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ABSTRACT: Fluoride-ion batteries have several potential advan- BaBiF

5
tages over lithium-ion batteries. Materials development is still B aBiO; ®.%,.°2
needed, however, to realize electrolytes with sufficiently high anion ? e o
conductivity and compatibility with anode and cathode layers. e’e’e
Fluoride compounds are difficult to synthesize directly as single ¢ o0
crystals but can be realized from oxide film precursors via topotactic b | $°2°%s
chemistry techniques. Here, we create crystalline alkaline earth 0000
bismuth fluoride films BaBiF; and SrBiF; through oxide molecular o 00,2,
beam epitaxy and topotactic fluorination. We characterize their ionic * e 0.
conductivities and demonstrate their potential as electrolytes. Finally, : @ o
we realize epitaxial synthesis of BaBiF; on BaF, substrates, providing i o°2°%e
a route to thin film fluoride-ion battery devices. BaF, BaF,

B INTRODUCTION

Major economies around the world are in the process of
transitioning away from fossil fuels and toward sustainable
energy generation technologies. A substantial barrier in this

Alkaline earth fluoride compounds CaF, and SrF, are
commonly used anodes in fluoride-ion batteries. Additionally,
BiF; is both relatively cheap and demonstrates lower volume
change between charged and discharged states compared to

transition is the inherent intermittency of renewable generation
mechanisms. Grid-scale chemical batteries are expected to help
address this issue by providing temporary energy storage, thus
smoothing the variable output of renewables. Although elegant
in theory, the expected scale of the required energy storage to
stabilize target renewable portfolios is massive.' Lithium-ion
batteries are by far the most prominent battery chemistry
today. However, global lithium supply is likely to fall short of
demand in this century.” Additionally, lithium is highly
concentrated geographically, which introduces complex geo-
political factors.’

Fluorine is a particularly desirable charge carrier for
batteries: global fluorine production is about one hundred
times greater than that of lithium; CaF, the dominant
naturally occurring fluoride mineral, makes for an excellent
conversion-based anode material; and fluoride-ion batteries are
predicted to have higher energy densities than lithium-ion
batteries.” A battery based on fluoride ions was first reported in
2011.> A major limitation today for fluoride-ion batteries is the
development of electrolytes with sufficient room temperature
conductivity and that integrate well with anode and cathode
materials. Many electrolyte candidates require temperatures
around 150 °C or higher, although sufficient room temperature
conductivity for battery cell operation was recently demon-
strated.’ In general, there remains a lack of viable electrolyte
candidates.”

One way of identifying potential electrolyte materials is by
taking inspiration from existing anode and cathode structures.

© 2024 The Authors. Published by
American Chemical Society
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other cathode materials." A natural electrolyte in a battery
using these anode and cathode choices would be an alkaline
earth bismuth fluoride. Previous work on Ba—Bi—F com-
pounds demonstrated a solid solution BaBiF; phase with a
fluorite-type crystal structure.*” More recently, Chikamatsu et
al. realized single-crystal thin films of BaBiF; on SrTiO,
substrates by performing a two-step synthesis process:
topotactic fluorination of BaBiO; films synthesized by pulsed
laser deposition.'” However, ionic conductivity measurements
have not been reported on such films. Here, we construct thin
films of alkaline earth bismuth flourides and characterize their
ionic conductivity. We start by synthesizing thin film
perovskite oxides BaBiO; and SrBiO; by reactive oxide
molecular beam epitaxy (MBE) on SrTiO; and BaF,
substrates. We then perform topotactic fluorination on our
oxide films, forming fluorite-type phases BaBiF; and
StBiF,.'"""® Finally, we characterize the ionic conductivity in
these compounds to quantify their ability to function as
fluoride-ion battery electrolytes, establishing the basis for
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Figure 1. Creation of BaBiF; films on SrTiO; and BaF, substrates. (a) Demonstration of structural change from BaBiO; to BaBiF; on a SrTiO,
substrate. The black dashed lines emphasize the in-plane mismatch between film and substrate. (b) The same structural conversion but on a BaF,
substrate. Note the matched in-plane spacing between film and substrate due to strain. (c) Proposed three-element fluoride-ion battery stack
consisting of BaF,/Ba as a conversion-type anode, Bi/BiF; as a conversion-type cathode, and BaBiF; as an electrolyte. (d) Visualization of the
difference between SrTiO; and BaF, substrates in terms of in-plane lattice parameters. SrTiO; has a much smaller in-plane spacing than both
BaBiO; and BaBiF;, whereas BaF, lies in between the two, allowing for strained films.

simple fluoride-ion battery stacks consisting of just three
elements.

B EXPERIMENTAL SECTION

Thin Film Synthesis. (100)-oriented SrTiO; substrates
were purchased from OST Photonics. They were cleaned with
acetone, isopropyl alcohol, and deionized water, and subjected
to an anneal in air at 1000 °C for 4 hours. The resulting
substrates demonstrated step terraces with widths on the order
of 1 um. (100)-oriented Nb-doped SrTiOj substrates were
purchased from OST Photonics and subjected to the same
treatment process described above for undoped SrTiOj;
substrates. (100)-oriented BaF, substrates were purchased
from MSE Supplies. We did not treat these substrates due to
the moisture sensitivity of BaF,. The BaF, substrates
demonstrated surface roughness of about 1.6 A as measured
by atomic force microscopy. Prior to the film deposition,
barium, strontium, and bismuth fluxes were calibrated to be
near 1 X 10'* atoms per square centimeter per second using a
quartz crystal microbalance, and, in the case of barjum, further
optimized by tracking reflection high-energy electron dif-
fraction oscillations for BaO."* A Riber Compact 21 molecular
beam epitaxy chamber with a supplied 80% O;/20% O,
oxidant pressure around 2 X 107 Torr was used for film
deposition. We synthesized BaBiO; and SrBiOj; films using a
codeposition process in which we provided roughly 50% excess
bismuth for our highest quality samples (see Figure S1).

Topotactic Fluorination. Zinc fluoride powder of 99%
purity from Sigma-Aldrich and poly(vinylidene fluoride) beads
from Sigma-Aldrich were used as fluorination reagents. For the
fluorination process, an oxide sample and approximately 0.1 g
of reagent were placed in a tube about 1 cm apart from each
other. Argon gas flowed through the tube at a rate of
approximately S0 mL/min. The sample and reagent were then
heated to 200 °C using a Thermo Scientific tube furnace and
held at that temperature for 20 h. Longer fluorination
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processes resulted in no additional changes to the sample’s
X-ray diffraction (XRD) measurements.

Electrochemical Impedance Spectroscopy. Electro-
chemical impedance spectroscopy (EIS) data were collected
using an electrochemical working station (Biologic) at the
frequency range of 3 MHz to 0.1 Hz with an amplitude of 10
mV at varied temperatures ranging from about 20 °C (room
temperature) to 90 °C. Ionic conductivities were measured
along the crystallographic c-axis by sandwiching target fluoride
films on conducting Nb:SrTiO; substrates between two
stainless steel spacers, and then calculated according to ¢ =
L/R,S, where R, is the resistance according to the EIS
measurement, L is the thickness of the measured sample, and S
is the effective contacting area between stainless steel spacers
and samples. We note the lack of a linear low-frequency regime
in our Nyquist plots, typically attributed to mass transfer
phenomena. In this case, this may be due to a transmissive
boundary at the film/substrate interface, or a constant phase
element in the circuit, for example due to electrodes of
differing surface roughness.ls’16

B RESULTS AND DISCUSSION

We represent the fluorination process visually in Figure 1. The
structural change from perovskite BaBiO; to fluorite-type
BaBiF; is shown on both SrTiO; (Figure 1a) and BaF, (Figure
1b) substrates. The out of plane lattice parameter increases
from 4.33 to 6.04 A, while the in-plane spacing decreases
slightly from 4.35 to 4.26 A.'"" Whereas BaBiO; films are
known to relax on (100)-oriented SrTiO; due to the large
lattice mismatch,'” we find that the in-plane (110) direction of
(100)-oriented BaF, substrates provides a close enough in-
plane spacing to enable strained synthesis of BaBiO; (see
Figure S2 for a schematic of the in-plane relationship). The
relevant in-plane lattice parameters for BaBiO,;, BaBiF,
SrTiO;, and BaF, are shown in Figure 1d, along with the
strain relationships between each substrate and the bismuth
compounds. (100)-oriented BaF, is thus an optimal substrate

https://doi.org/10.1021/acsomega.4c05872
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Figure 2. Synthesis of BaBiO; and SrBiOj thin films via molecular beam epitaxy. (a) X-ray diffraction measurements of three films: BaBiO; on a

SrTiOj; substrate (in red), BaBiO; on a BaF, substrate (in blue), and SrBiO;

on a SrTiO; substrate (in green). Peaks denoted by asterisks at the top

of the figure correspond to substrate diffraction. (b) On the left, RHEED images taken of a BaBiO; film on SrTiOj; at various unit cells (UC) of
deposition. On the right, an X-ray diffraction reciprocal space map of the film (206) peak (bottom left) near the substrate (103) peak (top right).

The black dashed line corresponds to the SrTiO; substrate in-plane spacing

. (c) On the left, RHEED images taken of a BaBiOj; film on BaF,. On

the right, an X-ray diffraction reciprocal space map of the film (206) peak (bottom left) near the substrate (115) peak (top left). The black dashed

line corresponds to the BaF, substrate in-plane spacing.

for this conversation, providing 0.1% compressive strain for
BaBiO; and 2.1% tensile strain for BaBiF;. Another advantage
of BaF, is its potential to serve as a fluoride-ion battery anode.
Alkaline earth fluoride compounds CaF, and SrF, perform well
as anode materials in fluoride-ion batteries.”'® BaF, has the
same cubic crystal structure as CaF, and SrF,, so it is also a
natural anode candidate. This provides the template for a
simple fluoride-ion battery stack shown in Figure 1lc: BaF, or
SrF, as an anode, bismuth as a cathode, and BaBiF; or SrBiF;
as an electrolyte.

We begin by synthesizing high-quality films of BaBiO; and
SrBiO; by ozone-assisted molecular beam epitaxy. Our results
are summarized in Figure 2. Previous studies demonstrated
successful synthesis of these compounds on SrTiO; substrates,
despite large 10 and 8% lattice mismatches with BaBiO; and
StBiOs, respectively.'””*° §—26 X-ray diffraction scans shown
in Figure 2a demonstrate our high-quality films of BaBiO; and
SrBiO; on SrTiO;. We provide evidence of the lattice
mismatch with both in situ electron diffraction and ex situ
X-ray reciprocal space maps in Figure 2b. Tracking reflection
high-energy electron diffraction (RHEED) during the deposi-
tion of BaBiO; we observed a blurring of the substrate
diffraction spots (top image) in the first several unit cells.
Starting at approximately unit cell five, film streaks begin to
appear with a different diffraction spacing; the middle image

39084

taken at unit cell six shows the emergence of these streaks. As
deposition continues, these streaks increase in intensity, as
shown in the bottom image taken after 60 unit cells.
Additionally, the reciprocal space map shows the film (206)
diffraction spot (left) near the SrTiO;(103) diffraction spot
(right), with a clear gap in Q, corresponding to in-plane
relaxation of the film. This behavior agrees with previous
results that demonstrate a reconstruction that occurs at the
interface between SrTiO; and BaBiOj; to relieve the high
strain.'”

Furthermore, we synthesize BaBiO; on (100)-oriented BaF,
substrates. Figure 2a includes an X-ray diffraction scan of
BaBiO;/BaF,. Figure 2c demonstrates the advantage of BaF,
over SrTiOj;: the reciprocal space map for BaBiO;/BaF, (blue)
shows an in-plane lattice match; and electron diffraction
images of BaBiO; grown on BaF, show a consistent lattice
spacing between the substrate, the film at six unit cells, and the
film at 30 unit cells. A prior finding used buffer layers to enable
epitaxially strained films of BaBiO;.”' To the best of our
knowledge this is the first synthesis of BaBiO; on BaF,. Out of
plane lattice parameters extracted from the XRD data in Figure
2 are shown in Table 1.**

We now turn to the ex situ fluorination of our oxide films.
Chikamatsu et al. reported in a previous work on the
fabrication of BaBiF samples from BaBiOj; precursors using

https://doi.org/10.1021/acsomega.4c05872
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Table 1. Nelson-Riley ¢ Lattice Parameters Extracted from
XRD Measurements Shown in Figure 2

sample ¢, measured (A)
BaBiO,/StTiO, 4334 + 0.002
BaBiO3/BaF2 4.358 + 0.015
SrBiO;/SrTiO; 4.242 + 0.007

poly(vinylidene fluoride) (PVDF)."” We found that for
BaBiO;, using ZnF, as our fluoride agent allowed lower
temperature fluorination and resulted in fluorinated films of
higher quality compared to those using PVDF. For SrBiOj;,
only fluorinations using PVDF resulted in SrBiFs samples
demonstrating crystalline diffraction; attempts with ZnF,
consistently led to the loss of X-ray diffraction peaks or
incomplete fluorination.

Our fluorination results are summarized in Figure 3. We
formed BaBiFj structures on both SrTiO; and BaF, substrates,
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Figure 3. Fluorination of BaBiO; and SrBiO;. (a) X-ray diffraction

measurements of BaBiF; (top and middle) and SrBiF; (bottom).

Scans of the precursor oxide phases are shown in lighter color, with

arrows depicting movement of the film diffraction peaks. (b) X-ray

photoelectron spectroscopy measurements of BaBiO; and BaBiFg

samples. Note the decrease in intensity of the oxygen peak and the
appearance of the fluorine peak after fluorination.

as well as SrBiFg on SrTiO;. While BaBiF; samples
demonstrate (001) diffraction peaks indicative of preserved
cation ordering, SrBiFs samples did not possess such a peak.
This is likely because fluorination of SrBiO; required slightly
higher temperatures than that of BaBiOj;, potentially resulting
in cation disorder.'” A previous study on solid solutions of
Ba,_,BiF,,, demonstrated two additional interstitial sites
occupied by fluoride ions in addition to the normal CaF,-
structure sites.” Although the study only characterized solid

solutions with x < 0.45, the prior observed distribution of
fluoride ion occupation may occur in our samples as well.

To analyze how complete the fluorination process was, we
performed X-ray photoelectron spectroscopy (XPS) measure-
ments of films before and after fluorination. The barium 3d
peaks were used to align the binding energy values and scale
the measurement intensities for comparison. These results are
shown in Figure 3b. BaBiO; demonstrates a clear oxygen 1s
peak at 528 eV, as well as a bismuth 4p;, peak at 678 eV. This
bismuth peak overlaps with the fluorine 1s peak, but as we see
in the BaBiF; scan, the fluorine 1s peak has a much higher
intensity. Although the peak of oxygen Is peak is largely
reduced after fluorination, there is still intensity in the
fluorinated phase, indicating the presence of some oxygen. A
similar result was found by Chikamatsu et al., with traces of
oxygen present after fluorination.'’ Peak fitting suggests a
fluorine/oxygen ratio of 14:1 in the BaBiF; sample, suggesting
primarily a BaBiF structure with oxygen impurities on about
7% of anion sites.

Now that we have successfully synthesized the fluoride
compounds BaBiF; and SrBiFs, we turn to characterizing the
ionic conductivity of our samples with electrochemical
impedance spectroscopy measurements. Figure 4a demon-
strates Nyquist plots (top panel) of EIS scans taken from room
temperature (about 20 °C) up to 90 °C. We observe a room
temperature conductivity of 2.4 X 107 S/m for BaBiF;.
Although resistance increases somewhat for intermediate
temperatures, the resistance quickly falls around 50 °C. By
about 80 °C, the resistance reaches a minimum. The maximum
conductivity we observe for BaBiFy is 3.4 X 107> S/m at 80 °C.
As described above, the resistance measurements were taken in
a two terminal setup. The measured resistance values therefore
include contributions from contact resistances. As a result, our
reported conductivity values are lower bound estimates.

To extract activation energy values, we created Arrhenius
plots from the EIS data. These results are shown in Figure 4c.
Ionic conductivity of electrolytes tends to follow an
exponential function of the form ¢ « T'e /8T where A
represents an activation energy and # is frequently taken to be
1% By plotting log ¢ T versus 1/T, we should expect linear
behavior if we assume the above equation holds, with the slope
of the best fit line given by A/kp. Looking at our Arrhenius
plot in Figure 4c, we see approximately linear behavior from 40
to 70 °C, suggesting that our Arrhenius model is appropriate in
this temperature regime. A linear fit in this region suggests an
activation energy of A = 240 meV, a value comparable to or
lower than other solid fluoride-ion electrolytes.”* The low
activation energy and related high room-temperature ionic
conductivity of BaBiF; compared to existing solid fluoride-ion
electrolytes supports the applicability of this barium bismuth
fluoride compound as a fluoride-ion electrolyte. We observe
nonlinear behavior at temperatures below 40 °C (where the
resistance increases with increasing temperature) and above 70
°C (where the resistance plateaus). There are several possible
interpretations of this finding. Contact resistance from our two
terminal setup may be contributing metallic scattering, which
would lead to a resistance component that increases with
temperature. Additionally, the electrolyte may be air sensitive
at elevated temperatures—the film may be slowly losing
fluorine or reoxidizing. Further work is needed to deduce the
true origin of this trend.

We show the same measurements and analysis on a SrBiF;
sample in Figure 4b. SrBiF; demonstrates higher resistances

https://doi.org/10.1021/acsomega.4c05872
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Figure 4. Electrochemical impedance spectroscopy measurements of
alkaline earth bismuth fluoride films. (a) Nyquist plot of a BaBiF/
Nb:SrTiO; sample. Frequency scans were taken at a range of
temperatures from room temperature (20 °C) to 90 °C. (b) Nyquist
plot of a SrBiF/Nb:SrTiO; sample, for temperatures up to 70 °C.
Notice the higher resistivity values for SrBiFs compared with BaBiF;
above. (c) Arrhenius plots of the data sets shown in a and b. Dashed
lines represent linear fits over temperature regimes with roughly linear
behavior.

across the board compared to BaBiF;, as seen by comparing
the Nyquist plots. This may be due to the smaller lattice
parameter of SrBiF; given the interplay between lattice size and
ionic conductivity.24 SrBiF demonstrates a room temperature
conductivity of 1.2 X 107> S/m, about half of the value
measured for BaBiF. The Arrhenius plot in Figure 4c shows
weaker ionic conductivity in SrBiF;. A linear fit results in an
activation energy of A = 80 meV, lower than in BaBiF;, despite
the fact that SrBiFs also demonstrates lower conductivities.
Similar to BaBiF;, SrBiF; demonstrates a plateau in the
Arrhenius plot for temperatures above 50 °C.

In conclusion, we demonstrate the synthesis of the thin film
fluoride compounds BaBiF; and SrBiF;, including the
realization of BaBiFs on BaF, substrates. EIS measurements
show thermal activation in both materials, with higher
conductivities present in BaBiFs. Although our measured
conductivity values are about 3 orders of magnitude lower than
other fluoride-ion electrolytes, we suspect that the conductivity
can be increased, for example along in plane directions where

fluoride-ions likely have more connected conduction pathways
as seen in Figure 1. Additionally, nonlinearities in our
Arrhenius plots suggest external contributions to our measured
resistances, such as high contact resistance. Further work could
compare ionic conductivity along different crystallographic
directions, and as a function of disorder. With the
demonstration of these materials as functioning fluoride-ion
electrolytes, we propose straightforward battery stacks Bi/
BaBiF/BaF, and Bi/SrBiF/SrF,, systems which may advance
the field’s progress toward scalable room-temperature fluoride-
ion batteries.
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