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Abstract 

Solid-state batteries relying on fluoride-ion shuttle are still at their early stage of development. 

Assessing the fluoride solid electrolyte’s electrochemical stability and its conduction properties in a 

mixture with carbon, as well as the possible interaction of fluoride-ion with carbon both during the 

Page 1 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2 

 

electrode preparation and upon electrochemical reactions, are mandatory to enable future practical 

applications.  Here, we discuss these points using LaF3 doped with BaF2 (La0.95Ba0.05F2.95, LBF) as a 

benchmark solid fluoride electrolyte. We establish that lithium may be used as a pseudo-reference 

electrode to assess the electrochemical stability window of LBF and support the experiment with 

thermodynamic calculations. We demonstrate the chemical compatibility of LBF with carbon upon ball-

milling, and investigate the electrical conductivity of the formed LBF-C composite. We use a LBF|LBF-

C|LBF cell (in this configuration, LBF serves as electronically blocking electrode) to assess the ionic 

conductivity of the LBF-C composite. The results confirm that both electronic and ionic percolations are 

insured within the LBF-C composite despite a noticeable decrease of the ionic conductivity. Finally, we 

use a Li|LBF|LBF-C cell to evaluate the electrochemical fluorination of the carbon in the LBF-C 

composite. Our results suggest an electrochemical activity of carbon with fluoride ions. The possible 

interactions of carbon with fluorides to form insulating carbon fluoride (CFx) must be considered when 

determining the operating voltage of FIBs. 

 

Introduction 

The electronegativity and low mass of fluorine make fluoride ion batteries (FIBs) promising candidates 

within the scope of developing new battery chemistries providing increased energy densities compared 

to conventional metal-ion batteries.1 Anji Reddy and Fichtner were the first to provide a proof-of-

concept of a rechargeable solid-state cell2, raising the awareness of a conversion-based chemistry first 

proposed in the 1970s.3–12 It was more recently demonstrated that fluoride ions could be reversibly 

intercalated in LaSrMnO4
13, that CuF2 was a reversible conversion cathode14, and that oxyfluorides are 

possible conversion materials15, further increasing the interest of the community for this chemistry. 

Tysonite type (trigonal, P-3c1) solid solutions like La1-xBaxF3-x (LBF) have been the focus of some 

research efforts with the purpose of understanding and increasing the fluoride conductivity to improve 
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the electrochemical performance of FIBs.16–22 Nanocrystalline fluorite-type (cubic, Fm-3m) solid 

solutions have also been explored for their interesting fluoride conductivity properties.23–25 However, 

the electrochemical stability of solid fluoride electrolytes has never been investigated so far. The 

investigation of the electrochemical stability window is crucial to determine the potential range in which 

the cell can operate without degradation of the electrolyte. This is perfectly illustrated by advances in 

the field of solid-state lithium ion batteries. Despite the efforts made by the community to develop solid 

electrolytes capable of ionic conductivities equivalent to those of liquids26, the high-rate capability of 

cells using such electrolytes remains inferior.27 These efforts have recently been focused on interfacial 

phenomena which are the cause of the slow electrochemical kinetics.28–30 It is now fair to say that the 

principle obstacle for developing all-solid-state batteries capable of delivering relatively high current 

densities relies in the achievement of low resistance interfaces.31 Electrochemical stability of the 

electrolyte and electrochemical/chemical compatibility with the cell components is therefore crucial to 

avoid the formation of interphases and layers that can significantly impede mass and/or charge 

transport. Analogous observations can be made for solid fluoride electrolytes. 

In this work, we discuss the fundamental challenges inherent to the use of fluoride-ion conductors in 

rechargeable batteries. Figure 1 shows a schematic of a typical solid state fluoride ion battery 

illustrating the challenges we aim to discuss. To allow for reversible electrochemical reactions, suitable 

electrochemical stability of the electrolyte must be ensured. Moreover, ionic and electronic conduction 

must be achieved throughout the composite electrode. The ionic and electronic conduction in this 

electrode is typically ensured by adding a solid electrolyte and carbon. This practice therefore raises the 

question of the interaction of fluoride ions with carbon to yield insulating carbon fluorides CFx, as 

previously mentioned by Nowroozi et al.
13  

Addressing these challenges is significantly complexified by both the lack of reference electrode and 

lack of inert electrode against fluorination. While electrochemical investigations in metal-ion batteries 
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are generally performed using the corresponding metal as a reference electrode, no such equivalent 

exists for FIBs, as the elemental form of fluoride is fluorine gas, F2. Concerning the study of the 

electrolyte electrochemical stability window, this is typically done using an electrode which is inert 

against the electrolyte oxidation. In Li-ion batteries, noble metals like platinum are used as inert 

electrodes as they are stable at high potentials, where electrolyte decomposition occurs. They are only 

limited by Li-alloying reactions at potential < 0.2 V vs. Li+/Li.32   In FIBs, the electrolyte decomposition 

is accompanied by fluorine evolution, which is highly reactive and able to form compounds with all 

materials typically used as inert electrode.  

 

Figure 1. Schematic representation of a solid state fluoride ion battery with a zoom in on the interface 

between the electrolyte and the composite electrode. The arrows and questions illustrate the challenges 

that need to be addressed. 

In an attempt to meet these challenges, we selected nanocrystalline LBF as model solid electrolyte since 

it exhibits a relatively high ionic conductivity (about 10-4 S.cm-1 at 160 °C20) and its conduction 

properties have been extensively studied.18,20,22 Moreover, LBF was successfully used in FIBs.2,13,14,33–35 
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First, the suitability of Li as electrode for FIBs is assessed by time resolved electrochemical impedance 

spectroscopy (EIS). Secondly, the electrochemical stability of LBF is studied using Li and Pt electrodes. 

Thirdly, the electronic and ionic conductivity of a LBF-carbon (LBF-C) composite is investigated and 

finally, the LBF-C is used to assess the interaction of carbon with fluorides. 

 

Experimental Section 

Characterizations. Powder X-ray diffraction (XRD) measurements were performed using a Rigaku 

Ultima IV diffractometer with a Cu Kα radiation (λ = 1.5418 Å), at a 2θ scan rate of 0.1°/min and a step 

of 0.017°, between 10° and 80°. Transmission electron microscopy (TEM) images were obtained with a 

JEOL JEM 2011 on carbon coated copper grids impregnated by a suspension of the material in ethanol.  

Preparation of the materials. The electrolyte, La0.95Ba0.05F2.95 (LBF), was prepared by ball-milling 

LaF3 (Alfa Aesar, 99.99 %) and BaF2 (Strem chemicals, 99.99 %) in N2 atmosphere at 400 rpm for 12 

hours with a Fritsch pulverisette 7 premium line planetary ball mill with ZrO2 jars and milling balls (10 

mm diameter). The detailed preparation of the electrolyte and the influence of the milling parameters on 

its purity is detailed in the work of Chable et al.22 The XRD pattern of LBF can be found in Figure S2 

and a presentation of its crystal structure in Figure S3. The LBF-C composite was obtained by an 

additional milling step using the obtained LBF powder (90 wt %) and carbon black (Pure Black, 

Superior Graphite, 10 wt %, see supporting information for details), denoted C. The mixture was ball-

milled in conditions similar as LBF preparation, for 4 hours. The carbon black was first outgassed for 

12h at 150 °C. Graphite (Cg) disks were cut from high purity graphite rods (Mersen, ⌀10 mm), polished 

(P400 SiC abrasive paper), sonicated 3 times in ultrapure water and dried overnight under vacuum at 

150 °C. Typical thickness of the graphite disks was 0.5 – 0.7 mm.  Lithium foil (99.9%) was purchased 

from Sigma Aldrich, and Pt foil (99.9 %) was polished (P2400 SiC abrasive paper) and rinsed before 
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use. Silver (Ag) conductive paint (RS Components) was painted on the LBF surface and dried at 150 °C 

under vacuum for 12 h. 

Cell assembly. Powders were pressed into 10 mm pellets at 5 t in a dry Ar glove box. The Li|LBF|Li 

and Li|LBF|Pt cells were obtained by placing a pre-compacted LBF pellet (300 mg) between Li or Pt 

disks. For the Ag|LBF|LBF-C|LBF|Ag cell, 30 mg of LBF-C and 300 mg of LBF powders were stacked 

and pressed in a single step, and the pellet painted with Ag paint on each side. For the Li|LBF|LBF-C 

and Li|LBF|C cells, a Cg disk was added to form LBF|LBF-C|Cg and LBF|C|Cg pellet stacks, using 15 

mg of LBF-C and 5 mg of C, respectively. The stacks were then laid on a Li disk. All cell preparation 

and assemblies were carried out in a dry Ar glove box. A summary of the cell configurations used in this 

study is available Figure S1 (supporting information). The stacks described above were mounted in 

modified CR2032 coin-cells. A flat PTFE washer of the desired thickness was used to maintain the 

stack at the center of the coin cell. A flat spring was used to maintain electrical between the stack and 

the coin-cell case. Spacers (stainless steel disks) were used to adjust the thickness of the pellet stack to 

the space available in the coin-cell. The crimped coin-cells were then tightened on a custom made 

electrochemical test bench employing a screw system, so that the stacks could remain under constant 

pressure for the duration of the electrochemical measurements. The test bench was placed in an oven set 

to 30 °C. The cells were left at the designated temperature for at least 3 hours to allow reaching thermal 

equilibrium before electrochemical measurements. 

Electrochemical measurements. Electrochemical impedance spectroscopy (EIS) was recorded in the 

13 MHz – 5 Hz frequency range, with a HP 4192A LF impedance analyzer, or in the 300 kHz – 3 mHz 

frequency range, with a BioLogic VSP potentiostat equipped with a low current extension. The 

amplitude of the sinusoidal potential excitation was adjusted in the 43 mV – 300 mV range depending 

on the impedance of the cell, after checking the linearity of the measurement. Impedance spectra were 

fitted using EC-Lab Zfit. Cyclic voltammetry (CV) was recorded at 30 °C with a BioLogic VSP 
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potentiostat channel equipped with a low current extension. All experiments were carried out at a scan 

rate of 0.1 mV.s-1 between 7 V and -0.2 V, starting from OCV.  

The ohmic drop was corrected using the resistance of the electrolyte determined from EIS 

measurements. The current density, rather than the current, was used to allow comparison of the cells 

during the investigation of the electrochemical compatibility of LBF with carbon. The contact area A of 

the LBF|WE (working electrode) developed at the interface was estimated using the relation: 

� =
�

��	�
��.���
  

With L the thickness of the LBF layer, σi the LBF conductivity at 30°C determined from conductivity 

measurements on the Ag|LBF|Ag cell, and Rgb the resistance of the electrolyte determined from EIS 

measurements on the relevant cell (see the supporting information for a detailed interpretation of the 

EIS spectra obtained from the conductivity measurements). The thickness of the electrolyte was 

measured with a micrometer and assumed to be the same for all experiments as the same mass of LBF 

was used. 

19
F solid state Nuclear Magnetic Resonance (NMR). 19F solid-state Magic Angle Spinning (MAS) 

NMR spectra were recorded on an Avance III 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. One dimensional (1D) NMR spectra were recorded using a Hahn echo sequence for which 

interpulse delay was synchronized with the rotor spinning frequency. A 90° pulse length of 1.25 µs was 

used, recycle delays of 2 s were applied and 128 transients were accumulated. Due to air frictional 

heating, the sample temperature varied by up to 32°C from 34 to 64 kHz (207Pb isotropic chemical shift 

of Pb(NO3)2 was used as a NMR thermometer36,37). 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. 
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Results & Discussion 

1. Interface of LBF with lithium and electrochemical stability 

Lithium metal was selected as counter electrode as it offers practical advantages such as a relatively low 

oxygen sensitivity (compared to lanthanides33) and softness, providing good contact with the solid 

electrolyte. Due to the low potential of Li, reaction of LBF to yield LiF and metallic La (and Ba) is 

expected according to: 

MFx + xLi → xLiF + M           1. 

The calculated Gibbs free energies (∆rG° = -120 kJ.mol-1 and -15 kJ.mol-1 for LaF3 and BaF2, 

respectively) of the corresponding reactions indicate that spontaneous reduction of LBF must occur. The 

formation of the interface should provide a convenient pseudo-reference redox couple as long as the 

interface is not entirely blocking. To investigate the interface properties of Li with LBF, a Li|LBF|Li 

cell was assembled and monitored by time-resolved electrochemical impedance spectroscopy (EIS) 

(Figure 2).  

After 3 hours of contact, the impedance spectrum exhibits a complete semi-circle and an additional 

semi-circle, followed by a capacitive tail. The first semi-circle is characteristic of the electrolyte’s ionic 

resistance and is denoted Rgb (see supporting information for more details). Over time, the resistance of 

the first semi-circle is stable, while the resistance of the second semi-circle increases. The fitting of all 

spectra was carried out with the equivalent circuit presented on Figure 2 (c). The resistances of the two 

semi-circles, gathered from the fits, are reported on Figure 2 (b). 
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Figure 2. (a) Nyquist plot of the impedance spectra of a Li|LBF|Li cell in open circuit conditions at 30 

°C. The frequency, in Hz, of a few points is indicated for comparison with Figure S4 (b) Evolution of 

Rgb and Rlayer in function of time under open circuit conditions. (c) Equivalent circuit used to fit the 

data. 

The appearance of a second semi-circle is attributed to the expected formation of a LiF|La-Ba interface 

layer resulting from the localized oxidation of Li to LiF and reduction of LBF to a La-Ba mixture. This 

layer can be described as a solid electrolyte interface (SEI) and its resistance is therefore denoted RSEI. 

While the value of Rgb does not significantly vary over time, RSEI gradually increases and stabilizes at 

around 82 kΩ after 15 h. Accordingly, the increase of RSEI prior to its stabilization can be ascribed to the 

increase of the thickness of the SEI until it becomes sufficiently thick to impede significant local 

charge/mass transfer, and reach equilibrium. Nonetheless, RSEI (≈ 41 kΩ for a single Li|LBF interface) is 

inferior to the electrolyte resistance Rgb (≈ 145 kΩ) so that the overall cell impedance remains 

sufficiently low to perform electrochemical characterizations. All these observations suggest that Li is a 

suitable electrode for the measurement of the electrochemical stability of fluoride solid electrolytes. 
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To evaluate the experimental electrochemical stability of LBF, a Li|LBF|Pt cell was assembled and 

cyclic voltammetry was performed at 0.1 mV/s scan rate, at 30 °C (Figure 3). The cell was polarized up 

to 7 V and down to -0.5 V, for two cycles. Two main features can be observed. One is the occurrence of 

redox peaks at around 0 V. The other is the oxidation current observed beyond 5 V. The redox peaks at 

around 0 V are typically observed with Li+ conducting electrolytes in analogous cells (Li|Li-

electrolyte|Pt) and are generally attributed to the lithium plating/alloying and stripping (reduction and 

oxidation) at the Pt electrode and concomitant lithium oxidation and reduction at the Li electrode26,38–41. 

Considering the structure of LBF, it is unlikely that Li+ can migrate through the electrolyte from the Li 

electrode to the Pt electrode. Therefore, the redox peaks around 0 V can be assigned to redox reactions 

involving LBF at both the Li and Pt electrode (i.e., ��/�� 	�� � 3�� ↔ ��� 	�� � 3��). These 

observations suggest that the SEI exhibits some reversibility, although further characterization would be 

needed to confirm this observation. 

 

 

Figure 3. Cyclic voltammograms (forward scans from 3 to 7 V) of the Li|LBF|Pt cell performed at a 0.1 

mV/s scan rate, at 30 °C. Inset: full scans between -0.05 and 7 V. 
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The steep increase of the oxidation current beyond 5 V can be ascribed to the electrochemical 

decomposition of LBF. The decomposition potential can be calculated from thermodynamic data by 

considering the following reaction: 

��� 	�� → � 	�� �
�

�
 �� 	 �          2. 

The theoretical potential of such reaction is given by the following equations: 

∆"#° =  −&�∆'° = ∆()° − *∆+°          3. 

with & the number of moles of electrons exchanged upon decomposition, � the Faraday constant (96485 

C.mol-1), * the absolute temperature (K), and ∆()° (kJ.mol-1) and ∆+° (kJ.mol-1.K-1) are respectively the 

standard enthalpy and entropy of the reaction. Calculations based on the aforementioned equations using 

thermodynamic data from The Materials Project42 yield ∆E° of 5.73 V and 6.00 V for LaF3 and BaF2, 

respectively, which is in good agreement with the value of 5.811 V calculated by Roos and Schoonman 

for LaF3.
43 The calculated decomposition potential of LaF3 is in good agreement with our experimental 

observations as the current dramatically increases beyond 5.8 V. Although, it is obvious that the current 

significantly increases before the calculated thermodynamic value of 5.73 V. This current may be 

attributed to the fluorination of the Pt electrode prior to F2 evolution. The fluorination of Pt is further 

suggested by the less steep increase of the decomposition current in the 2nd cycle (dashed line on Figure 

3) which could be explained by the insulating effect of the PtFx layer formed on the surface of Pt 

electrode during the 1st cycle. For instance, the calculated potential of the reaction of Pt with LaF3 (e.g. 

3 Pt + 2 LaF3 → 3 PtF2 + 2 La) is ~4.17 V based on thermodynamic data of PtF2 from Glassner44. 

Therefore, polarization of a Li|LBF|Pt cell beyond 4.17 V induces LBF reduction at the Li electrode, 

and F2 evolution and/or Pt fluorination at the Pt electrode. Experimental observations made by 

Bezmelnitsyn et al.45 are in agreement with this mechanism. They polarized a M|LBF|M cell (M = Ni, 

Cu or graphite) by applying a galvanostatic current of 1.0 mA and observed F2 evolution and the 

formation of La/Ba dendrites at the negative electrode. XPS analysis of the dendrites showed that it was 
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a mixture of La and Ba metal with a Ba/La ratio corresponding to that in the LBF. Our experimental 

observations are summarized by the schematic illustration of the decomposition mechanism displayed 

on Figure 4. 

 

Figure 4. Schematic illustration of the decomposition mechanism of LBF. 

In conclusion, we established that lithium is a suitable electrode for the measurement of the 

electrochemical stability of solid fluoride electrolytes. The SEI formed upon contacting Li with the 

fluoride solid electrolyte is not entirely blocking, and the presence of the LiF|La-Ba interface layer 

provides a redox couple that can be conveniently used to evaluate the electrochemical stability of the 

solid fluoride electrolyte. It must be noted that since the LiF would form in contact with the Li surface 

and the La-Ba mixture in contact with the LBF, the interface can be noted as Li|LiF|La-Ba|LBF. It can 

therefore be expected that the redox couple created at the Li|LiF|La-Ba|LBF interface is the LBF/La-Ba 

couple (i.e., La3+/La and Ba2+/Ba), the LiF|Li interphase acting as “current collector”. This result is 

promising as it is the first step in addressing a major challenge inherent to the study of FIBs, which is 

the lack of a reference electrode. Further work is required to verify whether this interphase provides a 

proper reference electrode, i.e., the LBF/La-Ba couple at the interface is kinetically fast enough to 

provide a non-polarizable electrode. Nonetheless, the LBF/La-Ba couple provides a baseline from which 

thermodynamic calculations of the cell redox potentials can be performed. The potentials obtained from 

those calculations can be used to assign variations of the cell measured current to possible 

electrochemical reactions, bearing in mind the possible presence of overpotentials. 
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As for the electrochemical stability of LBF, we can conclude that its theoretical decomposition potential 

(5.73 V), corresponding to F2 evolution at the Pt electrode, is largely above the theoretical potential at 

which the working electrode would be fluorinated. In our Li|LBF|Pt cell, we observed the apparition of 

an oxidation current at potentials below that of the theoretical decomposition potential of LBF. This can 

be explained by the fluorination of Pt prior to F2 evolution at the Pt electrode or by the catalytic effect of 

the Pt. Experimental observations of the actual decomposition potential will be very challenging 

considering that unlike in metal-ion batteries, there is effectively no inert material against fluorine-ion. 

Therefore, we propose that the best way to avoid reduction of the electrolyte is to calculate the redox 

potential of electrochemical reactions involving both the FIBs’ active materials and the electrolyte to 

verify that the redox potential of reactions involving the active materials are below the redox potential 

of reactions involving the electrolyte. In the case of solid solutions like LBF, we suggest doing 

thermodynamic calculations using the electrolyte components (LaF3 and BaF2) as no thermodynamic 

data are available for LBF. For instance, in a Bi|LBF|MgF2 cell, the calculated redox potential of the 

reaction 2 Bi + 3 MgF2 ↔ 2 BiF3 + 3 Mg is 2.65 V, below the values calculated for reactions involving 

LaF3 and BaF2, i.e., Bi + LaF3 ↔ BiF3 + La (2.83 V) and 2 Bi + 3 BaF2 ↔ 2 BiF3 + 3 Ba (3.11 V). 

Reduction of MgF2 should therefore occur before reduction of LBF.  

 

2. Structural and electrical characterization of the LBF-C composite. 

Metal fluorides are generally poor electronic conductors due to their large band gap, as predicted by the 

band theory (e.g 4.681 eV for BiF3
42). Their use as active material requires the development of 

composites containing electronic conductive additives to ensure the electronic percolation in the 

electrode. This is typically achieved by mixing carbon black, or other carbonaceous materials, with the 

active material. Ball-milling is a common method to produce metal fluoride-carbon nanocomposites that 
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present good performance in conventional lithium-ion batteries.46 The same approach can be used to 

produce electrode composites for solid-state lithium and fluoride-ion batteries.  

Additionally, solid electrolyte must be mixed with the active material and the carbonaceous additive to 

achieve ionic conductivity within the electrode. Despite the fact that some metal fluorides available as 

active material offer ionic conductivity properties (e.g. σi ≈ 1×10-6 S.cm-1 at RT for cubic BiF3
10), their 

ionic conductivity is generally lower than that of LBF. Besides, upon operation of the FIB, the metal 

fluoride will lose its ionic conductivity properties when reduced to its metallic state. Therefore, both 

carbon and electrolyte must be present in the electrode composites to ensure electronic and ionic 

conductivity through the bulk of the electrode. This raises the question of the interaction of 

carbonaceous additives with the fluoride conducting electrolyte, both upon preparation of the electrode 

materials and upon operation of the cell. Indeed, the fluorination of the carbonaceous material to yield 

insulating graphite fluorite, CFx, would be detrimental to the electrochemical performance of the 

electrode. 

To address this question, LBF and carbon black were mixed in a 9:1 weight ratio and ball-milled to 

yield the LBF-C composite. The influence of ball-milling on the structure and composition of the 

starting materials was investigated, the electrical properties of the LBF-C composite were measured by 

means of electrochemical impedance spectroscopy, and the LBF-C was used as working electrode in a 

Li|LBF|LBF-C to assess the fluorination of carbon. 

a. Structural characterization of the LBF-C composite. 

The XRD pattern of the LBF-C composite (Figure S5) indicates that no observable structural 

modification of LBF takes place during the ball-milling process. The possible formation of CFx during 

ball-milling (LaF3 + C → LaF3-x + CFx)
47 was investigated using 19F NMR (Figure S6). 19F NMR shows 

no sign of the formation of CFx groups typically characterized by resonances in the -50 – -300 ppm 

region.48–50 NMR further confirms that no changes occur in LBF as the 19F signal gives identical shifts 
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before and after ball milling. TEM images (Figure S7) show agglomerates of LBF of size ranging from 

a few dozen to several hundred nanometres, surrounded by large agglomerates of carbon black particles.  

b. Electrical characterization of the LBF-C composite. 

The electrochemical properties of the LBF-C composite was first investigated by EIS performed on a 

graphite|LBF-C|graphite cell denoted Cg|LBF-C|Cg thereafter. A Cg|Cg cell was used as a blank to 

deduct the electronic conductivity of the composite. Figure 5 shows the impedance spectra of the 

Cg|LBF-C|Cg and Cg|Cg cells recorded at 30 °C. The presented impedance spectra are characteristic of 

electronic conductors (single resistor), but present an inductive contribution at high frequencies, due to 

the wiring of the measurement setup. The Nyquist plot of a resistor (ZR = R) is characterized by a single 

value on the x axis, yielding its resistance. 

 

Figure 5. Impedance spectra of a Cg|LBF-C|Cg (a) and Cg|Cg (b) cell at 30 °C (Cg = carbon graphite 

disk). 

The intersection of the inductive tail with the x axis (-Z’’ = 0) gives the electronic resistance of the cell, 

Re, yielding values of 19 Ω and 8 Ω, for Cg|LBF-C|Cg and Cg|Cg, respectively. An electronic resistance 

of 11 Ω is deduced for the LBF-C composite, yielding an electronic conductivity, σe, of about 10-2 S.cm-

1
. This result suggests that the electronic percolation threshold is reached for 10 wt % C. Moreover, the 

electronic conductivity of LBF-C is several orders of magnitude higher than the ionic conductivity of 
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pure LBF (almost 5 orders of magnitude at 30 °C), indicating that the electronic conductivity of the 

composite electrode is not the rate limiting phenomena. 

The determination of the ionic conductivity of the LBF-C composite in the Cg|LBF-C|Cg setup is not 

possible due to shorting created by the carbon present in the composite, as illustrated on Figure 6. To 

counter this, LBF can be used as an electronically blocking electrode. The electrons are blocked at the 

LBF|LBF-C interface so that the electronic conductivity of LBF-C does not short circuit the cell. 

Consequently, the ionic conductivity of both LBF and LBF-C can be determined. 

 

 

Figure 6. Schematic representation of the Cg|LBF-C|Cg and Ag|LBF|LBF-C|LBF|Ag cells used to 

determine the electronic and ionic conductivity of LBF-C, respectively. Schematic electronic (e-) and 

ionic (F-) migration routes are shown for the sake of clarity. 

The impedance spectrum of the Ag|LBF|LBF-C|LBF|Ag cell recorded at 30 °C is shown on Figure 7. 

The spectrum of a Ag|LBF|Ag cell recorded at the same temperature is also added for comparison. Both 

spectra present a semi-circle, characteristic of the ionic conductivity, followed by a capacitive tail, 

characteristic of blocking effects at the Ag electrodes. The frequency shift observed for the stack 

configuration when compared to the sole LBF might be due to the slower migration of F- in the LBF-C 

layer, thus increasing the characteristic time of the process, thus decreasing the characteristic frequency. 
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Figure 7. Nyquist plot of the impedance spectra of the � Ag|LBF|LBF-C|LBF|Ag and � Ag|LBF|Ag 

cells recorded at 30 °C. The open symbols represent the data and the closed symbols represent the fits 

obtained. 

The ionic conductivity of the LBF-C layer can be determined by subtracting the contribution of the LBF 

layers. The resistance of the LBF-C layer corresponds to the resistance of the Ag|LBF|LBF-C|LBF|Ag 

stack (706 kΩ) minus the resistance of the two LBF layers (2×205 kΩ). A resistance of 296 kΩ is 

obtained for the LBF-C layer yielding an ionic conductivity of 5×10-8 S.cm-1 at 30 °C. This value is 

about one order of magnitude lower than the ionic conductivity of LBF alone (5.4×10-7 S.cm-1, see 

supporting information) showing that the ionic percolation is maintained but also affected by the 

preparation of the LBF-C composite.  

The fluoride ions mobility in the LBF-C composite was further investigated by 19F MAS NMR (Figure 

8). As previously reported for LBF, the F2 and F3 NMR resonances (having the largest isotropic 

chemical shifts) are no longer resolved and partially overlap with that of F1 (preventing reliable 

calculations of their relative intensities)18. These broadenings reflect the enhanced disorder induced by 

the ball milling technique. In the tysonite type solid solutions La1-xMxF3-x, because F1–F1 exchanges are 

considerably faster than F1–F2,3 exchanges, the exchange between F1 and F2,3 results in a shift toward 

a larger frequency of the NMR resonance assigned to F1 and in a decrease of the relative intensity of the 

Page 17 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18 

 

F2,3 resonances.17,18 This is what is observed, when the temperature increases, for the LBF-C 

composite, to a similar extent as LBF,18 showing that the fluoride ions mobility is not impacted by the 

presence of carbon.  

 

Figure 8. 19F MAS (64 kHz at 64°C, and 44 kHz at 40°C) NMR spectra of LBF-C. 

Note that, the precise way the carbon interacts with LBF,  i.e., only due to morphology effects, or 

together with grain boundary effects, could be investigated in more details using dielectric 

spectroscopy51. 

In summary, the investigation of the electrical properties of the LBF-C material revealed that both 

electronic (σe ≈ 10-2 S.cm-1) and ionic percolations (σi ≈ 5×10-8 S.cm-1) are insured within the 

composite. The methodology adopted here provides a versatile tool to optimize the composite electrode 

by obtaining the best compromise between electronic and ionic conductivity.  

3. Electrochemical activity of carbon  

While in lithium batteries, it is well established that carbonaceous additives may contribute to the 

overall capacity due to the insertion of lithium ions at low potential, the possible electrochemical 

fluorination of carbon in FIBs is still an open question13. It is particularly important to address this 

question since the fluorination of carbon yields CFx compounds which are electronic insulators. To 

investigate potential reactions with carbon, the electrochemical reactions occurring in Li|LBF|C and 
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Li|LBF|LBF-C cells were compared with a benchmark cell with no carbon, i.e., Li|LBF|Pt cell. The cells 

were polarized up to 7 V. The complete CV scans on Li|LBF|C and Li|LBF|LBF-C cells can be found in 

supporting information (Figures S7 and S8, respectively). Figure 9 shows the first cycle forward scans 

from 3 V up to 7 V and their corresponding derived curves for Li|LBF|Pt (from Figure 3), Li|LBF|C and 

Li|LBF|LBF-C cells. 

 

 

 

Figure 9. Overlaid forward CV scans and their 1st derivatives for the 3 Li based cells with different 

working electrodes:  Pt, C and LBF-C. The curves were corrected for iR drop and normalized with 

the current density. Inset: schematic representation of the polarized cell illustrating the migration of 

fluoride ions towards the working electrode. 

Upon polarization, fluoride ions are moving from the cathode side (SEI) towards the Pt or carbon-

based working electrode anode, as represented on the schematic in inset of Figure 9. To ease the 
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discussion, the cells will be referred by the name of their respective electrode (i.e., Pt cell, C cell and 

LBF-C cell). 

The voltammogram of the benchmark cell (Pt) was previously discussed (Figure 3) and is added for 

comparison. The earlier onset of the current can be attributed to fluorination of Pt before F2 

evolution.  

In the presence of carbon, i.e., LBF-C and C cells, the current increases at lower voltages. The 

derivative curves feature two main contributions located at 4.2-4.8 V, and beyond 5.2 V. The later 

can be assigned to the electrochemical decomposition of the electrolyte. The early onset of the 

decomposition of LBF in the LBF-C cell might be due to the increased contact area between the 

solid electrolyte and the carbon that accelerates the kinetic of the reaction.52 The increase of the 

current at lower voltages (4.2-4.8 V) suggests an electrochemical reaction of carbon. Carbon might 

react with LaF3 (and/or BaF2) from LBF to yield CFx  as follow: 

,

-
���- � . → .� �

,

-
��          4. 

The standard potential of the electrochemical fluorination reaction of carbon was calculated using 

the enthalpy of formation of CFx obtained from the literature. According to Valerga et al.
53, the 

entropy and enthalpy of formation of CFx depends on the F/C ratio and can be calculated (at 298 K) 

as follows: 

∆()/�0

1 = 	4.53 − 178.01 8� 9:. ;<=�,         5. 

+/�0

1 = 	4.62 − 16.91 8� :. A�,. ;<=�,         6. 

The calculated potential for the formation of CF is about 4.19 V for a reaction involving LaF3 and 

4.47 V for a reaction involving BaF2. The value of 4.19 V is close to the first contribution to the 

current observed on the CV of the C and LBF-C cells, suggesting that carbon undergoes 

electrochemical fluorination to form CFx. This is particularly clear for the C electrode, as the 
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derivative shows a significant increase of the current observed at about 4.3 V, which is concomitant 

with the calculated potential for the reaction of LaF3 to form CFx at the LBF|C interface (4.19 V). 

The slight change of slope at about 4.5 V might be due to the onset of reactions involving the Ba2+ of 

LBF to form CF (4.47 V). Finally, a frank change of slope is observed above 5.5 V, which 

corresponds to the decomposition of LaF3 from LBF (5.73 V) to yield elemental fluorine. In the case 

of the LBF-C cell, it is difficult to accurately determine the onset of the current related to the carbon 

reactivity as current increases as soon as the cell is polarized. This phenomenon may be attributed to 

non-faradaic (i.e. capacitive) processes building up at the interface between LBF and C. 

Nonetheless, the CV derivative of the LBF-C cell yields a similar shape than that of the C cell so that 

similar conclusions can be made about the fluorination of carbon. 

Our observations about the carbon’s electrochemical activity with fluoride is in good agreement with 

the work of Nowroozi et al.
13 who showed that the electrochemical fluoride ion insertion into 

LaSrMnO4 is accompanied by an extra capacity that can be attributed to the fluorination of carbon to 

form CFx. Because CFx compounds exhibit insulator properties due to the covalent nature of the C-F 

bond inducing a sp3 hybridization in these compounds54, the progressive fluorination of the carbon 

might eventually lead to a progressive loss of the operational electronic conduction pathways. One 

might consider that the electrochemical window needs to be narrowed to avoid the formation of 

carbon fluorides, as these processes are generally considered to be irreversible.  

Another possible interaction of carbon with fluorides might be the formation of graphite 

intercalation compounds (GICs) in which intercalation might be reversible, as it is the case in 

lithium-ion batteries. To the best of our knowledge, no thermodynamic data are available on these 

compounds so that no theoretical voltage could be calculated. Further experiments must be carried 

out to explore this possibility. 
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Conclusion 

The electrochemical stability and electrical properties of nanocrystalline fluoride solid electrolyte 

La0.95Ba0.05F2.95, LBF, have been investigated both in its pure form and in a composite with carbon. 

Electrochemical characterizations have been performed using a lithium electrode. Upon contacting 

Li with the solid fluoride electrolyte, a solid electrolyte interface (SEI) of LiF and La-Ba mixture is 

formed, providing the LBF/La-Ba redox couple. This method has allowed us to establish the 

decomposition potential of LBF beyond 5.7 V, in good agreement with the calculated value. 

Subsequently, the electrical properties of the composite LBF-carbon was investigated using a 

conventional set up. It showed that only the electronic conductivity could be assessed, revealing that 

10 wt % of carbon is sufficient to enable electronic percolation. The determination of the ionic 

conductivity within the composite was probed by a novel set up consisting of LBF|LBF-C|LBF 

stacks. The results showed that the ionic percolation is maintained within the LBF-C composite and 

that the interactions with carbon impacts on the ionic transport properties of the electrolyte.  Finally, 

we demonstrated that carbon was electrochemically active in the LBF-C composite. The operating 

voltage of FIBs must be carefully considered as the fluorination of carbon to yield insulative carbon 

fluoride could be a serious limitation to the operation of FIBs. 
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FIB, fluoride ion battery; SEI, solid electrolyte interface; EIS, electrochemical impedance 

spectroscopy; LBF, La1-xBaxF3-x; C, carbon black; LBF-C, La1-xBaxF3-x-carbon black mixture; Cg, 

graphite disk, CFx, carbon fluoride compounds. 
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