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ABSTRACT

All-solid-state fluoride-ion batteries (FIBs) using metal/metal fluorides are expected to be the next generation of storage batteries because
they exhibit high volumetric energy densities by utilizing multielectron reactions, compared to the current lithium-ion batteries. However,
method of fabricating a composite electrode for all-solid-state fluoride-ion batteries has not yet been established. A fabrication method for
a composite electrode that disperses the active material and solid electrolyte is required. To approach this problem, in this study, we
employed a high-pressure torsion (HPT) method, in which an active material, solid electrolyte, and conductive agent can be mixed with size
reduction, as a new process and prepared Cu (active material)/PbSnF, (solid electrolyte)/acetylene black (conductive agent) cathode
composites. The crystalline sizes of Cu and PbSnF, were significantly reduced. The apparent grain boundary resistance was also reduced
owing to the more homogeneous distribution in the cathode composites after HPT processing. These structural and morphological changes

led to high electrochemical performances, compared to a cathode composite without HPT.

© The Author(s) 2022. Published by ECSJ. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY,
http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any medium provided the original work is properly cited. [DOI: ™

10.5796/electrochemistry.22-00133].
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1. Introduction

Reducing carbon dioxide emissions is a crucial issue that must
be addressed to realize a sustainable society. Full-scale diffusion of
electric vehicles (EVs) is required to achieve this goal. As the
mainstream power source of EVs, the current lithium-ion batteries
(LIBs) are approaching their theoretical limitation in terms of
volumetric energy density, and thus it is essential to improve the
volumetric energy density of rechargeable batteries for popularity of
EVs.!-?

To address the demand for batteries with high energy and power
densities, a series of candidates that employ Nat, K*, Mg?*, Zn?*,
APP* F~, or Cl™ as charge carriers have been developed.*"!' Among
them, all-solid-state fluoride-ion batteries (FIBs) using fluoride ions
as carriers have attracted widespread attention because of the high
volumetric energy density and safety.!'”!” In all-solid-state FIBs,
metal/metal fluoride electrodes such as Cu/CuF, and Bi/BiF; can
achieve large capacities using multielectron reactions (Bi/BiF5:
385mAhg! to Bi; Cu/CuF,: 843mAhg! to Cu).!! Therefore, it
is theoretically possible to achieve a high volumetric energy density
over 5000 WhL~!!* which significantly exceeds that of LIB-based
systems, by employing combinations of appropriate cathodes and
anodes. To fabricate the composite electrode for this battery, the
metal active material and solid electrolyte fluoride must be mixed
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uniformly for the discharge-initiated battery. However, method for
this purpose has not yet been established.

It has been reported that diffusion length reduction of fluoride
ions in the active material'® and formation of a good fluoride-ion
path in the composite electrode'® are effective approaches to
overcome these problems using thin-film model batteries.'>!"?
However, for bulk-type battery fabrication, it is necessary to
establish a process that can produce fine particles of a powdered
active material and form good fluoride-ion paths in the composite
electrode. Hence, in this study, we focused on high-pressure torsion
(HPT) processing, which can effectively refine metal grains and mix
metal grains with other materials through the high shear stress
generated during the processing,>>?' and used this method to
prepare Cu/PbSnF, solid electrolyte/acetylene black (AB) cathode
composites for all-solid-state fluoride batteries. The HPT treatment
is effective to prepare refined Cu and PbSnF, particles and
uniformly mixed Cu/PbSnF4/AB cathode composites, which
exhibit excellent electrochemical propertics. We believe that the
HPT treatment will be an important process technology in the
preparation of composite electrodes with excellent electrochemical
performances for FIBs.

2. Experimental

2.1 Material preparation

A commercial Cu nano powder (99.8 %, US Research Nano-
materials) was used as an active material. A PbSnF, solid electrolyte
was prepared by a conventional solid-state reaction.!” Stoichiometric
amounts of PbF, (99.9 %, Kojundo, Japan) and SnF, (99 %,
Kojundo, Japan) were thoroughly ground using an agate mortar,
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Figure 1. Schematic of the HPT process.

and then transferred to a ZrO, pod in an Ar-filled glove box. The
mixture was milled using planetary ball mills (Fritsch Pulverisette7
premium line, Germany) with a rotation speed of 600 rpm for 12h.
The ball-milled mixture was transferred to the glove box and
sintered at 400 °C for 1h. A cathode composite was prepared by
mixing the Cu nano powder, PbSnF, solid electrolyte, and AB, pre-
dried under vacuum, in a mass ratio of 40 : 55 : 5 by ball milling at
100 rpm for 12h. The as-prepared cathode composite was pressed
into pellets under 180 MPa for 3 min for HPT processing.

2.2 HPT process

The HPT processing illustrated in Fig. 1 could introduce large
shear strains on a disk-shaped sample.”?> A disk sample with a
diameter of 10 mm and thickness of approximately 1 mm was placed
between two anvils. A high pressure, typically 5 GPa, was then
applied. The lower anvil was rotated under the high pressure. The
sample was slightly thicker than the recess on the anvils. A part of
the sample flows out into the space between the anvils, which seals
the sample. Thus, the sample can be deformed under a quasi-
hydrostatic pressure, which minimizes the cracking during straining.
In this study, disk pellets of the cathode composite were prepared by
cold compaction. They were deformed by HPT under an applied
pressure of 5 GPa with an anvil rotation speed of 1 rpm. The number
of anvil rotations (N) was 5, 10, 20, 30, and 50. The cathode
composites subjected to different N of HPT are hereafter referred to
as HPT-0, 5, 10, 20, 30, and 50.

2.3 X-ray diffraction (XRD), scanning electron microscopy
(SEM), and energy-dispersive X-ray (EDX) spectroscopy
mapping

XRD patterns of the cathode composite after HPT with different
rotation numbers were acquired using an XRD instrument (Rigaku

Ultima IV, Japan) with CuK, radiation (1= 1.54056A). The

microstructures of cross sections of the cathode composites after

HPT with different rotation numbers were observed. The cathode

composites were cut into half, mounted in the resin, and

mechanically polished. Their morphological structures were ob-
served using a Zeiss Auriga focused-ion beam (FIB)-SEM instru-
ment with an operation voltage of 15kV in the back-scattered
electron mode. In addition, elemental mapping was performed using

EDX spectroscopy with an EDAX Octane Elite instrument,

equipped on the same FIB-SEM.

2.4 Electrochemical measurement

The ionic conductivities of the cathode composites after HPT
processing with different rotation numbers were measured using an
electron-blocking cell, as shown in Supplementary Fig. S1.23?* The

2

cathode composite was placed into the cell and pressed with a
pressure of 180 MPa for 3 min. The PbSnF, powder was then placed
on the opposite side of the cathode composite pellet and pressed
under a pressure of 180 MPa for 5 min. Electrochemical impedance
spectra were acquired using a ModuLab XM ECS test system
(Solartron Analytical) in the frequency range of 0.1 MHz to 10 mHz.
The obtained data were fitted using the software ZView4 (Scribner
and Associates).

An electrochemical measurement of each cathode composite was
performed using a typical bulk-type cell. The PbSnF, powder was
placed into the cell and pressed with a pressure of 90 MPa for 5 min.
The cathode composite and Pb foil (99.9 %, Nilaco, Japan) were
placed on the opposite side of the PbSnF, pellet and pressed under
a pressure of 360 MPa for 5min. Finally, the cathode composite/
PbSnF,/Pb foil was sandwiched by two pieces of Au foil as current
collectors. A galvanostatic charge/discharge test was performed
using an HJ1010SD8 (Hokuto Denko Corporation) electrochemical
workstation. The cutoff voltage was set to 0.3-1.25V vs. Pb/PbF,,
and a current density of 8mA g~! was employed to evaluate the
cycling stabilities at 140 °C.

3. Results and Discussion

3.1 Morphological changes after HPT processing

The XRD pattern of as-prepared PbSnF,; was shown in
Supplementary Fig. S2a. All the diffraction peaks were indexed to
a B-structure with a space group of P4,/n.!” The ionic conductivity
of as-prepared PbSnF, is about 1072S cm~! at 140 °C, which is also
consistent with previous study (Supplementary Fig. S2b).!” To
investigate the crystal structure of each component in the cathode
composites after the HPT processing, we measured XRD patterns of
the composites with different rotation numbers (N) of HPT
processing (Fig. 2a). All peaks in the XRD pattern of the cathode
composite without HPT processing (HPT-0) were indexed to Cu
(space group: Fm-3m), PbSnF,4 (space group: P4,/n), and Cu,O
impurity (space group: Pn-3m). After HPT processing, the peaks
attributed to Cu were slightly broadened with the increase in N. The
lattice parameters of Cu in the cathode composites were not changed
with the increase in N (Supplementary Fig. S3), which indicates that
the chemical composition of Cu was not changed after the HPT. In
contrast to Cu in the cathode composite, the peaks attributed to
PbSnF, were largely broadened. Particularly, the peaks attributed to
PbSnF, almost disappeared for HPT-50. To evaluate the effects on
the crystalline sizes of Cu and PbSnF, in the cathode composite with
the HPT processing, we estimated each material’s crystalline size by
applying the Scherrer equation to the 220 peak of Cu and 102 peak
of PbSnF, (Fig. 2b). The crystalline size of Cu was decreased from
35 to 15nm from N =0 to N = 20, and then was almost constant
with the increase in N from 20 to 50. In contrast to Cu, the
crystalline size of PbSnF, was largely decreased from 400 to 100 nm
with the increase in N from 0 to 5, and then gradually decreased
from 100 to 50 nm with the increase in N from 5 to 30. Finally, the
crystalline size of PbSnF4 was decreased to 20 nm in HPT-50.

The morphologies of the cathode composites before and after
HPT with different anvil rotation numbers (V) were analyzed by
SEM-EDX measurements. Figure 3 shows the EDX elemental
mapping of the Cu-PbSnF4-AB composite after the HPT treatment.
The elemental maps of Sn and F exhibit similar tendencies to that of
Pb; thus, the Pb-rich area can be regarded as PbSnF, phase. Before
the HPT processing (N = 0), the PbSnF, secondary particles with
sizes of a few micrometers were inhomogeneously distributed in the
Cu matrix. Therefore, the locating Pb in the PbSnF, can be observed
as the black part in the Cu mapping. With the increase in N to 10, the
PbSnF, secondary particles became more fragmented into smaller
particles due to the HPT deformation and finely distributed in the Cu
matrix. In the samples with N = 20 and 30, the PbSnF, secondary
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(a) XRD patterns and (b) crystalline sizes of Cu and PbSnF, in the cathode composites with different HPT rotation numbers. The

crystalline sizes of Cu and PbSnF, were calculated by the PbSnF, [102] and Cu [220] peaks using the Scherrer’s equation.
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Figure 3. EDX mapping of the cathode composites after HPT processing with different anvil rotation numbers N.

particles became finer and more dispersed throughout the Cu active
material. At N =50, although the agglomerated Cu particles
remained, the distribution of PbSnF, was very uniform, resulting
in no black part of PbSnF, observed in Cu mapping. The carbon was
uniformly distributed regardless of the degree of HPT. The SEM-
EDX results indicate that, after the HPT processing, the secondary
particle size of the solid electrolyte was significantly reduced and
that Cu, PbSnF,, and AB were more homogenously distributed in
the cathode composites.

3.2 Changes in the ionic conductivity with the HPT processing

To quantify the effect of the HPT processing on the fluoride-ion
diffusion in the cathode composites, the fluoride-ion conductivity of
the composite was measured using the electron blocking method.
Figure 4a and Supplementary Fig. S4 show Nyquist plots for each
cathode composite in the range of 25 to 125°C. A half semicircle
was observed in each composite’s spectrum. The magnitude of the

semicircle decreased from N =0 to N = 40, whereas it increased
from N =40 to N=50. To quantitatively analyze the impedance
spectra, the spectra were fitted with an equivalent circuit, as shown
in Fig. 4b.% The obtained fitting parameters are shown in
Supplementary Table S1. The semicircle was attributed to the grain
boundary resistance because the obtained capacitance values of the
semicircle in each spectrum were in the range of 107! to 1078 F.2
However, in the composite electrode, since the resistance of the
interphase reaction between Cu and PbSnF, can be include in
the semicircle, here we express the resistance as apparent grain
boundary resistance. Arrhenius plots of the apparent grain boundary
resistance and activation energies calculated by the plots for each
cathode composite are shown in Figs. 4c and 4d.

The ionic conductivity of the apparent grain boundary was
increased, while its activation energy was decreased from N = 0 to
N =30, as the crystalline sizes of Cu and PbSnF, were reduced
(Fig. 2) and Cu, PbSnF,, and AB were more homogenously

3
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Figure 4. (a) Nyquist plots at 25 °C for the cathode composite after the HPT processing with different rotation numbers. (b) Equivalent
circuit used for the electrochemical impedance spectroscopy (EIS) fitting. (c) Arrhenius plots for the ionic conductivity of the apparent grain

Number of HPT

boundary in the cathode composite with the HPT processing: logo vs. 1000 T~ (d) Activation energy calculated by the results in (c).

distributed in the cathode composites with reduced particle sizes of
PbSnF, (Fig. 3). In contrast to the behavior from N =0 to N = 30,
the ionic conductivity of the apparent grain boundary was decreased,
and its activation energy was increased from N = 30 to N = 50. The
ionic conductivity decreases from N = 30 to N = 50 likely owing to
the amorphization of PbSnF, by excessive HPT processing (Fig. 2)
as the ionic conductivity of a solid electrolyte is largely influenced
by its crystallnity.?’

3.3 Electrochemical performance

The electrochemical performances of the cathode composites
after HPT processing with different rotation numbers were analyzed
by the galvanostatic charge/discharge method, as shown in Fig. 5
and Supplementary Fig. S5. For all cathode composites, a single
plateau was observed around 0.8 V during charging and 0.6 V during
discharging. The shapes of the charge/discharge curves were
consistent with those of the previous studies.'>!®!82% These results
indicate that, regardless of the rotation number of the HPT
treatment, the charge/discharge reactions of the cathodes proceed
via the two-phase coexistence reaction of Cu/CuF,."> Although the
HPT process did not change the charge/discharge shapes of the
cathode composites, it largely influenced the polarization and
capacities during the charge/discharge process. As the rotation
number increased from 0 (HPT-0) to 30 (HPT-30), the discharge
capacity increased from 149 to 435mAhg~! with the decrease in
the polarization. However, the further increase in the rotation
number to 50 (HPT-50) led to a decay of the discharge capacity to
322mAhg! accompanied by the increase in the polarization.

The discharge capacity was improved from HPT-0 to HPT-30 as
the diffusion length in Cu was decreased by the reduction in the
crystalline size of Cu'® and the uniform mixing of Cu and PbSnF,
formed a good ionic conduction path to Cu in the cathode
composite.'® On the other hand, the deteriorated discharge capacity
from HPT-30 to HPT-50 may be due to the decrease of the apparent

4
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Figure 5. Discharge capacities of the cathode composites with
different HPT rotation numbers at 0.01 C at 140 °C.

grain boundary ionic conductivity and electronic conductivity in the
cathode composite due to the amorphization of the PbSnF, via
excessive HPT processing. Composite electrodes with excellent
electrochemical performances can be fabricated by an appropriate
HPT treatment. As the HPT process can be applied to other active
materials, this study provides important insights for future research
on high-performance composite electrode design.

4. Conclusion

In this study, we applied HPT processing to prepare Cu/PbSnF,/
AB cathode composites for all-solid-state FIBs, and analyzed their
structures and electrochemical properties. Through the HPT
processing, the Cu and PbSnF, particles were refined and uniformly
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mixed each other in the cathode composites, resulting in a lower
apparent grain boundary resistance than that of the cathode
composite without HPT. However, PbSnF, was amorphized after
the excessive HPT processing, resulting in an increase in the
apparent grain boundary resistance. The cathode composite HPT-30,
which underwent a suitable HPT processing, exhibited a significant
discharge capacity (435mAhg™!), 2.5 times that of the cathode
composite without HPT (149 mA hg~"). These improvements were
achieved as the diffusion length in Cu became small and the uniform
mixing of Cu and PbSnF, formed a good ionic conduction path to
Cu in the cathode composite via HPT processing. We believe that
the HPT deformation, as a proven process for fabrication of
composite electrodes, can have a propulsive role in the construction
of high-energy-density all-solid-state FIBs.
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