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Abstract 

The paper deals with the mechanochemical synthesis of lead containing alkaline earth metal fluoride 

solid solutions MxPb1-xF2 (M = Ca, Sr, Ba) by high-energy ball milling. Several metal precursors and 

fluorinating agents were tested for synthesizing M0.5Pb0.5F2. Metal acetates and ammonium fluoride as 

precursors show the most promising results and were therefore used for the formation of MxPb1-xF2 

with different metal cationic ratios. The characterization of the local fluorine coordination and the 

crystal structure was performed by 19F MAS NMR spectroscopy and X-ray diffraction. Additional 

calculations of 19F chemical shifts using the superposition model allows a deeper insight into the local 

structure of the compounds. The fluoride ion conductivity was followed by temperature dependent DC 

conductivity measurements. Significantly higher conductivities were found in comparison with those 

of the corresponding binary fluorides. The highest values were be observed for samples with high lead 

content M0.25Pb0.75F2, bearing in mind the much higher conductivity of PbF2 compared to MF2.  

 

Introduction 

In search of more efficient energy capacitors or batteries, solid solutions, especially those 

containing fluorides crystallizing in the fluorite structure, gain raising interest as possible 

components in fast fluoride ion conductors [1–4]. Distortions of the local fluoride ion 

environment by the mutual substitutions of cations while keeping the original crystal structure 

intact lowers the activation energy for the movement of the fluoride ions [5]. This leads to an 

increasing ionic conductivity making these compounds potentially applicable as solid 

electrolytes. The application of such systems however, is not only restricted to electric 

devices. Replacing one cation with, e.g., a rare earth metal ion allows the preparation of 

compounds with widely spread use in optics [6–11]. 

A fast and easy approach to synthesize such systems is the mechanochemical reaction. This 

branch of synthetic chemistry has got increasing attention during the past years for solid state 

syntheses [12–14]. While the mechanisms of such reactions can be different and are not 

completely clear yet, a lot of applications have been developed for this method. It is possible 

to induce phase transformations of compounds, to modify their surfaces and to enhance their 

catalytic properties[15]. Non-stoichiometric and/or non- equilibrium products like solid 

solutions [16–18], co-crystals[19,20] and MOFs[21] can be obtained which are more difficult or 

excluded to get by common synthesis methods like precipitation or thermally induced 

Heitjans
Durchstreichen

Heitjans
Durchstreichen



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

reactions. Furthermore, the possibility to avoid using solvents makes mechanochemistry 

environmentally benign compared to, e.g., the sol-gel-synthesis and may simplify the 

purification process.  

Based on work of Scholz et al. [22,23] we showed in 2016 that it is possible to synthesize 

Ma
xM

b
1-xF2 (M = Ca, Sr, Ba) solid solutions by high energy ball milling [17]. By milling a 

mixture of metal acetates or hydroxides with ammonium fluoride a mutual substitution of 

cations over all molar ratios is possible for the Ca/Sr and the Ba/Sr systems. For BaxCa1-xF2, 

the formation of solid solutions was observed only with x > 0.9 or x < 0.1, which may be 

caused by the size differences of the cations. Conductivity measurements of these systems 

show significantly increased conductivity values compared to the pure binary fluorides. 

Similar results could be obtained by Heitjans and co-workers [5,16]. Applying an alternative 

mechanochemical route, namely milling the pure binary fluorides for long durations (up to 99 

hours), they were able to synthesize even BaxCa1-xF2, although their system is not stable for 

long times (more than two years) or at elevated temperatures (above 700 K) [5,16]. However 

here [5,16], the mutual substitution of cations has a positive effect on ionic conductivity.  

While mechanochemical synthesis routes have been established for the alkaline earth metal 

fluorides only little is known for PbF2. Until 2016, only one mechanochemical synthesis was 

described in the literature. Subirana-Manzanares et al. [24] published the synthesis of PbF2 by 

grinding lead acetate with ammonium fluoride obtaining a paste like compound containing α- 

and β-PbF2. Moreover, they were able to direct the formation of either phase by adding 

organic acids or amines during the reaction. Recently we reported the synthesis of PbF2 by 

ball milling different lead precursors with ammonium fluoride [25]. The lead precursor itself 

determined the formation of the respective PbF2 phase. The use of lead acetate led to β-PbF2 

(cubic fluorite structure), using lead(II) oxide resulted in mostly α-PbF2 (orthorhombic 

structure), and using PbCO3 resulted in a mixture of both phases. As it is beneficial for the 

formation of solid solutions that both separated binary fluorides crystallize in the same 

structure, we decided to use for the synthesis of MxPb1-xF2 (M = Ca, Sr, Ba) the alkaline earth 

metal acetates and hydroxides as well as lead acetate and carbonate. All described samples 

were investigated by X-ray powder diffraction (XRD) and magic angle spinning nuclear 

magnetic resonance (MAS NMR) spectroscopy and for selected samples impedance 

spectroscopy measurements were carried out.   
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Experimental section 

Preparation: All not self-synthesized starting materials were used as commercially purchased 

(Table 1). The alkaline earth metal fluorides CaF2, SrF2 and BaF2 were synthesized by ball 

milling (Fritsch Pulverisette 7, premium line) the corresponding metal hydroxides with 

ammonium fluoride for four hours at 600 rpm. β-PbF2 with cubic fluorite structure was 

prepared by heating a mixture of lead acetate trihydrate and ammonium fluoride in a furnace 

(Eurotherm, Carbolite RHF 16/3) for two hours at 400 °C (heating rate: 10 K/min).  

The syntheses of MxPb1-xF2 samples were carried out by ball milling the reactants (m = 1 g, 

ball : powder ≈ 15 g : 1 g; five balls with 12 mm in diameter) for four to eight hours at 

600 rpm in silicon nitride beakers (v = 45 ml) according to Scheme 1.  

All samples were dried in a furnace for two hours at 160 °C after reaction if not otherwise 

stated. 

 

XRD: X-ray powder diffractograms were measured with an XRD-3003 TT diffractometer 

(Seifert) in the Bragg-Brentano geometry with a range of 2Θ from 5° to 65°. In both cases a 

CuKα X-ray source (λ = 1.542 Å) was used. The reflections were compared with the 

JCSPDS-PDF database [26]. Due to the nanocrystalline character of the samples obtained after 

milling the XRD patterns show typically less intense and broadened reflections. Following 

that the signal to noise ratio is worse compared to that of crystalline binary fluorides applying 

the same measurement conditions. 
 

19F MAS NMR: A Bruker AVANCE 400 spectrometer equipped with a 2.5 mm magic angle 

spinning (MAS) probe (Bruker Biospin) was used to record 19F MAS NMR spectra (Larmor 

frequency: ν19F = 376.4 MHz). All spectra were registered using a π/2 pulse length of 4 µs, a 

spectrum width of 400 kHz, a recycle delay of 5 s, an accumulation number of 64, and a 

rotation frequency of 20 kHz. Recycle delays longer than 5 s were tested to ensure the 

completeness of the signals and to inspect their spin-lattice relaxation behavior. All isotropic 

chemical shift values of 19F resonances are given with respect to the CFCl3 standard. Existent 

background signals were suppressed with the application of a phase-cycled depth pulse 

sequence according to Cory and Ritchey [27]. The rotor-synchronized spin-echo experiments 

were registered with a recycle delay of 5 s, an accumulation number of 128 and a dipolar 

evolution time of 0.5 ms. 19F MAS NMR spectra were simulated using the DMFIT program 
[28]. 
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DC conductivity: The conductivity measurements were performed with pellets of 8 mm in 

diameter and approximately 1 mm in thickness (measured with a Vernier caliper for each 

pellet). These were obtained from powders by cold pressing, applying a pressure of 

approximately 800 MPa. Electrodes were applied by coating the pellets with an alcohol based 

graphite conductive adhesive (Alfa Aesar). DC conductivities were taken from impedance 

spectra recorded in the frequency range from 0.01 Hz to 10 MHz with a Novocontrol Concept 

41 impedance analyzer. The DC conductivity was read out from the frequency independent 

plateau in the conductivity spectra. The decrease of the conductivity at lower frequencies is 

caused by the ion blocking electrodes at which the ions accumulate. This decrease also shows 

that the electronic conductivity is orders of magnitude smaller than the ionic conductivity. 

Hence, the DC conductivity read out from the conductivity spectra is the ionic conductivity, 

except for a negligible part caused by electron conduction. 

 

 

Results and Discussion 

 

Synthesis of CaxPb1-xF2:  

At first, different metal precursors were tested using a molar Ca : Pb ratio of 1 : 1. In Figure 

1I, the powder diffractograms for two different reactant compositions and two milling times 

(4 h and 8 h) are shown. The reactions starting from the metal acetates led to the formation of 

products whose reflections are located in the middle between those of the pure fluoride 

references (Fig. 1Ia,b). This indicates, referring to Vegard’s Law [29], that solid solutions with 

a cationic molar ratio of 1 : 1 are formed. No significant difference by variation of the milling 

time is noticeable except for a better signal to noise ratio, indicating a better crystallinity of 

the longer milled samples.  

In case of Ca(OH)2 and PbCO3 as precursors, no traces of solid solutions can be detected. 

Instead, the pure binary fluorides are formed. Regarding the differences between the milling 

times, more α-PbF2 is formed after 8 hours in comparison to the 4 hour reaction and CaF2 

seems to be in an amorphous state. 19F MAS NMR spectra of the products of the reaction with 

metal acetates are given in Figure 2 I.  As expected, five signals can be observed in the 

spectra. 

In the fluorite structure the fluoride ion is tetrahedrally coordinated by four equivalent cations. 

If these four positions can be occupied by two different cations, five structural units 
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[FMyPb4-y] (with y = 0…4) are possible, each of it is giving a unique signal in the 19F MAS 

NMR spectra. Therefore the five signals can be assigned to [FPb4] at around -38 ppm up to 

[FCa4] at -111 ppm. The shift to lower ppm values of the [FCa4] signal could already be 

observed in CaxSr1-xF2 and similar systems [5, 17]. This can be explained by an increasing F-Ca 

bond length due to distortions in the structure. This behavior can be observed for all measured 

samples containing solid solutions in this study too. While the appearance of the five signals 

proves the formation of solid solutions, their intensity ratios are not always as expected. For a 

molar ratio of cations of 1 : 1 one would expect relative intensities of 6.25 %, 25 %, 37.5 %, 

25 % and 6.25 % for [FPb4], [FCa1Pb3], [FCa2Pb2], [FCa3Pb1] and [FCa4], respectively. In our 

case units with only one cationic species are too dominant (Fig. 2II). So we can assume that 

CaF2 and β-PbF2 are formed in addition.  Rotor-synchronized spin-echo spectra discover an 

additional 19F signal at -120 ppm for the four hours reaction (Fig. 2Ic). This signal loses less 

intensity in the echo measurement compared to other signals. A similar signal was found in 

several of our reactions. We assume that it belongs to SiOxFy species from reactions of the 

fluorinating agent with the beaker material. 

Regarding these promising results metal acetates as precursors were used in further 

experiments with different cationic molar ratios. In Figure 1II the X-ray powder 

diffractograms for three different molar ratios (x = 0.25, 0.5 and 0.75) are shown. In case of x 

= 0.75 and 0.5 the formation of solid solutions can be detected. Following Vegard’s Law the 

reflections of the samples are shifted between the pure fluoride references accordingly. For x 

= 0.25, i.e. with high lead supply, no solid solutions can be detected by powder XRD 

measurements. Only the reflections of the β- and α-phase of PbF2 are visible (Fig. 1IIc). CaF2 

has to be therefore in an amorphous state. Applying 19F MAS NMR however (Fig. 2II), five 

signals for [FCayPb4-y] can be detected for all three molar ratios. Hence, a Ca0.25Pb0.75F2 solid 

solution is obviously formed, but it is apparently amorphous and therefore cannot be detected 

by XRD. The intensity patterns of the NMR spectra change along with the molar ratio. 

Ca0.25Pb0.75F2 shows the more intense signals on the PbF2 side of the spectra, Ca0.75Pb0.25F2 

shows more intense signals on the CaF2 side. In all cases the signals of [FPb4] and [FCa4] are 

very prominent leading to the assumption that the pure binary fluorides, only confirmed by 

XRD for x = 0.25, are also formed during the reaction. Additionally, the signal positions for 

[FCayPb4-y] were calculated by the superposition model [30,31] and were added as dotted lines 

to the spectra (parameters used are given in Table 2). They fit quite well to the experimental 

signal positions (Fig. 2IIa-c), but could be optimized by taking the relaxation of the M-F bond 

length through distortion of the structure into account. It was expected that the formation of 
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CaxPb1-xF2 is the most complicated one of the three studied systems. The difference between 

the ionic radii of Ca2+ and Pb2+ is quite large, comparable to Ca2+ and Ba2+, which also did not 

allow the formation of BaxCa1-xF2 solid solutions over all molar ratios with the present 

preparation technique [17] involving ball milling the corresponding metal hydroxides with 

ammonium fluoride. Another hint is the rather complex phase diagram of CaF2-PbF2 

calculated by Buchinskaya and Fedorov [32] which shows the formation of solid solutions only 

under certain conditions. 

 

Synthesis of SrxPb1-xF2: 

Analogous to the synthesis of CaxPb1-xF2, different metal precursors and milling times were 

tested. Again the metal acetates proved to be the optimal reactants for this reaction. Powder 

diffractograms for selected reactions (Sr : Pb; 1 : 1) are shown in Figure 3I. The samples 

prepared by metal acetates (Fig. 3Ia,b) show reflections in the middle between those of the 

references SrF2 and PbF2 following Vegard’s Law [29] for both tested milling times. The 

reaction with the reactant mixture of Sr(OH)2 and PbCO3 did not lead to the formation of 

solid solutions. Instead, the pure fluorides besides non identified by-products are formed (Fig. 

3Ic,d). In the 19F MAS NMR spectra (Fig. 4I), for the reaction from acetates the five expected 

signals for [FSryPb4-y] at -36.0, -47.9, -61.0, -74.4 and -88.9 ppm can be observed. 

Additionally the JF-Pb coupling is visible on the signals belonging to mainly lead containing 

structural units. The coupling constant can be estimated as JF-Pb = 2.5 kHz which is in good 

agreement with the value found by us in PbF2 prepared by milling [25]. A simulation of a 

spectrum for Sr0.5Pb0.5F2 is shown in Figure 5a. For simulation purpose a more resolved 

spectrum (Fig. S1IIb) is used. The thick blue line represents the experimental spectrum. The 

thin lines are the fitted individual signals. The simulation shown here consists of 10 individual 

lines. Five singlets were fitted for the five [FSryPb4-y] units containing no NMR active 207Pb 

species. The active nucleus 207Pb has only a natural abundance of 22 %. So the units with no 

active Pb species are quite common, hence the dominant singlets. Then we fitted four 

doublets for [FSry
207Pb1Pb3-y]

1 at the same positions as the corresponding singlets. The 

triplets, quartets and quintets for [FSry
207Pb2Pb2-y]

1, [FSry
207Pb3Pb1-y]

1 and [F207Pb4], 

respectively, were not fitted due to the low probability of occurrence and the resolution of the 

spectra, which is not high enough to show these signals. One additional line shows up at -

84 ppm. This signal is assumed to belong to a Sr(OAc)F species. These M(OAc)F species are 

well known [33] and can sometimes be observed in other milling reactions starting from metal 

                                                           
1
 the total number of cations in one structural unit is always 4.  
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acetates [34]. Summing up all the individual fitted lines leads to the red line, which fits well 

compared to the original spectrum in blue. Only the J-couplings for the two lower field 

signals are not optimal caused by the asymmetric form of the original signal. Rotor-

synchronized echo experiments (Fig. 4I c, d) do not add anything noteworthy except the 

different intensity loss of the signal at -84 ppm, indicating that this signal belongs to a species 

different to the solid solutions. Additional precursor combinations were successful only in 

case of SrxPb1-xF2. Using self-synthesized PbF2 as described above and  either (i) self-

synthesized SrF2 or (ii) Sr(OAc)2 and NH4F led to solid solutions as well, proven by XRD and 

MAS NMR (supporting information, Fig. SI-1). This is surprising, bearing in mind that 

usually milling pure fluorides together to obtain solid solutions is very time consuming, 

especially for the not stable BaxCa1-xF2 
[16]. This indicates, that self-synthesizing the reactants 

either by milling or thermal treatment, activates them to get a faster access to the products. 

But it should be mentioned that these two reactions only work for SrxPb1-xF2, therefore, the 

ionic size difference might play the biggest role here. 

The metal acetates were chosen for testing the reaction with different cationic molar ratios. 

The powder diffractograms of these samples (Fig. 3II) show the shift of the reflections 

between the references depending on the molar ratio, assuring the formation of the desired 

products. 19F MAS NMR measurements (fig. 4II) confirm this further. The five signals, one 

for each [FSryPb4-y] unit, are clearly identifiable. Their positions are in good agreement to the 

calculated values obtained by using the superposition model [30]. There is a noticeable change 

of the intensity pattern depending on the cationic ratio. The spectrum of Sr0.75Pb0.25F2 has 

more intense signals on the SrF2 side, for Sr0.25Pb0.75F2 it is the other way around. As for 

CaxPb1-xF2 the [FSr4] signals are more intense than expected, allowing the conclusion that the 

pure fluorides, although amorphous, are formed too. Also the shift of the 19F signals of these 

units compared to SrF2 (-88.9 vs. -88.0 ppm) and PbF2 (-36.0 vs. -38.0 ppm) can be observed 

for the same reason as described above. 

 

 

Synthesis of BaxPb1-xF2: 

The difference between the ionic radii of Ba2+ and Pb2+ is larger than between Sr2+ and Pb2+ 

but smaller than between Ca2+ and Pb2+. Therefore, the formation of solid solutions 

BaxPb1-xF2 can be expected. Again two different precursor mixtures will be described in 

detail. The powder diffractograms (Fig. 6I) show the reflections of the products from the 

reaction of the metal acetates and from the reaction of Ba(OH)2/PbCO3 (Ba: Pb; 1 : 1), 
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respectively, with NH4F and with two different milling times. First of all it stands out, that the 

milling time had again not much influence on the qualitative outcome of the reaction. Solely 

the crystallinity of the samples is increased resulting in more intense reflections and a better 

signal to noise ratio. For the samples of the Ba(OH)2/PbCO3 reaction only reflections of PbF2 

and BaF2 can be detected or they are at least just slightly shifted, indicating that just a small 

amount of the second cation is incorporated in the host lattices. In contrast, in case of the 

samples obtained from the acetate precursor mixture the reflections are directly in the middle 

between the references indicating the formation of Ba0.5Pb0.5F2 solid solution. This is 

confirmed by 19F MAS NMR measurements (Fig. 7I). Rotor-synchronized spectra 

demonstrate that the spin-spin relaxation is much faster for the mainly Pb-coordinated F-sites 

(Fig. 7Ic,d). However, all spectra are not well resolved, due to broad signals and a small ppm 

range (∆(19F)[ppm](PbF2-BaF2): 24 ppm) in which the five signals for the five [FBayPb4-y] 

units have to appear. To get more information the spectra were simulated with the help of the 

DMfit program (Fig. 5b). The blue line refers to the measured spectrum, the thin lines to the 

simulated individual signals. We needed 11 lines to obtain an optimal fit (red line). Five 

singlets were used for the five [FBayPb4-y] units without F-Pb coupling. Their position was 

determined by calculations derived from the superposition model (parameters in Table 2) 
[30,31]. Four more doublets were added for the units with one F-207Pb coupling comparable to 

the process for the simulation of Sr0.5Pb0.5F2. Two more singlets were necessary to optimize 

the fit. One at around -8.0 ppm, which can be assigned to a Ba(OAc)F species [33,34] and one at 

-35 ppm, which might be an Pb(OAc)F species. While there is no clear evidence for the latter, 

a comparison can help: The 19F signal of M(OAc)F species (M = Ca, Sr ,Ba) are shifted by 5 

– 8 ppm compared to MF2. When we assume the formation of Pb(OAc)F in our reaction, its 
19F chemical shift can be expected at about -35 ppm. The relative intensities of the signals are 

not fitting well compared to the expected values. The signal intensities belonging to the 

strontium richer units are too high. But as the simulation might not be perfect it shows that 

even a not well resolved spectrum with broad signals and a lot of overlapping signals can be 

simulated and can give an insight into the structure of the sample. 

The reaction of the metal acetates was used for testing different cationic molar ratios. The 

results are given in Figure 6II (XRD) and Figure 7II (19F MAS NMR). The powder 

diffractograms show that the obtained products follow Vegard’s Law [29] closely. The shift of 

the reflections between those of the references is dependent on the molar ratio. For 

Ba0.25Pb0.75F2 the signals on the PbF2 side are more intense and vice versa for Ba0.75Pb0.25F2. 

On a first view, the calculated signal positions for the [FBayPb4-y] units, obtained from the 
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superposition model, do not fit very well (Fig. 7II). However, we can show with the 

simulation (Fig. 5b) that it is possible to fit the spectra with these calculated positions. It is 

obvious that the superposition of these signals causes maxima in the experimental spectrum 

which do not correspond to the isotropic chemical shift values. 

 

Comparison of the three systems: 

In Table 3 a summary of all syntheses carried out and their results are given. It is striking that 

the synthesis of SrxPb1-xF2 was possible with most of the precursor combinations. Most 

interestingly, even using one or even both metal precursors in form of the metal fluorides led 

to solid solutions at short milling times. The small size difference between the Sr2+ and the 

Pb2+ cationic radii might be the reason. The 19F MAS NMR spectra of SrxPb1-xF2 showed the 

narrowest signals compared to the others. Even a scalar coupling JF-Pb can be observed and 

estimated. BaxPb1-xF2 can be synthesized with the second most precursor combinations. The 

radii difference is a bit larger than for Sr2+/Pb2+, hindering some more reactions to form solid 

solutions. The 19F MAS NMR spectra are quite different in shape on a first view compared to 

SrxPb1-xF2. The signals are much broader and a scalar coupling cannot be resolved. The main 

reason for this is definitely the very small ppm range in which the five signals including their 

scalar coupling must appear. For CaxPb1-xF2 only the reaction of the two metal acetates led to 

the formation of the solid solution. The size difference of the cations might be too large. With 

higher lead content in the sample the formation of additional pure binary fluorides was 

increased. A similar behavior can also be observed for BaxCa1-xF2, where the cationic size 

difference is also quite high. Overall the metal acetates were proven to be the optimal 

precursors for all three systems. While not as reactive as the hydroxides and more reactive 

than the carbonates in this kind of reactions, it might be the good middle way to induce a 

reaction but to avoid the formation of the more favored pure fluorides. Using the usually more 

reactive NH4HF2 instead of NH4F or increasing the milling time from 4 to 8 hours, showed no 

significant qualitative change in the reaction outcome. Only some of the samples were more 

crystalline, showing more intense reflections in XRD and more intense NMR signals. 

 

Conductivity measurements 

Additionally, DC conductivity measurements were carried out for these samples. The results 

are shown in Figure 8. The Arrhenius representation (Fig. 8I) gives an overview of the 

different conductivity values depending on the temperature and the cationic molar ratio. Three 

groups of lines can be identified: (i) the two lines with the lowest conductivity values belong 
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to Ca(Sr)0.75Pb0.25F2; (ii) four lines with values of around one magnitude higher 

(Ba0.75Pb0.25F2, Ba(Sr)0.5Pb0.5F2 and self-prepared PbF2); and (iii) another four lines again 

about one magnitude higher than the other ones before. These lines can be assigned to 

Sr0.25Pb0.75F2, Ba0.25Pb0.75F2, Ca0.25Pb0.75F2 and Ca0.5Pb0.5F2. The latter has to be regarded with 

care, because as stated before the sample is not phase pure. In general, two trends for the 

conductivity values can be observed:  

(i) the higher the lead content the higher is the fluoride ion conductivity, and  

(ii)  the BaxPb1-xF2 system shows the highest values, followed by CaxPb1-xF2 and 

SrxPb1-xF2.   

All of them are by few magnitudes higher than the one measured by us for CaxSr1-xF2 and 

BaxSr1-xF2 and even higher than those for the pure alkaline earth metal fluorides. Figure 8II 

(left-hand ordinate) shows a comparison of the conductivities dependent on the cationic molar 

ratio. The maximum is shifted towards M0.25Pb0.75F2 (M = Ca, Sr, Ba) as compared to the 

alkaline earth metal systems, showing the maximum at around x = 0.5. The activation energy 

EA (right-hand ordinate) is directly related to the conductivity. The higher the conductivity the 

lower is EA. Thus, it is no surprise, that the EA values are lower than for the Ma
xM

b
1-xF2 

(M = Ca, Sr, Ba) solid solutions.  

 

 

 

Conclusions 

The present study demonstrates the possibility of synthesizing MxPb1-xF2 (M = Ca, Sr, Ba) 

solid solutions by high-energy ball milling. For all three alkaline earth metal cations the metal 

acetates and ammonium fluoride are proven to be the optimal precursor combination for this 

reaction. While for SrxPb1-xF2 and BaxPb1-xF2 the mutual substitution of cations on their lattice 

positions occurs for all tested molar ratios, CaxPb1-xF2 shows this behavior only for x > 0.25. 

Here the pure fluorides are formed instead. As long as the products are crystalline, XRD 

measurements allow a quick confirmation of success of synthesis due to the reflections 

following Vegard’s Law. 19F MAS NMR spectra of samples reveal the five signals, including 

JF-Pb coupling, belonging to the [FMyPb4-y] local structural units, underlining the formation of 

solid solutions. The 19F chemical shifts of these units were calculated and compared using the 

superposition model by Bureau et al. [30]. Simulations of the NMR spectra further showed, 

that the samples are not phase pure.  Signals belonging to the pure binary fluorides and 

presumably M(OAc)F species are detected. A mixing effect for the ionic conductivity could 
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be proven by impedance spectroscopy measurements. The conductivity values are by several 

magnitudes higher than those of the pure fluorides and are also increased in comparison to the 

already investigated MaxM
b
1-xF2 (M = Ca, Sr, Ba) solid solutions. Therefore, the presented 

synthesis route can be extended on more cations than the alkaline earth metal ones and may 

prove an easy and fast access to prepare fast fluoride ion conductors.  
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Figure captions 

 

 

Scheme 1. General scheme for the synthesis of MxPb1-xF2. 
(R: OH-, OAc-; ½ CO3

2-, F- / M = Ca, Sr, Ba) 
 

 

Figure 1.  

I. XRD patterns of “Ca0.5Pb0.5F2” samples (formal composition based on the molar ratio 

of the used metal precursors) synthesized by milling NH4F with: Pb(OAc)2 • 3 H2O and 

Ca(OAc)2 • H2O for a) 4 h,  b) 8 h; Ca(OH)2 and PbCO3 for c) 4 h, and d) 8 h. 

II. XRD patterns of CaxPb1-xF2 samples synthesized by milling Pb(OAc)2 • 3 H2O, Ca(OAc)2 • 

H2O and NH4F for 8 h with different molar ratios: a) x = 0.75; b) x = 0.5; c) x = 0.25. 

 

Reference: dotted lines: reflection positions of β-PbF2 (PDF chart: 6-251); dashed 

line: reflection positions of CaF2 (PDF chart: 35-816). 

 

Figure 2.  

I. 19F MAS NMR spectra of Ca0.5Pb0.5F2 samples synthesized by milling Pb(OAc)2 • 3 H2O, 

Ca(OAc)2 • H2O and NH4F:  

single pulse spectra: a) 4 h milling, b) 8 h milling;  

rotor synchronized spin echo spectra (dipolar evolution time: 0.5 ms): c) 4 h milling; 

d) 8 h milling. 

II. 19F MAS NMR single pulse spectra of CaxPb1-xF2 samples synthesized by milling 

Pb(OAc)2 • 3 H2O, Ca(OAc)2 • H2O and NH4F for 8 h: a) x = 0.75; b) x = 0.5; c) x = 0.25. 

The dotted lines represent calculated positions of the five possible structural units 

[FPb4-xMx] using the superposition model from Bureau et al. [30,31]. 

 

Figure 3.  

I. XRD patterns of “Sr0.5Pb0.5F2” samples synthesized by milling NH4F with: 

Pb(OAc)2 • 3 H2O and Sr(OAc)2 for a) 4 h and b) 8 h;  

Sr(OH)2 and PbCO3 for c) 4 h and d) 8 h. 

II. XRD patterns of SrxPb1-xF2 samples synthesized by milling Pb(OAc)2 • 3 H2O, Sr(OAc)2 

and NH4F for 8 h with different molar ratios: a) x = 0.75; b) x = 0.5; c) x = 0.25. 

Reference: dotted lines: reflection positions of β-PbF2 (PDF chart: 6-251); dashed line: 

reflection positions of SrF2 (PDF chart: 6-262). 
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Figure 4.  

I. 19F MAS NMR spectra of Sr0.5Pb0.5F2 samples synthesized by milling Pb(OAc)2 • 3 H2O, 

Sr(OAc)2 and NH4F:  

single pulse spectra: a) 4 h milling, b) 8 h milling;  

rotor synchronized spin echo spectra (dipolar evolution time: 0.5 ms): c) 4 h milling; 

d) 8 h milling. 

II. 19F MAS NMR single pulse spectra of SrxPb1-xF2 samples synthesized by milling 

Pb(OAc)2 • 3 H2O, Sr(OAc)2 and NH4F for 8 h; with a) x = 0.75; b) x = 0.5; c) x = 0.25. 

The dotted lines represent the calculated positions of the five possible structural 

units [FPb4-xMx] using the superposition model from Bureau et al. [30,31]. 

 

 Figure 5.  

Simulations of 19F MAS NMR spectra of a) Sr0.5Pb0.5F2 and b) Ba0.5Pb0.5F2 using the DMfit 

program [28]. The blue lines are the measured spectra, the red lines represent the 

superposition of the simulated signal contributions. Thin lines belong to simulated signals 

of the five structural units [FMxPb4-x], the doublet signals are due to the present scalar 

JF-Pb coupling (J = 2.5 kHz) and additional small signals (see text) are used to optimize the 

fit. 

 

 

Figure 6.  

I. XRD patterns of “Ba0.5Pb0.5F2” samples synthesized by milling NH4F with:  

Pb(OAc)2 • 3 H2O and Ba(OAc)2 for a) 4 h and b) 8 h; Ba(OH)2 and PbCO3 for c) 4 h and 

d) 8 h. 

II. XRD patterns of BaxPb1-xF2 samples synthesized by milling Pb(OAc)2 • 3 H2O, Ba(OAc)2 

and NH4F for 8 h with different molar ratios: a) x = 0.75; b) x = 0.5; c) x = 0.25. 

Reference: dotted line: reflection positions of β-PbF2 (PDF chart: 6-251); dashed line: 

reflection positions of BaF2 (PDF chart: 4-452) 

 

Figure 7.  

I. 19F MAS NMR spectra of Ba0.5Pb0.5F2 samples synthesized by milling 

Pb(OAc)2 • 3 H2O, Ba(OAc)2 and NH4F:  

single pulse spectra: a) 4 h milling, b) 8 h milling;  

rotor synchronized spin echo spectra (dipolar evolution time: 0.5 ms): c)4 h 

milling; d) 8 h milling. 

II. 19F MAS NMR single pulse spectra of BaxPb1-xF2 samples synthesized by milling 

Pb(OAc)2 • 3 H2O, Ba(OAc)2 and NH4F for 8 h; with a) x = 0.75; b) x = 0.5; c) x = 

0.25. The dotted lines represent the calculated position of the five possible 

structural units [FPb4-xMx] using the superposition model from Bureau et al. [30, 31].  
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Figure 8.  

I. Arrhenius plot of the DC conductivities of MxPb1-xF2 samples prepared with three 

different cation ratios by milling the corresponding metal acetates with NH4F for 8 

hours and PbF2. The latter was prepared in advance by milling of Pb(OAc)2 • 3 H2O 

with NH4F for 4 hours. 

II. Variation of the DC conductivity determined at 220 °C as well of the activation energy 

Ea dependent on the cation ratio in MxPb1-xF2. The samples were prepared as 

described in the caption to Fig. 7I. 
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Figure SI-1. 

I. XRD patterns of Sr0.5Pb0.5F2 samples synthesized by milling NH4F with: a) PbF2 

prepared by thermal synthesis and Sr(OAc)2 for 4 h; b) PbF2, prepared by thermal 

synthesis, SrF2, prepared by milling of Sr(OH)2 and NH4F, for 4 h. 

Reference: dotted line: β-PbF2 (PDF chart: 6-251); dashed line: SrF2 (PDF chart: 6-262) 

II. 19F MAS NMR spectra (a, c) and rotor synchronized spin echo spectra (b, d; dipolar 

evolution time: 0.5 ms) of Sr0.5Pb0.5F2 samples synthesized by milling: (a, b) PbF2, 

Sr(OAc)2 and NH4F; and (c, d) PbF2 and SrF2. 

 

Tables 

 

Table 1.  Chemicals used in the present study. 

Compound Origin Purity PDF number [26] 

Pb(OAc)2 • 3 H2O Sigma-Aldrich ≥ 99 % 14-829 

PbCO3 Sigma-Aldrich ≥ 99 % 70-2052 

PbF2 self-prepared --- 6-251 (β-phase) 

Ca(OAc)2 • H2O Sigma-Aldrich > 99 % 14-780 

Ca(OH)2 Sigma-Aldrich > 96 % 44-1481 

CaF2 self-prepared --- 35-816 

Sr(OAc)2 Sigma-Aldrich unspecified 37-655 

Sr(OH)2 Sigma-Aldrich 95 % 27-847 

SrF2 self-prepared --- 6-262 

Ba(OAc)2 Sigma-Aldrich 99 % 26-131 

Ba(OH)2 Sigma-Aldrich 95 % 44-585 

BaF2 self-prepared --- 4-452 

NH4F Sigma-Aldrich ≥ 98 % 35-758 
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Table 2.  Parameters used for the calculation of the signal positions with the superposition 

model 
[30, 31]

. 

Parameter d0 in [Å] d in [Å] α0 σ0 

Ca2+ 2.364 2.364 2.976 -46.3 

Sr2+ 2.511 2.511 2.856 -51.4 

Ba2+ 2.685 2.685 3.256 -70.0 

Pb2+ 2.57 2.57 2.880 -64.0 
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Table 3.  Overview about experiments performed with different precursor compounds and 

the obtained products (The M : Pb ratio was adjusted as 1 : 1)*. 

Alkaline earth metal 
precursor 

Lead precursor Calcium Strontium Barium 

M(OAc)
2
 Pb(OAc)

2
 � � � 

M(OH)
2
 Pb(OAc)

2
 ─ � � 

M(OAc)
2
 PbCO

3
 (�) (�) ─ 

M(OH)
2
 PbCO

3
 (�) (�) ─ 

MF
2
 Pb(OAc)

2
 ─ ─ ─ 

MF
2
 PbCO

3
 (�) ─ ─ 

M(OAc)
2
 PbF

2
 ─ � � 

M(OH)
2
 PbF

2
 (�) � ─ 

M(OAc)
2
 PbF

2
 without NH

4
F ─ ─ ─ 

M(OH)
2
 PbF

2
 without NH

4
F ─ ─ ─ 

MF
2
 PbF

2
 (�) � (�) 

* �: solid solutions are the main product; (�): solid solutions are formed beside other products; ─: 

solid solutions could not be detected. 
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Figure 4.
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Figure 5.

a)

b)



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 6.

I

a)

b)

c)

a)

c)

b)

d)

II



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 7.
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Figure 8I.
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Figure 8II.



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure SI-1.
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x MR2 + (1-x) PbR2 + 2 NH4F M
x
Pb1-xF2 + 2 NH3 + 2 HR

milling

4-8 h, 600 rpm

Scheme 1
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Highlights 

• Mechanochemical synthesis of MxPb1-xF2 with different precursors 

• Structural information was obtained by 19F MAS NMR spectroscopy and XRD 

measurements  

• Simulation of NMR spectra  

• The temperature dependent DC conductivity was determined  

 

 

 




