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We investigate MnFz as an electrode material for all-solid-state
fluoride batteries. The initial discharge capacity due to defluorina-
tion was 535 mA h g~. Manganese was confirmed to be reduced
and oxidized during charge—discharge measurements. Metallic Mn
was also reversibly fluorinated and defluorinated as a starting
material.

Fluoride batteries have attracted attention as next-generation bat-
teries because of their high chemical stability and high theoretical
energy density due to the flexible choice of electrode materials.
Fluoride (F™) anions function as charge carriers in fluoride batteries;
therefore, various metals are potential candidates for the conversion-
type electrodes.” In addition, there is a wide variety of solid electro-
lytes, including PbSnF,, BaSnF,, BaCaF,, and tysonite-type and BaF,-
based fluorites.” *® In 2011, A. Reddy et al. reported the first all-solid-
state fluoride battery, and since then, there have been many recent
reports of all-solid-state fluoride batteries."”*> We recently reported
the application of a FeF; cathode for fluoride batteries, where a large
discharge capacity of 579 mA h g~ " was observed at first discharge.>
In addition, many groups reported CuF, as a cathode material for
fluoride batteries.'®*” As such, transition metal fluorides have been
shown to be promising cathode materials for large-capacity batteries.
Among the possible electrode materials for fluoride batteries, MnF;
has advantages of a large theoretical capacity (718 mA h g ') and low
cost. The theoretical gravimetric energy density for a full cell
composed of a MnF; cathode and a Mg anode is 1127 W h kg™,
which is comparable with that for a FeF; cathode. However, in the
case of Li'-ion batteries, manganese fluoride shows a large
overpotential.*® On the other hand, the following simple reaction
may occur in the fluoride battery:

MnF; + 3¢~ = Mn + 3F~ 1)
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This reaction does not form the LiF insulator, which is
typically formed in lithium-conversion type batteries when
metal fluorides are used as an electrode material. Therefore,
the use of MnF; as an electrode in fluoride batteries is con-
sidered to be reasonable with respect to advantages such as
the low cost and large capacity. Here we report all-solid-
state fluoride batteries based on a MnF; electrode with
Bagelag4F,4 (BLF) used as the electrolyte and a Pb-based
counter electrode.

Fig. S1 (ESIT) show SEM images of the MnF; powder before
and after ball-milling. Although the particle size before ball-
milling was 100 nm-3 um, that after mechanical ball-milling at
600 rpm for 12 h was more uniform at 100 nm-1 um. The
crystallinity of the MnF; powder was significantly decreased
after ball-milling (Fig. S2, ESIt). The electrochemical perfor-
mance was evaluated at 433 K because of the large IR drop in
the solid BLF electrolyte at room temperature. Considering
high-temperature operation, the chemical stability of MnF;
was evaluated at high temperatures. XRD patterns for MnF;
after heating at various temperatures under Ar are shown in
Fig. S3 (ESIf). Peaks assigned to MnF; were observed up to
433 K; however, MnF; was decomposed at 473 K and peaks
assigned to MnF, were newly formed. On the other hand, FeF;
is stable even at 473 K, as we previously reported.>® Therefore,
FeF; is more stable than MnF; at high temperature. Fig. 1(a)
shows SEM images of the MnF;-based composite powder
(MnF;, BLF, acetylene black(AB)). The primary BLF solid elec-
trolyte particles were smaller than 1 pm and secondary particles
were larger than 10 um, which is good agreement with our
previous study.?® Fig. 1(b) and (c) show cross-sectional images
of the BLF/MnF; electrode interface after heating at 433 K.
Fig. 1(b) shows both a highly connected interface region and a
region where separation has occurred. Fig. S4 (ESIt) shows a
cross-sectional SEM image of the MnF; electrode/BLF electro-
Iyte interface after heating at 433 K. The thickness of the MnF;
electrode was 88 um. Fig. 2(a) shows discharge-charge curves
for an all-solid-state fluoride battery with a Pb/PbF,-SnF,-AB/
BLF/MnF;-BLF-AB structure between —2 V and 2 V at 433 K
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Fig.1 SEM images of MnFs-based composite electrode and electrode/
electrolyte interface for fluoride battery cell. (a) SEM image and energy
dispersive spectroscopy (EDS) elemental maps of as-synthesized electrode
powder. (b) and (c) Cross sectional images of BLF/MnF3 electrode interface
after heating at 433 K (1000x and 10 000x magnification).

(defluorination of MnFj3). The initial discharge capacity (start-
ing from defluorination) was 535 mA h g~', which was 75% of
the theoretical capacity for MnF; (718 mA h g~'). Therefore,
2.2 F~ ions were shuttled from the MnF; electrode during the
initial discharge. This indicates that most of the MnF; is
decomposed to MnF, before discharge. The observed capacity
is larger than that reported for BiF; or CuF, electrodes at 413 K
in an all-solid-state fluoride battery."”>” However, this is still
lower than that for an FeF; electrode (579 mA h g~ ' at first
cycle), which was reported in our previous study.>® The observed
single potential plateau is in good agreement with the theore-
tical redox potential for MnF,/Mn (—0.991 vs. PbF,/Pb) and also

4
—1st —40th @)
3F —3rd —50th
> ol —5th
; —10th
o 1} —20th
§ 0 \— 30th
% 433 K, 80 pAcm2
1 ?
-2 \1/_ 1 Il l
0 100 200 300 400 500 600
Capacity / mAhg'1
4
5 (b)
> 2f
S 1
£
g0
. 433 K, 80 yAcm2
2 I 1 L |
0 100 200 300 400 500 600
Capacity / mAhg’1

Fig. 2 Charge—discharge profiles for all-solid-state fluoride battery with
MnFz electrode in ranges of (a) —2 V to 2 V, and (b) —2 V to 4 V (starting
from defluorination of MnF3). Cell structure is Pb/PbF,—SnF,—AB/BLF/
MnFz—-BLF-AB. The capacity was calculated based on the weight of MnFs.
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indicates that the initial state before discharge is mainly MnF,.
A discharge capacity of 290 mA h g~ was retained at the 50th
cycle. The open-circuit voltage gradually increased with cycling,
which indicates that the oxidation state of manganese is gradu-
ally increased, but is mainly charged to the Mn>" state. Fig. 2(b)
shows discharge-charge curves for the all-solid-state fluoride
battery with a MnF; electrode in the range of —2 V to 4 V at
433 K (starting from defluorination). The cell structure is the
same as that in Fig. 2(a). Unlike the case for —2 V to 2 V
(Fig. 2(a)), a discharge plateau is observed between 0 and 1 V
and a charge plateau between 1 and 3 V. The theoretical
potentials for the MnF;/MnF, and MnF,/Mn couples are
1.217 V (vs. PbF,/Pb) and —0.991 V (vs. PbF,/Pb), respectively.
The observed potential plateaus are reasonably matched with
these theoretical potentials, as shown in Fig. S5 (ESIt), which
indicates that manganese is reduced and oxidized. By compar-
ison with Fig. 2(a), oxidation of Mn*‘/Mn*" should occur
between 1 V and 2 V, and also above 2 V. The potential and
capacity of the Mn**/Mn®" region gradually increased with
cycling, which may be due to stabilization of the Mn** species.
The discharge capacity of 489 mA h g~ at the 10th cycle is larger
than that for FeF; (461 mA h g~ at the 10th cycle) within the
same potential range.”® On the other hand, the hysteresis of the
discharge-charge curve was dependent on the voltage range.
The voltage difference for the 10th discharge-charge cycle at
350 mA h g~ (see the point in Fig. S6, ESIt) is 0.945 V between
—2Vand2Vand 0.641 V between —2 V and 4 V. The decrease in
overpotential after charging to 4 V may be related to the
formation of Mn** species; however, this has yet to be verified.
On the other hand, the voltage difference for the 10th dis-
charge-charge cycle at 350 mA h g~ ' for the FeF; and MnF;
electrodes are 0.753 V and 0.641 V, respectively. Therefore, the
overpotential of the MnF; electrode is much lower than that of
the FeF; electrode when the voltage range of the charge-
discharge measurement is between —2 V and 4 V. The IR drop
for the BLF solid electrolyte is 0.06 V during operation (433 K
and 80 pA cm™?); therefore, the internal resistance between 2 V
and 4 V, excluding the IR drop, is 0.58 V. This is much lower
than that for a manganese fluoride electrode for a lithium
battery.*® These results suggest that the charge transfer resis-
tance differs significantly depending on the discharge-charge
mechanism, although the operating temperature is different. In
the case of lithium battery, insulating LiF is formed during
conversion reaction. The effect of operating temperature on the
all-solid-state fluoride battery with a MnF; electrode was inves-
tigated (Fig. S7, ESIT). The cell was heated once to 433 K, then
cooled to each respective temperature for measurement (413 K
and 393 K). The initial defluorination capacities at 413 K and
393 K were 215 mAhg ™" defluorination capacities at 413 K and
393 Kwere 215 mAh g " and 41 mA h g7, respectively, showing
a substantial decrease compared to the performance at 433 K. A
significant factor contributing to this high resistance is the
decreased ionic conductivity of the electrolyte, indicating that
applying a solid electrolyte with high conductivity at lower
temperatures is essential for reducing the operating tempera-
ture. Ex situ XAS measurements were conducted to clarify the
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Fig. 3 (a) Mn L-edge and (b) F K-edge XAS spectra of MnFs electrode
obtained from current collector side.

discharge-charge mechanism for the MnF; electrode. Fig. 3(a)
and (b) show Mn L-edge and F K-edge X-ray adsorption spectra
of the MnF; electrode before and after the discharge-charge
measurements. Peaks associated with L3 and L2 can be
observed in this region of the Mn L-edge spectra.** Following
heating of the constructed cell, the XAS peak positions shifted to
lower energy. This indicates that MnF; is decomposed or reacts
with the BLF electrolyte or AB in the composite electrode due to
the high temperature or high pressure during construction of
the cell. Therefore, the MnF; composite electrode is not suffi-
ciently stable in this structure. The adsorption peak at around
640 eV associated with MnF; decreased after discharging and
was then recovered after charging. Therefore, the Mn-based
species is active for the redox reaction. As shown in Fig. S8
(ESIY), The F K-edge XAS spectra for the MnF; electrode charged
at different voltages (yielding MnF; and MnF,) revealed the
formation of Mn®* by the peak at around 684 V observed after
charging to 4 V, which is in contrast to the electrode charged to
2 V (no adsorption due to MnF, was observed around this
region, Fig. S8, ESIY), i.e., Mn*" is formed only after charging
to 4 V. We have reported that the BLF of the solid electrolyte
shows two peaks around 689 eV in our previous work.”® In the
charged state of manganese fluoride electrode (Fig. 3(b)), con-
tributions from the fluorine in manganese fluoride overlap, so
clearly split peaks assigned to BLF electrolyte are not observed.
On the other hand, after discharge in the second cycle, the
spectrum is very similar to that of BLF, suggesting that metallic
Mn is formed. From these results, the changes in the F K-edge
spectrum indicate that a reversible redox reaction is occurring
between manganese fluoride and metallic manganese. The XRD
pattern after charging to 2 V did not indicate any formation of
manganese fluoride; the species formed was thus amorphous
(Fig. S9, ESIt). Fig. S10 (ESIt) shows SEM images of the MnF;
electrode before and after 58 cycles between —2 V and 2 V. A
comparison of these figures indicates that heating at 433 K
produced a denser morphology. In addition, the morphology
became denser after discharge-charge cycling, which may be
due to long-term heating and pressing. EDS maps of the MnF;
electrode after discharge-charge cycling are shown in Fig. S11
(ESIt). The particle size for the active manganese material is ca.
30 pm, which is much larger than that for the pristine material
(ca. 1 pm, see Fig. 1). Therefore, degradation of the active
electrode material is mainly caused by agglomeration during
discharge-charge cycling. When the counter electrode for the

This journal is © The Royal Society of Chemistry 2025
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full cell is a fluoride, the manganese electrode must accept fluoride
ions during the first charge process. Therefore, charge-discharge
cycling was also evaluated from the fluorination of metallic Mn.
The metallic manganese powder consisted of particles with two
different sizes, small (<1 pm) and large (ca. 7 um) as shown in Fig.
S12 (ESIY). Fig. 4 shows discharge—-charge curves for the all-solid-
state fluoride battery with a metallic Mn electrode between —2 V
and 2 V at 433 K. The cell had a Pb/PbF,-SnF,-AB/BLF/Mn-BLF-
AB structure. The initial charge capacity (fluorination of the
cathode) was 1087 mA h g, which was 74% of the theoretical
capacity (1463 mA h g™ ') for the Mn electrode. The first discharge
(fluorination) capacity was 931 mA h g™, which was 63% of the
theoretical capacity. This indicates slightly lower utilization effi-
ciency compared with that starting from defluorination (75%, see
Fig. 2(a)), although the difference is not significant. The open-
circuit voltage before the initial charge was —0.648 V, which was
higher than the theoretical potential for a MnF,/Mn couple
(—0.991 V vs. PbF,/Pb). This is considered to be due to the oxidized
layer formed on the metallic Mn. The second charge started from
around —2 V, which indicates that the oxidized layer was removed
during the initial charge and discharge process. This cell was
prepared on the same day as the electrode powder. However, after
the powder was stored for 11 days in a glovebox, the first
defluorination capacity decreased to 690 mA h g~ . This indicates
that metallic manganese is highly sensitive and the oxidation layer
decreases the reversible capacity. In order to compare the differ-
ence in profiles between the cases from the MnF; and Mn, charge-
discharge profiles for all-solid-state fluoride battery with MnF;
electrode and Mn electrode are shown in Fig. S13 (ESIf). During
the initial defluorination, starting from Mn, the overall potential is
high. This is influenced by the surface oxidation layer. However,
from the second fluorination cycle onward, the fluorination curves
show a profile similar to that of electrodes starting from MnF;,
while only the defluorination curve for the electrode starting from
MnF; showed a short plateau for the Mn*/Mn*" redox couple
appeared, even though the voltage range was same. This could be
due to the lower charge transfer resistance due to the high
electrical conductivity of metallic Mn as a starting material. These
results suggest that a manganese electrode is a promising active
material for both directions, ie., starting from defluorination or
fluorination.
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Fig. 4 Charge—-discharge profiles for all-solid-state fluoride battery with
metallic Mn electrode in ranges of —2 V to 2 V (starting from fluorination of
metallic Mn). Cell structure is Pb/PbF,—SnF,—AB/BLF/Mn-BLF-AB. The
capacity was calculated based on the weight of Mn.
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In summary, the electrochemical reversibility of MnF; and
metallic Mn was demonstrated in an all-solid-state fluoride
battery. The MnF; electrode exhibited a defluorination capacity
of 535 mA h g™ ' during the initial cycle and retained a
defluorination capacity of 290 mA h g~* at the 50th cycle. The
XAS results suggested that manganese was reduced and oxi-
dized during the discharge-charge process. Metallic Mn was
also reversibly fluorinated and defluorinated. A manganese-
based electrode is thus a promising active material for fluoride
batteries with a large energy storage capacity.

This article is based on results obtained from a project,
JPNP21006, commissioned by the New Energy and Industrial
Technology Development Organization (NEDO). The experi-
ments using synchrotron radiation were performed at the
BL12 beamline of the SAGA Light Source (Proposal No.
2201156F, 2203014F, 2201149F, 2308043P and 2311080P).
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