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Reaction Pathways of Iron Trifluoride Investigated by Operation at
363 K Using an Ionic Liquid Electrolyte
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FeF; possesses a high theoretical capacity of 712 mAh g~! owing to the three-electron reaction. However, various drawbacks, such

as the large voltage hysteresis of the conversion reaction, prevent its practical use in lithium secondary batteries. In this study, the
charge-discharge behavior of FeF3 in an ionic liquid electrolyte at 363 K was investigated to elucidate the mechanisms and cause of
the reduced overpotentials of the charge-discharge reactions. An evident plateau with an equilibrium potential of 3.42 V vs. Li*/Li
during the initial discharge, indicating the two-phase reaction of FeF3 to form another phase nominally composed of non-trirutile-
type LiFe,Fg, was confirmed. Lithium cation was inserted into LiFe,Fg, resulting in a gradual decrease in the rest potential. The
lithium-inserted phase was finally converted to LiF and FeF; at the end of the one-electron discharge. The conversion of FeF, to LiF
and Fe in the ionic liquid electrolyte at 363 K was completed at >2.0 V and 71.2 mA g~', even though the reaction did not occur
at 298 K unless the electrode was discharged below 2.0 V. This difference in the operating voltage of the conversion reaction was
mainly due to the suppression of the Li* diffusion overpotential at 363 K.
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Lithium secondary batteries have been utilized in electric vehicles,
as well as portable devices, in recent years. Further utilization in the
storage of surplus electricity is expected, and this requires a higher
energy density and lower cost than those of current lithium secondary
batteries.!™ In particular, the capacities of positive electrode materi-
als require further improvement because they are generally insufficient
compared with those of negative electrode materials, such as graphite,
alloy-based materials, and lithium metal.”!! Metal fluorides are attrac-
tive candidates for positive electrode materials because in most cases,
they have higher practical capacity based on both volume and weight,
as well as higher reaction potential, than metal oxides. Particularly,
iron trifluoride theoretically possesses a high capacity of 712 mAh
g~! and reasonably high average potential of 2.7 V vs. Li*/Li for a
three-electron reaction.'>’

The lithiation and delithiation of FeF; during the three-electron
reaction occurs through insertion and conversion reactions. Several
reaction mechanisms have been proposed for the first one-electron
reaction, which depends on the starting material. Lithium insertion
in nanosized FeF; to produce LiFeF; reportedly occurs through the
formation of a solid solution.?> Another study suggested the formation
of LiFe,F¢ based on the trirutile structure as an intermediate phase
and further lithiation via a single-phase reaction.?’ On the other hand,
another X-ray absorption study indicated that the conversion to LiF and
FeF, occurs during the latter half of the one-electron reaction.*? The
following two-electron reaction was confirmed to be the conversion
to LiF and Fe metal.'?

Although untreated FeF; has a limited capacity of 80 mAh g~! be-
cause of its low electronic conductivity,'? a high capacity of 600 mAh
g~! was achieved by ball-milling with conductive carbon materials.'?
However, a solid-solid reaction between LiF and Fe during charging
causes particle aggregation and consequently reduced cycleability.*®
This is exacerbated by the large voltage hysteresis between discharge
and charge of more than 1 V, which leads to a serious loss of energy
efficiency. Promotion of the charge reaction between LiF and Fe and
addition of an anion receptor to the electrolyte solution to enhance
the solubility of LiF improved the cycleability to an extent but did not
suppress, however, the large voltage hysteresis.>

Theoretical, electrochemical, and spectroscopic analyses revealed
that the conceivable causes of the large hysteresis are the different re-
action paths between discharge and charge, overpotential of nucleation
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and growth during the conversion reaction, and diffusion overpoten-
tial of lithium in the solid phase.’> A previous study employed gal-
vanostatic intermittent titration technique (GITT) and potentiostatic
intermittent titration technique (PITT) to separate the nucleation over-
potential of the conversion reaction from the other overpotentials. It
confirmed that the nucleation overpotential during discharge (about
0.2 V) is larger than that during charging and the diffusion coefficient
of Li* in the solid state is very low (~107'8 cm? s7!1).%

In the present study, the charge-discharge behavior of FeF; in
an ionic liquid at 363 K was investigated. lonic liquids are suit-
able for this experimental condition, which requires high thermal
stability of the electrolyte and solid electrolyte interface formed,
owing to their unique properties, such as low volatility and low
flammability. The Li[FSA]-[C,C;im][FSA] (C,Ciim* = 1-ethyl-3-
methylimidazolium, FSA™ = bis(fluorosulfonyl)amide) system was
chosen as the electrolyte owing to its high ionic conductivity and
sufficient electrochemical stability.¥#° The intermediate-temperature
operation of secondary batteries is of practical interest because of its
effective use of waste heat.*! In this instance, this operation was also
expected to accelerate ion diffusion in the electrolyte and electrode and
reduce the overpotential of the conversion reaction. The suppression
of overpotentials enabled the observation of the (pseudo)equilibrium
state, thereby giving insights on the charge-discharge mechanism.
Herein, the reaction mechanism and effect of operation temperature
on the overpotentials during discharge and charge were determined by
X-ray diffraction (XRD) and GITT analyses.

Experimental

General procedures and electrode materials.—Materials were
handled under dry argon atmosphere in a glove box. FeF; (reagent
grade, Sigma-Aldrich) was dry-milled with acetylene black (AB; pu-
rity >99.99%, Wako Pure Chemical Industries) at a weight ratio
of 70:25 using a planetary ball mill (Planetary Micro Mill PUL-
VERISETTE 7 premium line, Fritsch) at 600 rpm for 8 h to form an
FeF;/AB composite. FeF3/AB and polytetrafluoroethylene were well
mixed at a weight ratio of 95:5 using an agate mortar and pestle until
a homogeneous thin sheet was formed. The thin sheet was pressed
onto an Al mesh and used as the FeF5;/AB positive electrode. Electro-
chemical measurements were performed using a two-electrode setup.
The 2032 coin-type cells were assembled in an Ar-filled glove box us-
ing FeF; as the positive electrode, Li metal as the negative electrode,
and a glass fiber filter separator (thickness = 260 wm, grade GF/A,
Whatman). The 1 M LiPF¢/EC:DMC (EC = ethylenecarbonate and
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Figure 1. FE-SEM images of (a, b) pristine FeF3, (c, d) FeF3/AB composite after ball-milling, (e) pristine AB, and (f) AB after ball-milling. The red rectangles

in (a) and (c) indicate the magnified regions shown in (b) and (d), respectively.

DMC = dimethylcarbonate; 1:1, v/v; lithium battery grade, Kishida
Chemical) organic and Li[FSA]-[C,C;im][FSA] (3:7 mol/mol;
Li[FSA], water content <20 ppm, Kishida Chemical and
[C,Cim][FSA], water content <20 ppm, Kanto Chemical) ionic lig-
uid electrolytes were used for the electrochemical measurements.
Charge-discharge tests were conducted using the HJ-SD8 charge-
discharge system (Hokuto Denko). To prepare the samples for XRD
measurements, the coin-type cells were disassembled in the glove box
after the charge-discharge test, and the FeF; electrodes were washed
with tetrahydrofuran (water content <10 ppm, stabilizer free, Wako
Pure Chemical Industries) and vacuum-dried at room temperature. All
XRD samples were sealed in an air-tight cell with beryllium windows
(Rigaku) filled with dry Ar to avoid exposure to air. XRD data were
obtained using the SmartLab X-ray diffractometer (Rigaku) with Cu
Ko radiation operated at 40 kV and 30 mA. The morphologies of
the samples were observed by field-emission scanning electron mi-
croscopy (FE-SEM; SU8020, Hitachi). Overpotentials during charge
and discharge were determined by GITT, which repeats the monitor-
ing of voltage relaxation in the open circuit state immediately after
charging or discharging to a certain state.

Results and Discussion

Morphology of FeF3;/AB composite—Figure 1 shows the FE-
SEM images of pristine FeF; and the FeF;/AB composite obtained

by ball-milling, as well as those of AB for comparison. Pristine FeF;
consists of secondary particles around several tens of micrometer in
diameter formed by the aggregation of primary particles around a
few hundred nanometers in diameter (Figures 1a and 1b). These sec-
ondary particles are collapsed by ball-milling in the FeF3;/AB com-
posite, whereas the size of the primary particles is scarcely changed
(Figures 1c and 1d). In the FeFs;/AB composite (Figure 1d), the small
particle of AB around FeF; (< 100 wm) is uniformly observed, al-
though analysis by energy-dispersive X-ray spectroscopy at this reso-
lution level is not possible at the current stage.

One-electron reaction of FeF3;/AB composite.—Figure 2 shows
the discharge and charge curves of the FeF;/AB electrode in 1 M
LiPF¢/EC:DMC at 298 K and Li[FSA]-[C,C;im][FSA] at 363 K cor-
responding to the one-electron reaction. Although a comparison of
discharge-charge data at 298 K reveals that there is a small polariza-
tion and large capacity in 1 M LiPF¢/EC:DMC (Figure 2a) compared
with the case in Li[FSA]-[C,C,im][FSA] (Figure S1), the use of a
higher operation temperature with the latter significantly improves
the performance, which surpasses that in the organic electrolyte at
298 K. FeF; shows an initial discharge capacity of 201 mAh g~! in
Li[FSA]-[C,C;im][FSA] at 363 K, which is smaller than the theoreti-
cal capacity of 237 mAh g~ for its one-electron reaction. The limited
capacity may be due to its low crystallinity induced by ball-milling.
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Figure 2. Discharge-charge curves of the FeF3/AB electrode in (a) 1 M
LiPF/EC:DMC at 298 K and (b) Li[FSA]-[C>Cim][FSA] at 363 K (current
density: 100 mA g~!, cutoff voltage: 4.5-2.5 V).

The following charge exhibits a capacity of 225 mAh g~! with a grad-
ual voltage increase to 4.5 V. In contrast to case in the organic elec-
trolyte at 298 K, there is an evident plateau at 3.4 V during the initial
discharge in the ionic liquid electrolyte at 363 K owing to enhanced
Li" diffusion and electrode reaction. This indicates a two-phase reac-
tion of FeF; to form another phase. The charge curve does not overlap
with the initial discharge curve upon switching to charge in the middle
of the plateau, indicating an irreversible reaction mechanism (Figure
S2, Supporting Information). On the other hand, the second discharge
shows no plateau even in the ionic liquid at 363 K, suggesting that the
discharge reaction is different from that during the initial discharge.
Figure 3 shows the GITT curves of the FeF;/AB composite in
Li[FSA]-[C,C,im][FSA] at 363 K during the initial two cycles (see
Figure S3, Supporting Information, for the time-voltage relationship).
The curves were obtained under the conditions of charge or discharge
at 50 mA g~! for 0.5 h and subsequent rest for 2.5 h. The potential
reaches a constant value of 3.42 V vs. Li*/Li in the initial plateau
region in Figure 3b. Regarding this plateau as a two-phase equilibrium
between FeF; and LiFe,Fg (II) that does not have the trirutile structure
(see the discussion of XRD results below), the standard Gibbs free
energy of formation of LiFe,Fqs (II), A;G°(LiFe,F¢ (1)), at 363 K
calculated from the equilibrium potential is —2.23 x 10* kJ mol~! (see
Supporting Information for details on the thermodynamic calculation).
On the other hand, the A¢G° values of LiF, FeF,, and FeF; are —5.80 x
102, —6.50 x 10%,and —9.53 x 10 kJ mol_l,respectively, at363 K, *
which sums to —2.18 x 10% kJ mol~!. A;G°(LiFe,Fg (II)) is slightly
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Figure 3. GITT curves during the (a) initial discharge-charge cycle and
(b) initial and second discharge of the FeF3/AB electrode in Li[FSA]-
[C2Cim][FSA] at 363 K (polarization: 50 mA g*1 for 0.5 h, rest: 2.5 h, cutoff
voltage: 4.5-2.5 V).

smaller (i.e., more negative) than this value, indicating that LiFe,Fg
(II) is more stable than the phase-separated state at 363 K.

The potential after relaxation gradually decreases to 2.95 V vs.
Li*/Li at the end of the plateau (Ist discharge curve in Figure 3a),
suggesting a single-phase reaction within this range. However, the
overpotential increases and the relaxed potential decreases after the
discharge capacity reaches around 200 mAh g~!, suggesting that an-
other reaction occurs at the end of the one-electron reaction.

In the subsequent first charge curve (1st charge curve in Figure 3a),
the potential after relaxation monotonously increases with larger over-
potentials than those during the first discharge. Moreover, the potential
does not relax to the corresponding value during the first discharge.
Although this may result from the slow relaxation after charging, the
change in equilibrium potential is considered the main reason because
complete amorphization is observed in the XRD pattern shown below.
Although the potential after relaxation during the second discharge
does not overlap with that during the first discharge and show a po-
tential plateau in the initial stage, it gradually approaches that of the
first discharge in the late stage (Figure 3b).

Figure 4 shows the ex situ XRD patterns of the FeF;/AB electrode
during the initial discharge and charge at 100 mA g~'. The electrode
at the plateau around 3.4 V during the initial discharge shows not the
FeF; peaks, but two new peaks (marked with arrows in (B) in Figure 4)
that were also observed in previous studies.'>?* Although these two
peaks were previously interpreted to be related to the 113 and 116
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Figure 4. Ex situ XRD patterns of the FeF3/AB electrode during the one-
electron discharge-charge cycle at 363 K. The samples for ex-situ XRD were
individually discharged (or charged) to the capacity corresponding to (A) to (E)
in the discharge-charge curve on the left side. The peaks marked with arrows
in pattern B are unknown.

diffraction lines of FeF; and a similar structural motif is locally pre-
served, the FeF; (R-3c¢) phase itself certainly disappears as all other
diffraction peaks are absent. Further, these peaks do not agree with
those of any of the previously proposed structures in the Li-Fe-F
system, including trirutile-type LiFe,F¢ (P4,/mnm), rutile-type FeF,
(P4,/mnm) [or its derivatives, LiFesF, (P4,/mnm), LiFeF, (P2,/c),
and Li, FeF (P4,/mnm)], ilmenite-type LizFeF, or inverse spinel-type
Li;sFesFay (P4532)."° Nevertheless, the composition of this phase can
be considered close to LiFe,Fg on the basis of the discharge capac-
ity obtained in the present study. This interpretation agrees with the
previously proposed one based on NMR data.?® This phase is called
LiFe,F¢ (II) in this study, as already noted above, to distinguish it from
trirutile-type LiFe,Fg. The electrode discharged to 2.5 V shows weak
peaks of FeF, (C). These XRD results support the discharge mecha-
nism proposed by the GITT test involving lithium insertion into the
new phase generated by the two-phase reaction and change in the crys-
tal structure at the end of the one-electron discharge. Direct conversion
from the LiFe, F¢ (II) phase to LiF and FeF, was believed to occur in an
organic electrolyte at room temperature.’? In this study, which used an
ionic liquid at 363 K, the combined results of GITT and XRD suggest
the formation of a Li-rich, single-phase LiFe,F¢ (II) via solid solution
formation until the beginning of the conversion to LiF and FeF, at the
end of the one-electron reaction (Figure 3b). Overall, the following
three reactions occur stepwise during the initial discharge:

Lit + 2FeF; + e~ — LiFe,Fs (I) (two-phase reaction), [1]

xLi" + LiFe,Fs (I1) 4+ e~ — Li,,Fe,Fg(single-phase reaction),
[2]

(1 —x)Lit 4+ Li,,Fe;Fs + e~ — LiF + FeF,(conversion reaction).

(3]
The difference in mechanism from the previously proposed ones'>20:43
is considered to arise from the different temperature, rate, and starting
materials. During the following charge, the electrode charged to 4.0 V
shows no peak (D), while the fully charged electrode shows weak peaks
of FeF; (R-3¢) (E). The crystallinity of the charged states decreases
and is accompanied by structural change during the initial discharge.

Three-electron reaction of FeF;/AB composite.—Figure 5 shows
the initial discharge-charge and second discharge curves of the
FeF;/AB composite in 1 M LiPF¢/EC:DMC at 298 K and Li[FSA]-
[C,Cim][FSA] at 363 K corresponding to the three-electron reaction.
In the organic electrolyte at 298 K, the voltage suddenly drops after the
one-electron reaction at ~3 V and ~150 mAh g~!, and a long plateau
is observed below 1.5 V, which is generally attributed to the conver-

Journal of The Electrochemical Society, 166 (10) A2105-A2110 (2019)

@) 5.0 . ; . .

40

o
o
L]

Voltage / V
N
o

0 200 400 600 800
Capacity / mAh g~'

(b) 50 — - : :

o
o
L]

Voltage / V
N
o

-
o
L]

1

st —
2nd ----

0 1 1 1 1
0 200 400 600 800

Capacity / mAh g~*

Figure 5. Discharge-charge curves of the FeF3/AB electrode in (a) 1 M
LiPF¢/EC:DMC at 298 K and (b) Li[FSA]-[C,C;im][FSA] at 363 K (current
density: 71.2 mA g~!, cutoff voltages: (a) 4.5-1.0 V and (b) 4.5-2.0 V).

sion from FeF, or LiFeF; to LiF and Fe. Because this reaction requires
a large overpotential at room temperature, it is not completed unless
FeF; is discharged to about 1 V, resulting in a large voltage hysteresis
between the discharge and charge curves. Although the overpotential
in the second discharge is smaller than that in the initial discharge, the
plateau potential is still lower than 2 V at 298 K. On the other hand, the
initial discharge in the ionic liquid at 363 K shows a plateau at 3.4 V,
followed by a gradual voltage decrease to 3 V, as observed in the one-
electron reaction (Figure 2). The subsequent discharge exhibits a long
plateau at around 2.2 V assignable to the conversion reaction, giving
a discharge capacity of 711 mAh g~!, which is close to the theoretical
capacity for the three-electron reaction (712 mAh g~!). Polarization
in the region of the conversion reaction in the ionic liquid at 363 K is
significantly suppressed compared with that in the organic electrolyte
at 298 K. The plateau for this reaction is also observed at the same
voltage during second discharge.

Figure 6 shows the discharge-charge curves of FeF; in Li[FSA]-
[C,Cim][FSA] at 363 K during the initial 10 cycles. With each cy-
cle, the discharge capacity gradually decreases with a coulombic effi-
ciency above 97% and the voltage change becomes moderate through-
out the capacity range. A previous theoretical study revealed that the
reversibility of the reaction path is significantly influenced by the par-
ticle size of the original FeF; and current density. Moreover, it sug-
gested the possibility of a complicated reaction path involving a series
of Li—Fe-F ternary compounds.'® Particle aggregation also reportedly
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Figure 6. Discharge-charge curves of the FeF3/AB electrode in Li[FSA]-
[CoCrim][FSA] at 363 K during the initial 10 cycles (current density: 71.2 mA
g~ !, cutoff voltage: 4.5-2.0 V).

occurs during the conversion reaction.® This, as well as the change in
the reaction path during cycling, is likely promoted by the operation
at 363 K.

The ex situ XRD patterns of the FeF3/AB electrode during dis-
charge and charge at 71.2 mA g~! were measured to confirm that
the conversion reaction proceeds during cycling, and the results are
shown in Figure 7. The XRD pattern of the electrode at the plateau at
2.2 V (discharged for 5 h), which is ascribed to the conversion reac-
tion, shows not the FeF; peaks, but the weak peaks assigned to FeF,
and Fe (B). On the other hand, the electrode discharged to 2.0 V ex-
hibits distinct Fe peaks (C). These results indicate that the conversion
to LiF and Fe in the ionic liquid at 363 K is completed by discharging
to 2.0 V, which suggests that the overpotential is reduced by ~1 V
compared with that at 298 K. For the electrode sampled during the
subsequent charge (charged for 5 h from 2.0 V), the diffraction peaks
of Fe weaken and the FeF, peaks appear (D), which suggests that the
reverse reaction from Fe and LiF to FeF, and Li™ occurs. Overall, the
plateau reaction at 2.2 V is the following conversion reaction:

2Li" + FeF, 4+ 2e~ — 2LiF + Fe(conversion reaction).  [4]

The electrode completely charged to 4.5 V shows no peaks (E),
suggesting that it becomes amorphous owing to the poor growth of
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Figure 7. Ex situ XRD patterns of the FeF3/AB composite electrode during
the three-electron discharge-charge cycles at 363 K. The electrode states from
(A) to (F) correspond to those in the discharge-charge curve on the left side.
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Figure 8. GITT curves during the initial discharge and charge of the FeF3/AB
electrode in Li[FSA]-[C2Cim][FSA] at 363 K (polarization: 71.2 mA g_1 for
1 h, rest: 5 h, cutoff voltage: 4.5-2.0 V).

the FeF; crystallites formed by the reverse conversion reaction of
FeF, with residual LiF. The electrode re-discharged to 2.0 V shows the
Fe peaks (F), suggesting that the conversion to LiF and Fe proceeds
at the plateau around 2.2 V during the second discharge.

Figure 8 shows the GITT curve for the initial discharge-charge cy-
cle in the ionic liquid at 363 K. Discharge at 71.2 mA g~! for 1 h and
open-circuit relaxation for 5 h were alternately repeated. The open-
circuit potential at the plateau corresponding to the conversion reac-
tion is approximately 2.55 V vs. Li*/Li. The theoretical potential of
the conversion to LiF and Fe (Eq. 4) at 363 K is 2.64 V vs. Li*/Li
(see Supporting Information for details on the thermodynamic calcu-
lation). The voltage is considered to relax almost completely at each
open-circuit process by about 0.4-0.5 V, although the increment is
0.3 V or more at each initial short period (~1 h) (see Figure S4, Sup-
porting Information, for the time-voltage relationship). In addition to
the diffusion overpotentials, a short relaxation time for the nucleation
and growth of Fe and LiF relative to that for diffusion is necessary dur-
ing the conversion reaction. The present study suggests that nucleation
and growth intrinsically require an overpotential of around 0.2-0.3 V
even at 363 K. This value is similar to the nucleation overpotential
(0.18 V) in ethyl methyl sulfone at 373 K observed in a previous study
employing PITT.*® In general, GITT tests indicate that FeF-based ma-
terials in an organic electrolyte at room temperature show a very slow
and large voltage relaxation leading to a large voltage hysteresis over
1V for the conversion reaction.?® Because the reduction of nucleation
and growth of particles is limited as shown above, the main difference
in overpotential between 298 and 363 K is considered to result from
the suppression of the diffusion overpotential. At the initial stage of
the following charge, the potential relaxes to a value relatively close
to that during discharge, suggesting the reversibility of the conversion
reaction based on Eq. 4. However, the difference between the relax-
ation potentials gradually increases at higher states of charge, which
indicates that the reaction heterogeneously proceeds from the surface
to the core of the active material. In contrast to the case during dis-
charge, the separated phases must be reversibly converted to a single
phase through limited reaction paths. Such a heterogeneous reaction
was indicated by a theoretical study, which proposed that the reac-
tion paths of discharge and charge are different if the particle size of
FeF; is above 10 nm because of slow Li* diffusion.'” In the region
above 3.0 V vs. Li*/Li, the relaxation potential is similar to that for
the one-electron reaction (Figure 3), suggesting that the same reaction
occurs.

Reaction pathway of FeF; at 363 K.—Figure 9 summarizes the
reaction pathway of the FeF3/AB electrode during discharge at 363 K,

Downloaded on 2019-12-17 to IP 130.54.110.31 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

A2110
5.0 T T T T
Two-phase reaction:
a0k FeF; + Li* + e — LiFe,Fg(ll) 1
’ ,_l_\ Single-phase reaction:
LiFe,Fg(ll) + xLi* + xe~ — Liy,Fe,Fg
> N o reaction:
Z30F Conversion reaction: -
o \X Ly, Fe,Fg + (1-X)Li* + (1-x)e”
% — 2LiF + 2FeF,
920¢ ; 1 .
Conversion reaction:
10} FeF, + 2Li* + 2e~ — 2LiF + Fe 4
0 1 M 1 M 1 M 1 M
0 200 400 600 800

Capacity / mAh g

Figure 9. Summary of the reaction pathway of FeF; in Li[FSA]-
[C2Cyim][FSA] at 363 K during the initial discharge.

as clarified in this study. The one-electron reaction is exhibited as a
distinct plateau at 3.4 V, which was not observed at 298 K and pro-
ceeded at a lower rate at 343 K.'3 Although this reaction is irreversible,
it corresponds to the two-phase reaction of FeF; to form another phase
nominally composed of LiFe,Fg that does not have the trirutile struc-
ture [LiFe,F¢ (ID] (Eq. 1). Further discharge leads to the formation of
the Li;Fe,Fg solid solution phase (Eq. 2) and finally to the conver-
sion to LiF and FeF, (Eq. 3) even during the one-electron reaction.
For the three-electron reaction, a significant reduction in overpoten-
tial (~1 V) is especially observed for the conversion to LiF and Fe
(Eq. 4) owing to enhanced kinetics caused by temperature elevation.
The reverse conversion from LiF and Fe occurs in the same path at
the beginning of the charging step and proceeds slowly, reaching the
formation of FeF, by two-electron oxidation. The last one-electron
reaction during charging appears to be similar to the case without
the conversion reaction (Eq. 4) and reaches the amorphous product
at the end. This is in contrast to the formation of crystalline FeF;
(R-3¢) when the electrode is immediately oxidized after one-electron
reduction.

Conclusions

This study investigated the charge-discharge behavior of FeF; in
the Li[FSA]-[C,C,im][FSA] ionic liquid at 363 K by galvanostatic
charge-discharge, XRD, and GITT measurements. Elevation of the
operation temperature clearly showed the differences in the charge-
discharge behavior and reduction of overpotentials especially for the
conversion reaction. The formation of a phase nominally composed
of LiFe,Fg without the trirutile structure during discharge via the
two-phase reaction of FeF; was certainly confirmed. The conversion
to FeF, during one-electron reduction, which was controversial in
previous works, was confirmed to occur at the end of the process.
The discharge voltage exceeding 2 V for the three-electron reaction
also implies the possible operation of the FeF; positive electrode at
363 K. Although the cycling properties require further improvement
even at 363 K, the present study showed that elevation of the oper-
ation temperature is an effective way of overcoming the large over-
potentials and slow reaction kinetics of metal fluorides in practical
applications.
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