility. The maximum F− conductivity for x = 0.025 

corresponds to the largest difference between F2–

(Ce/Sr) and F3–(Ce/Sr) bond distances and the 

highest buckling of the [RE1−xAxF]2−x sheet. 

Consequently, the F1 site corresponding to the more 

mobile fluorine in the tysonite network is also 

affected with a reduced dispersion of longer F1–

Ce/Sr bond distances for x = 0.025 (Fig. 7). This 

breathing of the tysonite-type network related to 

the buckling phenomenon of [RE1−xAxF]2−x sheets is a 

key structural feature to discuss the variation of the 

ionic conductivity in Ce1−xSrxF3−x and previously 

reported for Sm1−xCaxF3−x
17 and La1−xBaxF3−x solid 

solutions.16 In Sm1−xCaxF3−x, the difference (+0.05 Å) 

of ionic radii for nine-fold coordination between Ca2+ 

(1.18 Å) and Sm3+ (1.13 Å) leads to a predominant 

influence of the network relaxation with a decrease 

of cell volume related to a segregation of anionic 

vacancies around the AE cations. Both the thickness 

of [Sm1−xCaxF]2−x layers (≈ 1.20 Å) and the ionic 

conductivity are maximum for x = 0.05. It must be 

noted that the distortion of the F1 pseudo-

tetrahedral environment decreases sharply from x = 

0.05. In La1−xBaxF3−x, the large difference of cationic 

radii (+0.25 Å) brings an important chemical pressure 

and a significant increase of the cell volume. The 

thickness of [La1−xBaxF]2−x sheets is relatively small (≈ 

0.77 Å) for the maximum of ionic conductivity 

observed at x = 0.07. In Ce1−xSrxF3−x, the difference of 

cationic radii (+0.11 Å) is moderate and the network 

relaxation is compensated by the cell volume 

increase. The thickness of [Ce1−xSrxF]2−x layers (≈ 1.11 

Å) is maximum for the composition of the best 

conductor (x = 0.025). A similar effect is identified in 

La1−xSrxF3−x for which the difference of cationic radii is 

also moderate (+0.09 Å).60 The [La1−xSrxF]2−x layer 

thickness is constant until x = 0.07 (≈ 0.97 Å) and 

decreases for x = 0.10 (≈ 0.77 Å). The analysis of 

these solid solutions shows that the higher the 

buckling effect of [RE1−xAExF]2−x sheets, affecting the 

distortion of F1 site (the more mobile fluorine), the 

higher the ionic conductivity. This conclusion is in 

agreement with the evolution with x of their RT ionic 

conductivity (Fig. 13). The chemical pressure into the 

[RE1−xAExF]2−x sheets does not favour the ionic 

mobility. 

 

Conclusions 

Solid state routes allowed preparing pure tysonite-

type Ce1−xSrxF3−x solid solutions (0 ≤ x ≤ 0.10) at 900 

°C. The Sr2+ ionic size is slightly larger than that of 

Ce3+ and this alkaline earth substitution exerts a 

weak chemical pressure which contributes to an 

increase of the c parameter, perpendicular to 

[Ce1−xSrxF]2−x slabs, while the a parameter remains 

constant. For 0 ≤ x ≤ 0.07, a strong variation of the 

[Ce1−xSrxF]2−x slab buckling is observed. This 
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phenomenon can also be seen in the large variation 

of F2–(Ce/Sr) and F3–(Ce–Sr) distances related to the 

[Ce1−xSrxF]2−x sheet. Consequently the more mobile 

F1 anions located in a distorted tetrahedral site and 

into the interslab space are strongly affected by this 

buckling effect.  

The 19F MAS NMR spectrum of CeF3 shows two broad 

lines assigned, on the basis of their relative 

intensities, to F1 for the most intense and to F2 and 

F3 for the less intense. These NMR resonances 

become broader when x increases, in relation to 

increasing disorder due to the heterovalent 

substitution. The 19F MAS NMR spectra of the 

Ce1−xSrxF3−x compounds show the occurrence of F1–

F2,3 exchanges at 64 °C. The relative intensity of the 

NMR resonance assigned to F2,3 (not discernible for 

x > 0.05) decreases from x = 0 to 0.01, and then 

slightly increases from x = 0.01 to 0.05. Compared to 

other tysonite-type solid solutions, greater fluorine 

mobilities are reached at a lower doping level in the 

Ce1−xSrxF3−x compounds. 

The RT ionic conductivity variation versus x for 0 ≤ x 

≤ 0.1 follows a bell curve with a maximum at 3 × 10−4 

S cm−1 corresponding to the Ce0.975Sr0.025F2.975 

composition. Ce0.975Sr0.025F2.975 has also the lowest 

activation energy (0.31 ± 0.02 eV). These results are 

in agreement with a previous study on single-

crystals. Finally, the higher the [Ce1−xSrxF]2−x sheet 

buckling, which increases the F1 site distortion in the 

interslab space, the higher the ionic conductivity. In 

this paper, such compositional and structural 

features are directly correlated to the ionic 

conductivity into non-stoichiometric tysonite-type 

fluorides with general formulae RE1−xAExF3−x. These 

phenomena have been also observed for other 

combinations of rare-earth (RE = La, Sm) and 

alkaline-earth (AE = Ca, Sr, Ba) elements.16,17,60 When 

the AE2+ ionic size is comparable or slightly larger 

than that of RE3+, the network relaxation of 

[RE1−xAExF]2−x slabs in competition with the chemical 

pressure leads to a strong variation of the 

[RE1−xAExF]2−x sheet thickness and a conductivity 

maximum at a low substitution rate. On the 

contrary, when the ionic radii difference is large, the 

variations of the [RE1−xAxF]2−x sheet thickness and of 

the ionic conductivity are small. Thus, the design of 

good ionic conductors implies a moderate ionic radii 

difference to optimize the buckling effect of 

[RE1−xAExF]2−x sheets. The combinations Y–Ca, Eu–Ca 

and Gd–Ca satisfy this criterion and should be 

tested. 
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