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CuF2 as Reversible Cathode for Fluoride Ion Batteries

Duc Tho Thieu,* Mohammed Hammad Fawey, Harshita Bhatia, Thomas Diemant,  
Venkata Sai Kiran Chakravadhanula, Rolf Jürgen Behm, Christian Kübel,  
and Maximilian Fichtner*

In the search for novel battery systems with high energy density and low 
cost, fluoride ion batteries have recently emerged as a further option to store 
electricity with very high volumetric energy densities. Among metal fluorides, 
CuF2 is an intriguing candidate for cathode materials due to its high specific 
capacity and high theoretical conversion potential. Here, the reversibility of 
CuF2 as a cathode material in the fluoride ion battery system employing a 
high F− conducting tysonite-type La0.9Ba0.1F2.9 as an electrolyte and a metallic 
La as an anode is investigated. For the first time, the reversible conversion 
mechanism of CuF2 with the corresponding variation in fluorine content is 
reported on the basis of X-ray photoelectron spectroscopy measurements 
and cathode/electrolyte interfacial studies by transmission electron micros-
copy. Investigation of the anode/electrolyte interface reveals structural 
variation upon cycling with the formation of intermediate layers consisting 
of i) hexagonal LaF3 and monoclinic La2O3 phases in the pristine interface; 
ii) two main phases of distorted orthorhombic LaF3 and monoclinic La2O3 
after discharging; and iii) a tetragonal lanthanum oxyfluoride (LaOF) phase 
after charging. The fading mechanism of the cell capacity upon cycling can 
be explained by Cu diffusion into the electrolyte and side reactions due to the 
formation of the LaOF compound.
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energy storage solution.[1–6] Recently, the 
reversible cycling behavior of a novel bat-
tery system has been demonstrated based 
on a fluoride shuttle at elevated tem-
perature.[7] In this battery system, fluo-
ride anions (F−) are employed as charge 
transfer ion shuttling between the two 
electrodes. By choosing an appropriate 
pair of electrodes comprising metal fluo-
ride MFx as cathode and metal M′ as 
anode together with a suitable fluoride-
containing electrolyte, a high voltage 
electrochemical cell can be built.[7–9] In 
addition, more than one F− anion can con-
currently react with bivalent or trivalent 
metals, so that more than one electron per 
metal atom can be transferred. As a result, 
fluoride ion batteries can theoretically 
deliver extraordinary energy densities up 
to ≈5000 Wh L−1, which is higher than the 
theoretical capacity of Li–air cells and also 
higher than those of conventional lithium 
ion batteries.[10] The reversible conversion 
reactions at the electrodes based on the F− 
shuttle are as follows 

At cathode : e MF M F
discharge

charge
x xx+  →←  +− −  (1)

At anode : F M M F e
discharge

charge
y yy′′ ′′+  →←  +− −  (2)

Batteries

1. Introduction

With an increasing demand for energy supply and shrinking 
fossil sources, many efforts have been put into research and 
development of environmentally benign, high energy density, 
and low-cost rechargeable battery systems as an alternative 
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In order to fully make use of this potential it is essential 
to realize and develop suitable electrodes as well as the right 
electrolyte for fluoride ion transport. For practical employ-
ment in all-solid-state fluoride ion batteries, solid electrolytes 
should possess the following properties: (i) high fluoride ionic 
conductivity (σ), e.g., in the range of 10−4 S cm−1 for bulk-type 
solid state batteries; (ii) fluoride ion transport number should 
be close to 1 (practically tF

− > 0.99) and electronic conduc-
tivity as low as possible to avoid current leakage; (iii) thermal 
and electrochemical stability (wide electrochemical window) 
in the operating range.[8] A variety of fluoride salts with high 
ionic conductivity have already been reported, and can be 
used as solid electrolytes in fluoride ion batteries operating at 
elevated temperatures.[7,8,11–14] Among these, fluorite- (Fm-3m) 
and tysonite-type (P-3c1) fluorides have particularly high ionic 
conductivity and are suitable as electrolyte for battery applica-
tion. In general, alkaline-earth fluorides (MF2, where M = Ca, 
Ba, Sr) possess a fluorite-type structure, while some of the rare-
earth fluorides (RF3, where R = La, Ce, Pr) have a tysonite-type 
structure. It was found that the conductivity of tysonite-struc-
tured compounds can be greatly enhanced by about two orders 
of magnitude when doped with alkaline-earth fluorides.[7,15,16] 
Among the tysonite-type fluorides, single crystals of LaF3 and 
CeF3 solid solutions doped with alkaline-earth fluorides, e.g., 
La0.95Sr0.05F2.95 and Ce0.98Sr0.02F2.98, show the highest ionic 
conductivities in the order of 10−2 S cm−1 at 127 °C.[15] Nano-
structured polycrystalline tysonite-type fluorides La1−xBaxF3−x 
(0 ≤ x ≤ 0.15) synthesized via a mechanochemical route, i.e., 
ball milling (BM), show lower ionic conductivity values, which 
reach a maximum of about 2 × 10−4 S cm−1 at 150 °C for x = 0.1, 
when compared to the corresponding single crystals.[7,12,17] This 
is due to the high grain boundary resistance inevitably present 
in polycrystalline compounds. Despite this fact, polycrystalline 
materials are more often used in practical battery applications 
than single crystals due to their facile synthesis and flexibility 
in handling. The first proof of concept for rechargeable fluo-
ride ion batteries based on an all-solid-state setup was dem-
onstrated earlier with Ce metal as anode, BiF3 as cathode, and 
polycrystalline La0.9Ba0.1F2.9 as electrolyte.[7] In this system, the 
formation of Bi(0) metal during discharge and reformation of 
Bi(III) during charge was reported upon cycling when using a 
BiF3 solid solution with higher fluoride mobility, while a BiF3 
composite with more than one phase demonstrated irreversible 
conversion, i.e., only the initial discharge was observed.

Among the metal fluorides as cathode materials, CuF2 is 
a particularly attractive candidate since it offers a high theo-
retical specific capacity of 527 mAh g−1 and a high theoretical 
conversion potential of 3.55 V, leading to a remarkably high 
specific energy of 1874 Wh kg−1 and volumetric energy den-
sity of 7927 Wh L−1.[18] Recently, many attempts were made 
to use CuF2 in rechargeable cathodes for battery applications, 
especially for lithium ion batteries.[19–24] However, none of 
them could demonstrate a reversible behavior of CuF2 upon 
cycling, i.e., negligible discharge capacity from the second cycle 
onward. The same scenario was observed in our earlier work 
for fluoride ion batteries where a CuF2 composite also showed 
irreversible cycling behavior.[7] Therefore, a question mark on 
the reversibility of CuF2 still remains and consequently limits 
utilization in battery application.

In this work, we made an attempt to enable the reversible elec-
trochemistry of CuF2 as cathode in a fluoride ion battery system. 
Tysonite-type La0.9Ba0.1F2.9 was chosen as electrolyte due to the 
sufficiently high ionic conductivity and stability in the electro-
chemical window at the operating temperature of 150 °C.[7] La 
metal was selected as anode. The advantage of using La instead 
of Ce metal as anode is based on the fact that the discharge 
product, LaF3, itself may act as electrolyte and assist in further 
discharge of the cell. A CuF2 composite cathode was synthesized 
via a mechanochemical BM route. Galvanostatic cycling was 
employed to get an insight into the electrochemical behavior of 
the CuF2/La system. The structural and chemical characteriza-
tion of the nanostructured CuF2 cathode and the interfaces of 
cathode/electrolyte and anode/electrolyte was done in detail by 
a combination of X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), and transmission electron microscopy 
(TEM) techniques. Furthermore, scanning TEM (STEM) with 
the aid of energy-dispersive X-ray (EDX) spectroscopy, selec-
tive area electron diffraction (SAED), and high resolution TEM 
(HRTEM) were used to obtain a comprehensive picture of the 
structural and phase changes upon cycling.

2. Results and Discussion

2.1. XRD and Impedance Spectroscopy

XRD patterns of the La0.9Ba0.1F2.9 electrolyte and the CuF2 
cathode ball milled for 12 h are given in Figure 1. For the 
La0.9Ba0.1F2.9 compound, only a single phase with tysonite-
type structure was obtained, confirming the formation of a 
solid solution. The broadened peaks after ball milling are due 
to the small crystallite size. The average crystallite size was 
found to be 15 nm for La0.9Ba0.1F2.9 by Rietveld refinement 
(Figure S1, Supporting Information), which agrees well with 
our earlier report.[7,17] For the CuF2 composite mixed with 
La0.9Ba0.1F2.9 electrolyte and carbon black, after 12 h milling 
at high rotating speed of 600 rpm, the pattern looks similar to 
that of La0.9Ba0.1F2.9, which mainly showed the reflections cor-
responding to a tysonite-type structure. The peaks of the com-
posite cathode are slightly broader than those of La0.9Ba0.1F2.9 
due to the formation of smaller crystallites during milling. 
The DC ionic conductivity of the La0.9Ba0.1F2.9 electrolyte was 
calculated from its resistance determined by electrochemical 
impedance spectroscopy [EIS] and pellet dimension. The 
impedance spectra collected at different temperatures ranging 
from room temperature up to 200 °C were similar to our ear-
lier report.[7,17] The representative Nyquits plot at 60 °C and the 
activation energy (Ea) of La0.9Ba0.1F2.9 electrolyte calculated from 
the Arrhenius plot are shown in Figure S2 in the Supporting 
Information. The conductivity of the La0.9Ba0.1F2.9 electrolyte at 
150 °C was found to be about 2 × 10−4 S cm−1, which indicates 
a sufficient ionic conductivity for shuttling fluoride anions 
between the two electrodes.

2.2. Electrochemical Testing

The bulk-type all-solid-state fluoride ion batteries were con-
structed using metallic La as anode, La0.9Ba0.1F2.9 as electrolyte 
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and CuF2 composite as cathode. The cathode, electrolyte and 
anode were pressed together into a three-layer pellet for the 
electrochemical studies. The total thickness of the pellet was 
about 675 µm with anode, electrolyte and cathode layers of 
around 180, 450–464, and 31–45 µm thickness determined by 
cross-sectional scanning electron microscopy (SEM) (Figure S3, 
Supporting Information). As shown in Figure S3 in the Sup-
porting Information, the three-layer fluoride ion battery pellet 
is quite compact after assembly. It was found that the more 
compact the pellet is, the better the cycling performance is. It 
is noteworthy to mention that the improvement in the pellet 
compactness should only be done by the mechanical approach, 
rather than the usual sintering. As the La anode is more reac-
tive with oxygen at elevated temperatures even at sub 1 ppm 
oxygen levels, presintering the pellet before electrochemical 
testing may lead to the oxidation of the anode, and hence cell 
failure upon cycling. The La0.9Ba0.1F2.9 electrolyte in this study 
has the ionic conductivity (σ) of 1 × 10−4 S cm−1 at 120 °C, 
which is theoretically sufficient for employment as electrolyte 
in bulk-type solid state battery. The fluoride ion battery cells 
were then tested at different temperatures ranging from 120 to 
190 °C. The cycling performance of the cells at the tempera-
tures below 150 °C demonstrated a poorer performance when 
compared to that at 150 °C (Figure S4, Supporting Informa-
tion). The difference in the cell performance could be explained 
by more efficient fluoride ion conduction of the electrolyte at 
150 °C. Also, since at the temperatures above 150 °C there 
was not much improved in the cell performance, the optimal 
temperature condition for cell cycling was determined to be  
at 150 °C.

The voltage-capacity profiles for the CuF2 cathode versus La 
metal are shown in Figure 2a for the first ten cycles operating 
at 150 °C. The CuF2/La cells showed an open circuit voltage of 
3.0 V. The potential decreased sharply to 2.90 V when a load 
was applied, and the average voltage for conversion reaction 
was about 2.40 V.

The CuF2 electrode delivered in the first discharge a capacity 
of 360 mAh g−1, which is 68% of the theoretical specific capacity 
(527 mAh g−1). During the first discharge, the operating voltage 

gradually slopes down. The sloping region is more obvious 
after the capacity reaches 100 mAh g−1, from which the oper-
ating potential increasingly falls down toward the lower limit of 
1.0 V. It should be noticed that full utilization of the theoretical 
capacity was not achieved in the case of composite electrodes 
probably due to isolated grains of active material, which were 
not linked to each other by mass and/or electron transfer.

The first charge curve of the cell exhibited a specific capacity 
of 385 mAh g−1, which is comparable to the first discharge 
capacity. This means that the initial discharge process could be 
fully recovered by the following charge. The charging begins 
with a rapid increase in voltage until it reaches a pre-pseudo-
plateau region slightly above 2.6 V, followed by an extended flat 
pseudo-plateau above 3.1 V, and then the voltage rises until the 
upper limit of 3.5 V. This leads to a large voltage hysteresis in 
the first cycle. It should be noticed that this development indi-
cates a two-step reaction during the charge process where the 
lower voltage pseudo-plateau might be related to the oxidation 
of Cu(0) metal to Cu(I), while the higher voltage pseudo-plateau 
could be due to further oxidation of Cu(0) or Cu(I) to Cu(II) spe-
cies. This assignment is in good agreement with the findings 
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Figure 1. XRD patterns of ball-milled La0.9Ba0.1F2.9 electrolyte and CuF2 
composite cathode, together with as-received CuF2 and LaF3 as reference.

Figure 2. a) Voltage-capacity profiles obtained at 150 °C (current den-
sity ± 4 mA g−1) for the first ten cycles and b) cycling behavior of CuF2/
La0.9Ba0.1F2.9/La cell.
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from in situ X-ray Aasorption Nnar Eege Ssectroscopy (XANES) 
reported earlier.[19] The discharge process in the second cycle 
yielded a specific capacity of ≈205 mAh g−1, suggesting a con-
siderable capacity loss of 43%. This second and subsequent 
discharges (cf. Figure 2a), which revealed two pseudo-plateaus, 
show different behavior compared to the first process. The first 
pseudo-plateau at the higher voltage region can be assigned to a 
transition from Cu(II) to Cu(I), while the second one is related 
to further reduction of Cu(II) and/or Cu(I) to Cu(0) metal.[21]

The cycling performance was more stable in subsequent 
cycles, where the discharge capacity of the tenth cycle was 
168 mAh g−1, showing that 82% of the second discharge 
capacity was reversibly recovered. Afterward, the capacity 
gradually faded and reached 40 mAh g−1 after 23 cycles  
(cf. Figure 2b). The capacity fading is probably due to the weak-
ening of electrode/electrolyte interfacial contact or loss of inter-
particle contacts caused by the volume change of the CuF2 elec-
trode during discharge and charge process in an entirely solid 
environment.[7] It is worth noting that the pseudo-plateau at 
≈2.75 V in the first discharge shifts to higher potential during 
subsequent cycling and becomes more abrupt. This behavior 
is similar to that of a CuF2 thin film in a lithium ion battery 
when charging to higher upper limit of the potential, and hence 
may suggest a structural or compositional change after the first 
cycle.[25]

Cell cycling at higher rates, i.e., higher current densities of 
6 and 8 mAh g−1, demonstrated a significant capacity fading 
when compared to that of 4 mAh g−1. The higher the current 
density is, the more fading the discharge capacity is, notably 
from the second cycle onward (Figure S5, Supporting Informa-
tion). The low rate performance of this solid state battery may 
be due to limited mass transfer efficiency between the electrode 
and electrolyte, and also charge transfer reaction at the elec-
trode/electrolyte interface.

2.3. XPS Spectra of CuF2 Cathode

To gain insight into the conversion reaction mechanism during 
the discharge and charge process of the fluoride ion battery, 
XPS measurements were conducted in the course of the first 
electrochemical cycle on pristine, discharged, and charged CuF2 
electrodes. The XPS measurements were done on the cathode 
side of cycled pellets. For reference, XP spectra of commercial 
(as-received) CuF2 were also recorded.

Figure 3a shows the XP spectra in the range of the Cu 2p 
core-level of as-received CuF2 and the BM CuF2 cathode. For 
the as-received material, the peak doublet of the Cu 2p3/2 
and Cu 2p1/2 main components at 936.2 and 956.2 eV can 
be assigned to Cu (II) species coordinated to F.[26] The other 
doublet, with peaks centered at 943 and 962.7 eV, corresponds 
to the shake-up satellites which are characteristic for Cu(II). 
In the spectrum of the BM CuF2 sample a new doublet with 
lower intensity at 933 and 952.8 eV is detected. These peaks are 
assigned to Cu(I) species, which can be explained by a reduc-
tion process normally induced by the presence of carbon at ele-
vated temperatures, conditions which may have been generated 
during the high energy milling.[19] It may be speculated that 
this species is Cu2O originating from oxygen contamination 

during the ball-milling process and/or from the carbon addi-
tive, which may carry some water impurity even after drying 
(see also STEM–EDX results below).[19,27] CuF is unlikely, as the 
Cu(I) signal should appear at higher binding energy. Obviously, 
these Cu(I) species do not completely participate in the conver-
sion process during the first discharge. This could explain the 
cycling data where the first discharge capacity only reached 68% 
of the theoretical value. It is noted that the Cu(I) species was not 
detected by XRD, which might be due to its amorphous nature 
or low quantity. In accordance with the results of XANES meas-
urements, a positive shift of 0.3 eV in the binding energy was 
observed for the BM CuF2 compared to the as-received CuF2.[19]

XP spectra of the discharged and charged CuF2 electrodes in 
the first cycle are shown in Figure 3b together with the pris-
tine BM CuF2 electrode as reference. After the first discharge 
process, one doublet at binding energy values of 932.5 and 
952.3 eV is detected which corresponds to the Cu 2p3/2, and 
Cu 2p1/2 peaks of Cu(0) metal, while the signals of the Cu(II) 
species disappear. This is consistent with the reduction of CuF2 
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Figure 3. XP spectra of the Cu 2p core-level of a) as-received CuF2 
(dash line) and ball-milled CuF2 cathode (solid line); b) CuF2 cathode for 
the pristine (black), first discharge (light gray, middle) and first charge 
(dark gray, top) cells (after one complete cycle).
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to Cu metal during the conversion process. It is worth noting 
that the peaks of Cu2O and metallic Cu appear at the same 
binding energies, and therefore the existence of Cu(I)oxide (or 
other Cu(I) compounds except of Cu(I)fluoride) cannot be fully 
excluded.[28] The emergence of metallic Cu in the original CuF2 
electrode suggests that Cu metal particles formed from the 
CuF2. Apart from the main peak doublet there are two shoul-
ders located at 934.5 and 954.3 eV. Based on the absence of 
the aforementioned satellite peaks, which are typical for Cu(II) 
species, this peak doublet can be most likely assigned to Cu(I) 
species. When comparing to other Cu(I) species, the relatively 
high binding energy suggests the presence of CuF, although 
this species is known to be not stable under normal conditions.

After charging, the Cu(II) species peaks reappear, which 
is consistent with the oxidation of metallic Cu to CuF2. This 
proves that CuF2/Cu undergoes a reversible conversion pro-
cess, and Cu metal particles reversibly form and react in the 
structure. The main doublet at 932.5 and 952.3 eV can be again 
ascribed to the contribution from both unreacted Cu(0) metal 
and Cu(I) species, and its intensity implies that the majority of 
Cu is not re-oxidized upon charging. Furthermore, it follows 
that the similarity in the capacity of the first charge and the 

first discharge process is not due to the complete re-conversion 
from Cu to CuF2. Additionally, this result also explains the large 
capacity loss when comparing the first and second discharge.

2.4. Interfacial Studies by TEM

In an attempt to understand the structural changes at the inter-
faces of cathode/electrolyte and anode/electrolyte, interfacial 
studies were performed by TEM to provide new insight into 
the conversion reaction as well as the fading mechanism of the 
CuF2/La fluoride ion battery system upon cycling.

2.4.1. Cathode/Electrolyte (C/E) Interface

STEM images and the corresponding EDX maps of the CuF2 
(cathode)/La0.9Ba0.1F2.9 (electrolyte) interface for the pristine, 
discharged, and charged cells are depicted in Figure 4.

As shown in Figure 4a, the cathode after 12 h of ball-milling 
is composed of small particles with homogenously distrib-
uted Cu species. Lower intensities of La and Ba in the cathode 

Adv. Funct. Mater. 2017, 1701051

Figure 4. STEM–EDX maps of the cathode/electrolyte (C/E) interface in fluoride ion battery a) in the pristine state; b) after the first discharge; c) after 
the first charge; d) extracted EDX profiles of the CuF2 (cathode) side of the pristine, first discharged and first charged cells normalized by the Cu (K) 
peak. Note that the cathode is composed of CuF2, La0.9Ba0.1F2.9 and carbon black, while the electrolyte is La0.9Ba0.1F2.9.



www.afm-journal.dewww.advancedsciencenews.com

1701051 (6 of 11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

compared to the electrolyte were observed, which is in agree-
ment with the smaller amount of La0.9Ba0.1F2.9 (60 wt%) used 
in the cathode composite. The map also revealed the presence 
of oxygen impurities, which is higher in the cathode than in the 
electrolyte. This can be explained by the fact that oxygen impu-
rities were introduced by both the milling process and water 
contamination (in the carbon black) in case of the cathode.

To confirm the reversibility of this fluoride ion battery 
system, one of the most important factors is the variation of 
the fluorine content in the CuF2 cathode upon cycling. As seen 
in the extracted F-map (cf. Figure 4), the intensity of fluorine 
at the cathode side was reduced after discharge when com-
pared to that of the pristine cell, and then increased again after 
charging. This matches well with the conversion of CuF2 to 
Cu in the cathode upon discharge, and the formation of CuF2 
upon charge. The extracted EDX profiles normalized by the Cu 
(K) peak further reveal that the fluorine content in the charged 
cell was lower than that in the pristine cell (cf. Figure 4d), dem-
onstrating that some fluorine was not able to shuttle back to 
the cathode side during the charge process, and thus did not 
participate in the Cu/CuF2 conversion. This finding is in good 
agreement with our earlier XPS data where residual Cu(0) 
metal was found after charging, indicating that the electro-
chemical conversion reaction from Cu to CuF2 was incomplete. 
This may be the reason for the fading of the discharge capacity, 
which decreases from 360 mAh g−1 in the first cycle down to 
205 mAh g−1 in the second cycle.

Note that some Cu was also found at the electrolyte side of 
the charged cell, as seen in the extracted Cu map (cf. Figure 4c). 
This suggests diffusion of Cu from the cathode into the elec-
trolyte and thus a decrease in the available amount of Cu at the 
cathode. Furthermore, the presence of Cu in the La0.9Ba0.1F2.9 
electrolyte inadvertently led to an increase in electronic conduc-
tivity of the electrolyte. More Cu diffusion into the electrolyte 
is expected during the following cycles with a negative effect 
on the electrochemical behavior of the electrolyte, and hence 
the cycling performance of the fluoride ion batteries. This 
increasing Cu diffusion would also explain the observation that 

the cell, instead of charging to the preset upper limit of 3.5 V, 
could only charge to a lower value of 3.4 V at the tenth cycle (cf. 
Figure 2a), which was further reduced to 3.2 V after 23 cycles. 
In addition, it explains the drastic fading in the discharge 
capacities, where only a capacity of ≈40 mAh g−1 was reached at 
the 23rd cycle (cf. Figure 2b).

HRTEM analysis was further employed to provide a detailed 
insight into the crystal structure of the cathode and the capacity 
fading mechanism. The HRTEM micrographs and their cor-
responding fast Fourier transform (FFT) patterns of the CuF2 
cathode in the pristine cell are displayed in Figure 5. The pris-
tine cathode exhibits a well-defined crystalline structure with 
both monoclinic CuF2 and hexagonal LaF3 present, as can be 
seen from the indexed FFTs (cf. Figure 5a,b). In addition, the 
effect of oxygen contamination can be seen by the presence of 
monoclinic CuO and tetragonal paramelaconite Cu4O3 phases 
(cf. Figure 5c,d). Note that the paramelaconite Cu4O3 is a meta-
stable phase with mixed oxidation states of “+1” and “+2”, i.e., 
Cu2

+1 Cu2
+2 O3.[29,30] The appearance of Cu4O3 and CuO might 

also result from oxidation of Cu2O due to some air exposure 
during sample transfer.

Figures 6 and 7 show HRTEM micrographs and their cor-
responding FFTs of the cathode after the first discharge and the 
first charge. This is in agreement with the reversible conversion 
reactions in this fluoride ion battery system by the formation of 
metallic Cu upon discharge and the reformation of CuF2 upon 
charge. The d-spacing measured from the FFTs revealed fcc Cu 
metal (a = b = c = 3.61 Å, α = β = γ = 90.0) after discharging, 
and the reformed CuF2 after charging is in agreement with 
the same monoclinic phase as the pristine CuF2 (a = 3.309 Å, 
b = 4.569 Å, c = 5.362 Å, α = 90.0, β = 121.11, γ = 90.0). The 
unit cell volume of the formed Cu is 47.05 Å3 (V = a3), which 
is smaller than the value of 69.41 Å3 for CuF2 (V = a × b × c × 
sin(β)). This clearly indicates that the cathode volume experi-
ences a shrinkage during the de-fluorination process of CuF2 
(upon discharge), and reversely an expansion during the fluor-
ination of Cu metal (upon charge). This volume change may 
weaken the interfacial contact of electrodes/electrolyte and also 
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Figure 5. HRTEM micrographs and their corresponding FFTs of the CuF2 cathode for the pristine CuF2/La0.9Ba0.1F2.9/La cell.
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induce the loss of interparticle contact. This further explains 
for the capacity fading mechanism of the CuF2/La cell upon 
cycling.

2.4.2. Anode/Electrolyte (A/E) Interface

STEM images and the corresponding EDX maps of the  
La/La0.9Ba0.1F2.9 (A/E) interface for the pristine, discharged, and 
charged cells are displayed in Figure 8. The STEM image of the 
pristine A/E interface exhibits an 1–2 µm thick intermediate 

layer formed between the anode (La) and the electrolyte 
(La0.9Ba0.1F2.9), which is denoted as layer (1) (cf. Figure 8a  
and Figure S6, Supporting Information). STEM–EDX maps 
revealed that this layer consists of La, F, and additional O (cf. 
Figure 8a). This suggests that there was fluorination of the 
partially oxidized La metal foil during the assembly of the fluo-
ride ion battery pellet. As the commercial La foil was covered 
by a thick oxide layer due to its fast oxidation and as this layer 
was manually removed using a sharp blade without further 
polishing, some remnants of the oxide layer may remain on 
the La surface, explaining the presence of oxygen. The SAED 
pattern together with HRTEM micrographs and their corre-
sponding FFTs (Figures S7 and S8, Supporting Information) 
confirm that this intermediate layer (1) is composed of LaF3 
with a hexagonal phase (a = b = 7.185 Å, c = 7.351 Å, α = β = 
90.0, γ = 120.0) and La2O3 with a monoclinic phase (a = 14.7541 
Å, b = 3.8026 Å, c = 9.2223 Å, α = γ = 90, β = 100.123). Inter-
estingly, after the discharge process another layer of ≈1–2 µm  
thickness was formed between layer (1) and the La anode, 
which is denoted as layer (2) (cf. Figure 8b and Figure S9,  
Supporting Information). The presence of both fluorine and 
oxygen in layer (2) was again confirmed from the extracted 
F- and O-maps (cf. Figure 8b). The low thickness of layer (2) 
formed on the anode surface can be explained by the fact that a 
high excess of La metal, compared to the active CuF2 material 
making up only 30 wt% of the cathode composite, was used 
in the cell fabrication. The inhomogeneous distribution of O in 
this layer is due to residual oxygen on the La foil before cell 
assembly. This leads to the uneven distribution of fluorine with 
higher concentration at areas with low or no presence of O, and 
mostly no fluorine content in already oxidized areas. This is 
well understood as the presence of the oxide layer La2O3 pro-
tects the La anode from fluorination.

To further examine the crystal structures present in layer (2), 
SAED patterns were acquired for two regions, one with only O 
present and the other with both O and F present (Figure S10, 
Supporting Information). While only a monoclinic La2O3 phase 
with larger crystallites was formed in the region containing 
only O, monoclinic La2O3 and orthorhombic LaF3 together 
with some lanthanum oxyfluoride (LaOF) were observed in 

Adv. Funct. Mater. 2017, 1701051

Figure 6. a) TEM and b) HRTEM micrographs and the corresponding 
FFTs of the discharged cathode.

Figure 7. a) TEM and b) HRTEM micrographs and the corresponding FFTs of the charged cathode.
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the fluoride enriched region. It is known that the hexagonal 
phase of LaF3 (tysonite) is only stable at normal pressure and 
will transform into the orthorhombic phase under high pres-
sure.[31] For electrochemical testing of the fluoride ion battery 
cells, the pellets were placed inside the modified Swagelok cells 
and tightened under high pressure to prevent air contamina-
tion. Also, as the cells were first discharged at elevated tempera-
ture of 150 °C for a long period, this might further enhance 
the pressure on the pellets. As a result, the LaF3 formed upon 
discharge was under high pressure and this can explain the for-
mation of distorted orthorhombic LaF3 phase after discharging.

After the recharging process a single intermediate layer of 
≈1.5–3 µm thickness was formed between the anode and the 
electrolyte, as demonstrated in Figure 8c and Figure S11 in the 

Supporting Information. The thickness of this layer is about 
the sum of layer (1) and (2) observed after the discharge pro-
cess, implying that these two layers partially merged into one 
layer upon subsequent charging. In this newly formed layer 
a region with higher fluorine concentration (and low oxygen 
content) and a region with lower fluorine concentration can be 
discerned and they are denoted as regions (1′) and (2′), as seen 
in the extracted F- and O-maps (cf. Figure 8c). The regions (1′) 
and (2′) of the charged A/E interface can be related to layer (1) 
and layer (2) of the discharged interface (cf. Figure 8b).

Upon charging, fluoride ions migrate from the anode via the 
electrolyte to the cathode, leading to the decreasing fluorine 
content in region (2′). This is in agreement with the conversion 
of Cu to CuF2 at the cathode side observed earlier. Surprisingly, 

Adv. Funct. Mater. 2017, 1701051

Figure 8. STEM–EDX maps of the anode/electrolyte (A/E) interface of fluoride ion battery a) in the pristine state; b) after the first discharge; c) after 
the first charge.
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there was an increase in fluorine content in region (1′) of the 
interface, indicating that some side reaction(s) occurred which 
retained fluoride ions at the anode and inhibited their transfer 
to the cathode upon charging (cf. Figure 8c). As revealed by 
SAED and HRTEM analysis (Figures S12 and S13, Supporting 
Information), the main phase of this region was a tetragonal 
LaOF phase (a = 4.091 Å, b = 4.091 Å, c = 5.836 Å, and α = γ =  
β = 90°) with some minor LaF3 and La2O3 contribution, con-
firming the occurrence of a solid-state reaction at the anode 
side during charging as follows 

LaF La O 3LaOF3 2 3
charge+  →  (3)

The stoichiometric LaOF side product may be regarded 
as a solid solution between LaF3 and La2O3, and stems from 
ordering of the anion sublattice via the formation of alter-
nating oxide and fluoride layers.[32] It is interesting to note that 
the LaOF intermediate compound can only be formed at high 
temperatures above 1000 °C via solid-state reaction of LaF3 and 
La2O3.[33] On the other hand, the cells were only tested at 150 °C 
in this study, which is much lower than the expected value for 
reaction (3). However, the high pressure (as discussed earlier) 
and the applied potential under inert gas atmosphere might 
somehow compensate and thereby facilitate the reaction. The 
formation of the LaOF product at the expense of F− ions con-
sequently reduced the number of F− ions migrating back to the 
cathode, contributing to the fading of the specific capacity in 
the subsequent cycles.

2.5. Discussion

The CuF2 cathode in this study was synthesized to prepare 
a nanostructured composite of the active CuF2 material, 
La0.9Ba0.1F2.9 electrolyte and carbon black. After ball milling the 
cathode mixture at high rotating speed of 600 rpm for a dura-
tion of 12 h the cathode and electrolyte XRD patterns looked 
similar, fitting to tysonite-type LaF3 phase (cf. Figure 1). How-
ever, HRTEM showed the existence of monoclinic CuF2 beside 
the hexagonal tysonite LaF3 phase, with some impurities from 
copper oxide species (cf. Figure 5). The pristine BM cathode is 
crystalline, and the absence of CuF2 reflections and oxide spe-
cies in XRD is due to the formation of small crystallites, which 
could not be detected by XRD.

The CuF2/La fluoride ion battery system showed a first dis-
charge capacity of 360 mAh g−1 (on the basis of the charge 
limiting CuF2 cathode), which is ≈38 mAh g−1 higher than the 
value reported earlier for the CuF2/Ce system.[7] Furthermore, 
the CuF2/La system was clearly rechargeable with an electro-
chemical reversible conversion of CuF2/Cu at the cathode and 
fluorination/de-fluorination at the La anode, rather than the 
nonrechargeable behavior reported before for CuF2/Ce. The dif-
ference in the electrochemistry can be attributed to the higher 
mobility of fluoride anions in the CuF2 composite cathode ball-
milled using ZrO2 as grinding material with higher impact 
energy and also higher ball-to-powder ratio of 20:1, compared 
to the same composite ball-milled using silicon nitride (Si3N4) 
as grinding material and a ball-to-powder ratio of only 12:1 at 
the same rotation speed of 600 rpm with a duration of 12 h.[7]

XPS, HRTEM, and STEM–EDX confirmed the transi-
tion from monoclinic CuF2 to cubic Cu metal with volume 
shrinkage and concurrent decrease in fluorine content at the 
cathode side during discharge. However, the conversion was 
incomplete as some reflections of unreacted Cu(I) species were 
also observed after the first discharge, explaining the finding 
that 68% of the theoretical specific capacity was achieved in the 
first discharge cycle.

XPS, HRTEM, and STEM–EDX clearly demonstrated the 
transformation from Cu to CuF2 with the volume expansion 
and the corresponding increase in fluorine content at the 
cathode during charging. This provides a proof for the electro-
chemical reversibility of the CuF2 cathode in this rechargeable 
fluoride ion battery system upon cycling. Still, the remaining 
Cu metal particles after charging and the slightly lower fluorine 
amount in the charged cathode (compared to the pristine BM 
cathode) indicate that there was only a partial conversion from 
Cu to CuF2, i.e., although the first charging exhibited a specific 
capacity similar to that of the first discharge, there was only a 
partial recovery of the initial discharge state after charging and 
some side reactions occurring during the first charge have to 
contribute to the specific capacity. The A/E and C/E interfacial 
studies revealed two of the side reactions which are respon-
sible for the capacity fading in further electrochemical cycles 
(cf. Figure 2b), specifically the formation of LaOF at the A/E 
interface and Cu diffusion into the electrolyte at the C/E inter-
face. It is reasonable to assume that these side reactions are an 
ongoing process leading to the observed successive capacity 
loss in subsequent cycles.

It is interesting to note that there was a formation of an 
intermediate layer (1), which is comprised of both LaF3 and 
La2O3, at the A/E interface right after cell assembly. The pres-
ence of hexagonal LaF3 was due to the fluorination of pure 
La metal under the high pressure assembly of the cell, while 
the presence of monoclinic La2O3 was due to oxygen impuri-
ties remaining on the La surface after manually removing 
the oxide layer. Upon discharging, the fluoride ion migration 
from the CuF2 cathode to the La anode led to the fluorination 
of the La metal, and hence the formation of LaF3 with a dis-
torted orthorhombic structure in the region containing F in 
the newly formed layer (2) (cf. Figure 8b and S10, Supporting 
Information). This fits to the observed de-fluorination of CuF2 
to form Cu metal at the cathode side. The appearance of the 
orthorhombic, instead of hexagonal, LaF3 phase is presumably 
due to the high pressure applied onto the fluoride ion battery 
pellets induced by tightening and testing the fluoride ion bat-
tery cells at elevated temperature of 150 °C for a long period. 
Upon charging, the reverse migration of fluoride ions from the 
anode to the cathode caused de-fluorination of LaF3, and thus 
the decrease in fluorine content in the region (2′), as seen from 
the extracted F-map (cf. Figure 8c). This again corresponds to 
the fluorination of Cu to form CuF2 at the cathode side.

3. Conclusion

The electrochemical reversibility of CuF2 has been demon-
strated in a secondary fluoride ion battery system. The CuF2/
La cell exhibits a reversible capacity of ≈205 mAh g−1 at 150 °C 



www.afm-journal.dewww.advancedsciencenews.com

1701051 (10 of 11) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2017, 1701051

in the potential range of 1.0–3.5 V. The capacity fading mecha-
nism of the CuF2/La cell upon cycling can be explained by Cu 
diffusion into the electrolyte and side reactions due to the for-
mation of LaOF, in addition to the loss of contact either at the 
electrode/electrolyte interface or between particles induced by 
volume changes of electrode material. To enhance the electro-
chemical reversibility and cyclability of the CuF2 cathode for 
practical fluoride ion battery application, the development of 
near room-temperature fluoride solid electrolyte(s), fluoride 
liquid electrolyte(s) and surface coating of the electrode mate-
rial are necessary to improve the contact at the electrode/elec-
trolyte interface, to stabilize the Cu metal, and also to tackle the 
volume change upon cycling.

4. Experimental Section
Sample Preparation: All sample preparation, assembly, and testing of 

the cells were carried out under argon atmosphere inside a glovebox. 
Electrolyte and cathode materials were prepared by high energy 
ball milling using zirconium oxide (ZrO2) vial and balls. To prepare 
the La0.9Ba0.1F2.9 electrolyte, a stoichiometric mixture of LaF3 (Alfa 
Aesar, 99.99%) and BaF2 (Aldrich, 99.99%) was introduced into the 
ZrO2 vial inside an Ar-filled glovebox. The vial was sealed to prevent 
air contamination and transferred to a planetary type mill (Fritsch 
Pulverisette 6). 12 h milling at 600 rpm (ball-to-powder ratio 20:1) was 
sufficient to obtain a single phase solid solution with tysonite-type 
structure.[7] To synthesize the CuF2 composite, a stoichiometric mixture 
of LaF3 and BaF2 was first milled for 4 h at 600 rpm, followed by adding 
the active material CuF2 and carbon black (super C65) to the electrolyte 
mixture in an appropriate weight ratio (CuF2:La0.9Ba0.1F2.9:C = 30:60:10) 
and milled further for 12 h at 600 rpm. The purpose of mixing the active 
material CuF2 with electrolyte and carbon is to ensure both ionic and 
electronic conductivity of the cathode. Lanthanum (La) metal foil (Alfa 
Aesar, 99.9%) was used as anode. Prior to the assembly of La foil into 
the cell, it was manually polished to remove the oxide layer.

Powder XRD: The samples were characterized by XRD using a Bruker 
D8 Advance instrument with Cu Kα radiation. Rietveld refinement was 
done using the Materials Analysis Using Diffraction software package 
developed by Lutterotti.[34]

EIS: The ionic conductivity of the La0.9Ba0.1F2.9 electrolyte was 
measured using a Zahner IM6 electrochemical workstation for 
impedance spectroscopy under dynamic vacuum conditions in the 
frequency range of 8 MHz to 1 Hz (10 mV amplitude). The spectra were 
collected at different temperatures starting from room temperature 
up to 200 °C. The measurements were performed on pellets (13 mm 
diameter and ≈2 mm thick) pressed at 5 tons and coated with gold on 
both sides as ion blocking electrodes. The impedance spectra were fitted 
using the EIS Spectrum Analyzer software with an equivalent circuit 
described elsewhere.[17,35]

Battery Assembly and Testing: All-solid-state fluoride ion battery pellets 
were assembled by pressing anode (La), electrolyte (La0.9Ba0.1F2.9), and 
cathode (CuF2 composite) together into 12 mm diameter pellets using 
a MTI laboratory hydraulic press inside an Ar-filled glovebox. The pellet 
was then introduced in a modified Swagelok cell specially designed for 
working at elevated temperatures. Herein, the cells were cycled at 150 °C 
using a battery tester (Arbin Instruments, BT-2000) in constant current 
mode (galvanostatic mode) to collect the electrochemical data. The 
pristine cells were cycled between 1.0 and 3.5 V at a current density of 
≈4 mA g−1 (corresponding to a rate of C/100 at constant current). The 
specific capacity of the electrode was calculated based on the weight of 
active material, i.e., CuF2, in the cathode composite.

XPS: The elemental composition of the sample surface was 
determined by XPS measurement using monochromatized Al Kα 
(1486.6 eV) radiation (PHI 5800 MultiTechnique ESCA System, Physical 
Electronics). A surface spot of 0.8 × 0.8 mm2 was used for the analysis. 

The measurements were done with a detection angle of 45°, using 
pass energies at the analyzer of 93.9 and 29.35 eV for survey and detail 
spectra, respectively. For binding energy calibration the C (1s) peak 
was set to 284.8 eV. To avoid surface contamination, the samples were 
transferred in inert gas atmosphere to the sample load lock of the XPS 
system.

Focused Ion Beam: For the interfacial study, cross-sectional samples 
were prepared by focused ion beam from the anode/electrolyte (A/E) 
and the cathode/electrolyte (C/E) interfaces using an FEI Strata 400S 
equipped with an OmniProbe 200 micromanipulator for in situ lift-out, 
and were transferred to copper (anode)/molybdenum (cathode) TEM 
grids.[36–39] The preparation was initially performed at 30 kV with an 
ion beam current of 21 nA, followed by cleaning with 6.5 nA ion beam 
current. The areas of interest around the interfaces were thinned to 
about 100 nm thickness. The final thinning step was performed at 5 kV 
with 0.15 nA ion beam current.

TEM: The TEM characterization was performed using an aberration 
(image) corrected FEI Titan 80–300 TEM operated at 300 kV acceleration 
voltage and equipped with a US1000 slow-scan CCD camera (Gatan 
Inc.), an S-UTW EDX detector (EDAX Inc.), and a high-angle annular 
dark-field detector (Fischione). Morphology, structure and composition 
of the electrodes and electrolyte before and after cycling were 
characterized using bright-field TEM, HRTEM, STEM, SAED as well as 
EDX analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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