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waraa 

aGraduate School of Energy Science, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606-8501, Japan 
bDepartment of Applied Chemistry, College of Life Sciences, Ritsumeikan University, 1-1-1 Noji-higashi, Kusatsu, Shiga 
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ABSTRACT: Extensive studies on the trirutile Li0.5FeF3 phase have been commissioned in the context of Li-Fe-F system for Li-ion 

batteries. However, progress in electrochemical and structural studies have been greatly encumbered by the low electrochemical 

reactivity of this material. In order to advance this class of materials, a comprehensive study into the mechanisms of this phase is 

necessary. Therefore, herein, we report for the first-time overall reaction mechanisms of the ordered trirutile Li0.5FeF3 at elevated 

temperatures of 90 °C with the aid of a thermally stable ionic liquid electrolyte. The ordered trirutile Li0.5FeF3 is prepared by high-

energy ball milling combined with heat treatment followed by electrochemical tests, X-ray diffraction, and X-ray absorption spectro-

scopic analyses. Our results reveal that a reversible topotactic Li+ extraction/insertion from/into the trirutile structure occurs in a two-

phase reaction with a minor volume change (1.09 % between Li0.5FeF3 and Li0.11FeF3) in the voltage range of 3.2−4.3 V. Extension 

of the lower cut-off voltage to 2.5 V results in a conversion reaction to LiF and rutile FeF2 during discharging. The subsequent charge 

triggers the formation of the Li/Fe disordered trirutile structure at 4.3 V without showing the reconversion from LiF and rutile FeF2 

to the ordered trirutile Li0.5FeF3 or FeF3. 

1. INTRODUCTION 

The recent proliferation of portable electronics and hybrid 

electric vehicles have highlighted the compelling need for high 

energy density and long cycle life among rechargeable battery 

systems. To sustain the fast-growing energy demand, deploy-

ment of lithium-ion batteries (LIBs) has reached unprecedented 

heights, transcending their conventional counterparts such as 

nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH), and 

lead-acid batteries.1-6 Even so, the current energy density 

(500−700 Wh kg-active material–1) achieved by Li based inter-

calation compounds such as LiCoO2, LiFePO4, and 

LiNixCoyMnzO2 is still inadequate, as they inherently have a 

limited number of available sites in their host lattices.7-9 As such, 

to actualize next-generation LIBs, the pursuit of positive elec-

trode alternatives with higher energy densities is of paramount 

importance. 

In this context, conversion materials that have been found to 

achieve high reversible capacities through multivalent redox re-

actions, have gained massive traction as possible positive elec-

trode replacements.10, 11 Most conversion materials are based on 

metal fluorides such as FeF3, NiF3, CoF3, MnF3, and TiF3 with 

particular focus on iron fluorides due to the low cost of iron 

sources.12-17 Extensive studies on FeF3 have reported a high the-

oretical capacity of 712 mAh g−1 attained from three-electron 

insertion/extraction and conversion reactions, with several 

paths for tracking the structural and chemical evolution of FeF3 

alongside Li+ being explored.10, 18-22 Early studies on FeF3 pro-

posed a two-step process for the reaction between Li+ and FeF3 

explicated by the following equations;23, 24 

 

Fe(III)F3 + Li+ + e– → LiFe(II)F3 (4.5−2.5 V) (1) 

LiFe(II)F3 + 2Li+ + 2e– → Fe(0) + 3LiF (2.5−1.5 V) (2) 

 

During the first stage (Eq. (1)), the insertion of 0.5 mol of Li+ 

results in a two-phase reaction that starts with the formation of 

an intermediate phase compound, Li0.5FeF3, followed by a sin-

gle-phase reaction that forms LiFeF3. The second stage (Eq. (2)) 

causes a conversion reaction that involves the reduction of 

Fe(II) to Fe(0). As this was the first time that Li0.5FeF3 was dis-

cerned as an intermediate product in the reduction of FeF3 in 

LIBs, the structures of the two intermediate phases Li0.5FeF3 

and LiFeF3 were not clearly identified. Subsequent first-princi-

ple calculations of the Li-Fe-F phase diagram suggested that 

upon initial insertion into the FeF3, which can be classified as a 

perovskite structure, Li+ occupies the A site, leading to the for-

mation of Li0.25FeF3. Additional Li+ insertion reactions induce a 

structural transformation of the perovskite structure to obtain a 

lithiated trirutile Li0.5FeF3. However, it was noted that subse-

quent reactions between Li+ and the trirutile Li0.5FeF3, engen-

dered a conversion reaction that resulted in the formation of LiF 

and Fe instead of the aforementioned experimental path that 

would entail further insertion of Li+ into the trirutile structure to 

form LixFeF3 (0.5 < x < 1) through a single-phase reaction.25 To 

expound on this, Yamakawa et al. identified that the intermedi-

ate phase Li0.5FeF3 was first formed heterogeneously via an in-

sertion reaction, followed by a single-phase intercalation reac-

tion in the range of 0.5 < x < 1 in LixFeF3.
26 Moreover, through 

pair distribution function (PDF) analysis, they demonstrated the 

resemblance between the intermediate product Li0.5FeF3 and the 

trirutile structure. More recently, Li and co-workers combined 

the results of in-situ synchrotron X-ray absorption spectroscopy 

(XAS), transmission electron microscopy (TEM), and PDF 

analysis to indicate the asymmetric reaction pathway of FeF3 

with Li+ as illustrated by Scheme 1.27 

Despite the different interpretations derived from the pro-

posed reaction pathways involving FeF3 and Li+, all works  

Scheme 1. The discharge and charge reaction pathway of 

FeF3 with Li.27 
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suggest the existence of an intermediate phase Lix[FeII
1–

xFeIII
x]F3before the full reduction of FeF3 to LiF and Fe. Further-

more, the trirutile Li0.5FeF3 was calculated to possess a stable 

crystal structure in the space group of P42/mnm or P42nm28, 29 

attaining theoretical capacities of 115 and 230 mAh (g-

Li0.5FeF3)
−1 based on 0.5-electron and one-electron reactions. 

As such, understanding the electrochemical behavior of 

Li0.5FeF3 as a positive electrode material of LIBs would signifi-

cantly aid the verification of its reaction pathway in the Li-Fe-

F system.21, 27, 30  

Table 1 lists selected reports on the trirutile Li0.5FeF3 in pre-

vious studies. The trirutile structure embodied by 

Li0.5[A
II

0.5B
III

0.5]F3 (A, B = transition metals) was first envisaged 

by Viebahn et al,31, 32 whose work was ensued by direct synthe-

sis of trirutile Li0.5FeF3 and related X-ray and magnetic struc-

tural studies.28, 33-35 The trirutile structure, also regarded as triple 

rutile-type structure, has been found to bear structural sem-

blance with related rutile structures especially along the crystal-

lographic c-axis on X-ray diffraction (XRD) patterns.29 Some 

reports regarded the trirutile Li0.5FeF3 as an intermediate phase 

as described above, 25-27 however, none of them directly clari-

fied the electrochemical behavior of this phase. In fact, due to 

the restrictive synthesis conditions of the trirutile Li0.5FeF3, lit-

erature on its electrochemical mechanisms as the positive elec-

trode materials for LIBs remain scarce. Attempts to analyze the 

electrochemical behavior of Li0.5FeF3 have been made by Liao 

et al. via reporting the synthesis of Li0.5FeF3 with a disordered 

rutile structure, where the superlattice peak along the c-axis dis-

appeared, exposing the formation of a Li/Fe-disordered rutile 

structure. Electrochemical tests performed on this disordered 

Li0.5FeF3 in LIBs showed a limited capacity in the 

LiPF6/EC:DEC (1:2 in volume, EC: ethylene carbonate, DEC: 

diethyl carbonate) organic electrolyte.36, 37 During the initial dis-

charge and the subsequent initial charge, expansion and con-

traction of the a-axis and the c-axis respectively were observed, 

suggesting the reversible intercalation of Li+ within the tunnels 

of rutile Li0.5+xFeF3 (0 < x < 0.3) in a single-phase region, which 

is contrary to the reaction pathway of FeF3 alongside Li.25, 27 A 

later theoretical study on the phase transition of trirutile 

Li0.5FeF3 as well as Li+ insertion/extraction in trirutile LixFeF3 

suggested that the trirutile phase exists in the single phase as a 

stable structure in the space group of P42/mnm as 0.25 Li+ in-

sertion/extraction into/from the trirutile Li0.5FeF3.
38 However, it 

is worth mentioning that density functional theory (DFT) calcu-

lations of the atomic structure and electronic states of LixFeF3 

revealed that the trirutile Li0.5FeF3 has the most stable structure 

in the space group of P42nm. As x > 0.5, LixFeF3 is energetically 

unstable, a conversion reaction occurs in this region.39, 40 It is 

noteworthy that, in a technical sense, no experimental report has 

been presented to illuminate the phase evolution of the ordered 

trirutile Li0.5FeF3 as the positive electrode for Li-ion batteries. 

In this vein, such an attempt would not only mark a great leap 

towards understanding the electrochemical behavior of 

Li0.5FeF3 but also bear great academic significance in the aug-

mentation of this class of materials. 

With regards to battery performance, operation at elevated 

temperatures has been adopted not only as a means to examine 

the performance of certain electrode materials, but also as a 

strategy to take advantage of waste heat in large scale applica-

tions.41-45 However, due to the flammability and volatility of or-

ganic electrolytes as well as the instability of solid-electrolyte 

interphase (SEI) layers, current LIBs are operable in a limited 

temperature range (< 60 °C). On the other hand, ionic liquid 

(IL) electrolytes have been found to facilitate good battery per-

formance at elevated temperatures, as they are characterized by 

low volatility, low flammability, wide electrochemical win-

dows, wide liquid temperature ranges, and high thermal, chem-

ical and electrochemical stability.46-53 Among them, 

bis(fluorosulfonyl)amide anion (FSA–)-based ILs have been 

widely adopted in rechargeable battery systems owing to their 

innate high ionic conductivity and ability to form stable solid 

electrolyte interphases.54-57 In particular, [C2C1im][FSA] 

(C2C1im
+: 1-ethyl-3-methylimidazolium) IL exhibits a high 

ionic conductivity in both ambient and elevated temperatures 

and is compatible with a wide range of electrode materials.54, 55, 

58-61 

Herein, for the first time, we assess the electrochemical per-

formance of the ordered trirutile Li0.5FeF3 at elevated tempera-

tures of 90 °C with the aid of the thermally stable Li[FSA]-

[C2C1im][FSA] IL electrolyte. The ordered trirutile Li0.5FeF3 is 

prepared through high-energy ball milling followed by heat 

treatment at 400 °C. Further, a series of charge-discharge tests 

and galvanostatic intermittent titration technique (GITT) are 

performed on the prepared electrode alongside Li[FSA]-

[C2C1im][FSA] IL. The particle size, morphology of the pre-

pared powder sample, phase evolution, and Fe oxidation states 

of the resulting electrode samples are rationalized using the re-

sults of scanning electron microscopy (SEM), nitrogen adsorp-

tion, (synchrotron) XRD and X-ray absorption fine structure 

(XAFS) measurements. The inherent performance of Li0.5FeF3 

is discussed in detail in the context of the data obtained.  

2. EXPERIMENTAL 

All nonvolatile materials were handled under an argon atmos-

phere in a glove box or under a dry air atmosphere in a dry 

chamber. The starting precursor fluorides, LiF (Sigma Aldrich, 

Purity > 99.99 %), FeF2 (Sigma Aldrich, Purity > 98 %), and 

FeF3 (Sigma Aldrich, Purity > 97 %) were dried under vacuum 

at 120 °C. Tetrahydrofuran (THF dehydrated, Wako Pure 

Chemical Industries, water content < 10 ppm, stabilizer-free) 

and Li metal (Sigma-Aldrich, 99.95 %) were used as purchased. 

Acetylene black (AB, Wako Pure Chemical Industries, purity > 

99.99 %) and poly(tetrafluoroethylene) (PTFE, Sigma Aldrich, 

Inc., particle size: ca. 200 μm) were dried under vacuum at 

120 °C and stored in the glove box. Li[FSA] (Kishida Chemical, 

water content < 20 ppm) and [C2C1im][FSA] (Kanto Chemical, 

water content < 20 ppm) were dried under vacuum at 80 °C. 

Battery-grade 1 M LiPF6/EC:DMC (1:1 in volume, Kishida 

Chemical Co. Ltd, EC: ethylene carbonate, DMC: dimethyl car-

bonate, water content < 30 ppm) organic electrolyte was used 

as purchased. 

In a typical preparation of Li0.5FeF3, 0.467 g of LiF (0.01800 

mol), 1.689 g of FeF2 (0.01800 mol), and 2.029 g of FeF3 

(0.01798 mol) were weighed and loaded in an air-tight bowl 

with zirconia inner wall under a dry argon atmosphere. The 

mixture was then ball-milled in a planetary ball mill (Planetary  

 

 

Rhombohedral FeF3 Trirutile Li0.25FeF3 Trirutile Li0.5FeF3

+ 0.25 Li + 0.25 Li

+ 0.5 Li
Rutile FeF2 + LiF Fe + 3LiF

− 0.5 Li

+ 2 Li

− 2 Li

− 0.25 Li
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Table 1. Summary of major milestones in trirutile Li0.5FeF3 studies. 

Year Existent form Preparation method Analysis Crystallographic and electro-

chemical properties 

196731 Trirutile Li0.5[AII
0.5BIII

0.5]F3 

(A, B = transition metals)  

(S. G. P42/mnm) 

Solid-state reaction XRD Li0.5Co0.5Fe0.5F3:  

a = 4.670 Å, c = 9.180 Å 

Li0.5Ni0.5Fe0.5F3: 

a = 4.630 Å, c = 9.150 Å 

196833 Trirutile Li0.5FeF3   

(S. G. P42/mnm) 

Solid-state reaction XRD a = 4.673 Å, c = 9.290 Å 

196932 Trirutile Li0.5[AII
0.5BIII

0.5]F3 

(A, B = transition metals)  

(S. G. P42/mnm) 

Solid-state reaction  XRD Li0.5Co0.5Fe0.5F3: 

a = 4.665 Å, c = 9.159 Å 

Li0.5Ni0.5Fe0.5F3: 

a = 4.648 Å, c = 9.128 Å 

Li0.5Zn0.5Fe0.5F3: 

a = 4.671 Å, c = 9.154 Å 

197134 Trirutile Li0.5FeF3 Solid-state reaction Mössbauer spectros-

copy 

None 

197228 Trirutile Li0.5FeF3 

(S. G. P42/mnm) 

Solid-state reaction Neutron diffraction, 

Magnetic structure 

a = 4.673 Å, c = 9.290 Å 

197235 Trirutile Li0.5FeF3 

(S. G. P42/mnm) 

Solid-state reaction Neutron diffraction, 

Magnetic structure 
a = 4.673 Å, c = 9.290 Å 

198829 Trirutile Li0.5FeF3 

(S. G. P42nm) 

Hydrothermal synthesis Single-crystal XRD a = 4.679 Å, c = 9.324 Å 

200825 Trirutile Li0.5FeF3 

(S. G. P42/mnm) 

Calculated intermediate 

phase upon Li+ insertion 

into FeF3 

DFT calculation for the 

Li-Fe-F system 
a = 4.756 Å, c = 9.339 Å 

200926 Trirutile Li0.5FeF3 

(S. G. P42/mnm) 

Intermediate phase upon 

Li+ insert into FeF3 

XRD, PDF analysis and 

solid-state NMR 

The intermediate phase appears 

during discharge of a FeF3 elec-

trode at 127 mAh g−1 

201036 Disordered rutile Li0.5FeF3 

and Li0.6FeF3.1 

(S. G. P42/mnm) 

Solid-state reaction XRD, In-situ XRD Initial discharge capacity of 102 

mAh g−1 at 2.5 V and 126 mAh 

g−1 at 2.0 V, 81 % capacity re-

tention after 17 cycles between 

2.5−4.0 V and 62 % capacity 

retention after 14 cycles be-

tween 2.0−4.5 V 

201037 Disordered rutile Li0.6FeF3.1 

(S. G. P42/mnm) 

Solid-state reaction XRD, Mössbauer spec-

tra 
a = 4.717 Å, c = 3.127 Å 

201338 Trirutile Li0.5FeF3 

(S. G. P42/mnm) 

Calculation DFT calculation a = 4.726 Å, c = 9.222 Å 

201627 Trirutile Li0.5FeF3 Intermediate phase upon 

Li+ insert into FeF3 

In-situ XAS, DFT cal-

culation 

The intermediate phases appear 

during discharge and charge of 

a FeF3 electrode at 1/6 C 

201739 Trirutile Li0.5FeF3 

(S. G. P42nm) 

Calculation DFT calculation a = 4.666 Å, c = 9.253 Å 

201940 Trirutile Li0.5FeF3 

(S. G. P42nm) 

Calculated intermediate 

phase upon Li+ insert into 

FeF3 

DFT calculation, Den-

sity of states (DOS) 

analysis, X-ray absorp-

tion near edge structure 

(XANES) analysis 

a = 4.725 Å, c = 9.383 Å 
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Micro Mill PULVERISETTE 7 premium line, Fritsch) at 600 

rpm for 6 h with zirconia balls (3 mm in diameter). After the 

ball milling process, the bowl was opened in the glove box, and 

the sample was transferred into a nickel boat. The nickel boat 

was thereafter sealed in a stainless steel pipe with a valve in the 

glove box and the entire pipe was transferred to the vacuum line. 

Heat treatment was then performed on the sample at 400 °C for 

17 h under vacuum. A target sample of Li0.5FeF3 (approximately 

3.7 g) was recovered from the nickel boat in the glove box. 

The XRD patterns of Li0.5FeF3 at different synthetic stages 

were recorded in the Bragg-Brentano geometry using a Rigaku 

MiniFlex diffractometer with Ni-filtered Cu-Kα radiation (30 

kV and 10 mA) and D/tex Ultra250 Si-strip high-speed detector. 

Structural parameters were refined with the Rietveld refinement 

by curve-fitting using the GSAS and FullProf data analysis soft-

ware.62, 63 The crystal structure was visualized by the VESTA 

program.64 The morphology of the prepared Li0.5FeF3 powder 

was identified via field-emission SEM (Hitachi SU-8020). Ele-

mental distribution over the Li0.5FeF3 electrode was obtained by 

energy dispersion X-ray spectroscopic (EDX) mapping (Horiba 

EMAXEvolution). Nitrogen adsorption analysis was performed 

using a Tristar II 3020 equipment (Shimadzu Corp.) to evaluate 

the Brunauer-Emmett-Teller (BET) surface area of the Li0.5FeF3 

sample. The Li and Fe contents in Li0.5FeF3 were determined 

after dissolution with sulfuric, nitric and perchloric acids by 

atomic absorption spectrometry (AAS, Hitachi Z-2300) and in-

ductively coupled plasma – atomic emission spectrometry 

(ICP-AES, Hitachi PS3520VDD II), respectively. Synchrotron 

XRD patterns of Li0.5FeF3 at different charge-discharge stages 

were recorded in the BL5S2 of Aichi Synchrotron Radiation 

Center equipped with a PILATUS 100K two-dimensional de-

tector with a wavelength of 0.9997 Å. The electrode powders 

washed with THF and vacuum-dried at room temperature were 

sealed in Lindeman glass capillaries. For XAFS measurements, 

the electrode powders after charging and discharging (~ 6.7 mg) 

were thoroughly mixed with boron nitride (250 mg) and then 

molded into pellets. All the XAFS data were measured using 

the BL-3 at Synchrotron Radiation Center, Ritsumeikan Uni-

versity, at room temperature. The Fe K-edge spectra were ob-

tained in a transmission mode.  

The Li0.5FeF3/AB composite (75:25 in weight) was prepared 

by dry ball milling at 600 rpm for one hour in the same synthesis 

process as the Li0.5FeF3. The powdered Li0.5FeF3/AB composite 

was recovered in the glove box and heated at 300 °C for 6 h 

under vacuum. The PTFE binder was thoroughly mixed with 

the Li0.5FeF3/AB composite (Li0.5FeF3/AB:PTFE = 95:5 in 

weight) using an agate mortar and a pestle to form a homoge-

neous electrode sheet. The sheet was pressed onto a fresh Al 

mesh (13 mm in diameter) to prepare the test electrode with a 

loading mass of ~ 3 mg cm–2. 

Coin cells (2032-type) were assembled in the Ar-filled glove 

box with the Li0.5FeF3 working electrode, the Li[FSA]-

[C2C1im][FSA] (30:70 in mol) ionic liquid (IL) electrolyte, and 

Li metal disk counter electrode fixed on stainless steel 

(SUS316L) plate current collector. The glass microfiber sepa-

rator (Whatman, GF/A; 16 mm in diameter and 260 μm in thick-

ness) was immersed in the IL electrolyte under vacuum at 90 °C 

for 12 h prior to the cell assembling. 

All the electrochemical data were obtained by an HJ-SD8 

charge-discharge system (Hokuto Denko). The charge-dis-

charge curves and cycling performance of the working elec-

trode were measured by galvanostatic charge-discharge tests. In 

this study, the rate of 1 C corresponds to 115 mAh (g-Li0.5FeF3)
–

1, and the capacity of the positive electrode is shown as a value 

per weight (in grams) of Li0.5FeF3. Galvanostatic intermittent 

titration techniques (GITT) was employed to assess the overpo-

tentials by repeatedly monitoring the voltage relaxation in the 

open-circuit state immediately after charging or discharging to 

a certain voltage. 

3. RESULTS AND DISCUSSION 

To understand the structure of the ball-milled mixture, XRD 

patterns were taken before (B-Li0.5FeF3) and after heat treat-

ment at 400 °C (BH-Li0.5FeF3) as shown in Figure S1 (Support-

ing Information). In the case of B-Li0.5FeF3 (Figure S1 (a)), sev-

eral broad peaks are discerned. However, the strongest peak, 

which can be assigned to residual FeF3 (space group: R−3c24, 25), 

appears around 23.94° suggesting that the ball milling process 

alone does not facilitate a complete reaction. The other peaks 

observed are assignable to the rutile-type Li0.5FeF3 where Li and 

Fe are disordered. It is noted that the two characteristic super-

lattice peaks attributed to the trirutile Li0.5FeF3 are not detected 

at 19.26 and 21.46° before the heat treatment. Upon heat treat-

ment at 400 °C (Figure S1 (b)), the diffraction peaks of BH-

Li0.5FeF3 become significantly sharper while the peak assigna-

ble to FeF3 is observed to disappear. Rietveld refinement em-

ployed for further analysis of the BH-Li0.5FeF3 indicated that 

the XRD pattern is well-fitted within the parameters of the tri-

rutile Li0.5FeF3 structure in the P42/mnm space group (Rp = 

1.30 %, Rwp = 2.04 %) as highlighted by the fitting results (Fig-

ure 1 (a)) and summarized in Table 2. The Li0.5FeF3 trirutile 

structure is characterized by edge-sharing among Li+F6, Fe2+F6, 

and Fe3+F6 octahedra, with a distinct Li+-Fe2+-Fe3+ cationic or-

dering along the c-axis (Figure 1 (b)). This creates tunnels that 

facilitate Li+ extraction/insertion from/into the host lattice.29, 31, 

35, 65 Also, the minor peaks of an impurity FeF2 phase, seen in 

the diffraction patterns (Figure S1 (b) and Figure 1 (a)) are ver-

ified as 2.53 wt% by the Rietveld analysis.  

To enhance the electronic conductivity of the composite elec-

trode, the crystalline Li0.5FeF3 sample was ball-milled with AB 

in the weight ratio of Li0.5FeF3:AB = 75:25.66 XRD patterns of 

the repeatedly ball-milled sample with AB were obtained before 

(RB-Li0.5FeF3) and after heat treatment at 300 °C (RBH-

Li0.5FeF3) as shown in Figures S1 (c) and (d). Upon ball milling 

with AB (Figure S1 (c)), the diffraction peaks of RB-Li0.5FeF3 

appear to be broadened and weakened featuring two rather dim 

characteristic peaks of the trirutile structure around 20°. How-

ever, these characteristic peaks appear again after the heat treat-

ment of the RB-Li0.5FeF3 sample, suggesting the recovery of the 

Li and Fe ordering (Figure S1 (d), RBH-Li0.5FeF3). A compari-

son between the XRD patterns of BH-Li0.5FeF3 and RBH-

Li0.5FeF3 (Figures S1 (b) and (d)) indicates that except for the 

broadening of the diffraction peaks caused by a decrease in 

crystallite size, the introduction of AB creates no significant 

changes in the structure and impurity phases (see Figure S2 for 

the SEM images). This suggests that the mechanical force gen-

erated by the high-energy ball milling process is not strong 

enough to break the Fe-F bonds. Although partial reduction of 

Fe(III) at 300 °C under vacuum may occur under the existence 

of AB in this study (cf. the heat treatment of FeF3 with carbon 

materials under an Ar flow),67 the amount of FeF2 produced by 

the reduction is considered to be very limited according to the  
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Figure 1. (a) XRD patterns and Rietveld refinement results of the trirutile Li0.5FeF3 sample prepared by the heat treatment of the ball-

milled mixture of LiF, FeF2, and FeF3 at 400 °C for 17 h (Figure S1 (b), BH-Li0.5FeF3) and (b) the refined crystal structure. See Table 2 for 

the crystallographic data. 

 

Table 2. Crystallographic parameters of BH-Li0.5FeF3 obtained from Rietveld refinement. 

 

subsequent Rietveld refinement of the RBH-Li0.5FeF3 electrode 

(see below). 

SEM measurements were additionally taken to examine the 

morphological properties of the pristine BH-Li0.5FeF3 and 

RBH-Li0.5FeF3 samples as shown in Figure S2. Results indicate 

that both samples are composed of micro-sized secondary par-

ticles which are agglomerates of nanoparticles (Figures S2 (a) 

and (b)). The pristine BH-Li0.5FeF3 has larger particles (above 

100 nm) than RBH-Li0.5FeF3 (above 50 nm), indicating that the 

ball milling process further ground the Li0.5FeF3 particles and 

that nano-sized AB particles were introduced. The homogene-

ous distribution of Fe and F atoms in micrometer order is also 

confirmed by EDX analysis (Figures S2 (a) and (b)). The in-

crease in BET surface area from 3.1 m2 g−1 (BH-Li0.5FeF3) to 88 

m2 g−1 (RBH-Li0.5FeF3) also indicates the decrease in Li0.5FeF3 

particle size, but the contribution of AB surface area seems to 

be more significant (AB only: 53 m2 g−1 before ball milling and 

327 m2 g−1 after ball milling, see Figure S3 and Table S1 with 

additional comments). The Li and Fe contents in the BH-

Li0.5FeF3 were determined by the AAS and ICP-AES analyzers. 

The BH-Li0.5FeF3 sample has Li and Fe contents of 3.0 and 47.5 

wt%, respectively, which are close to the theoretical values of 

3.0 and 48.0 wt%e.  

To investigate the electrochemical behavior of the RBH-

Li0.5FeF3 electrode, galvanostatic charge-discharge tests were 

performed on a half-cell configuration comprising a Li metal 

counter electrode and Li[FSA]-[C2C1im][FSA] (30:70 in mol) 

IL electrolyte. Two different cut-off voltage ranges of 3.2−4.3 

V and 2.5−4.3 V were set at a rate of 0.2 C (~ 20 mA g–1) and a 

temperature of 90 °C as highlighted by the charge-discharge 

curves and the corresponding differential capacity versus poten-

tial (dQ/dV) plots shown in Figure 2. For the 3.2−4.3 V voltage 

range (Figure 2 (a)), an initial charge capacity of 122 mAh g–1 

characterized by a plateau around 4.0 V is obtained. The three 

initial cycles exhibit superposing discharge curves that plateau 

around 3.9 V, attaining a reversible capacity of 89.8 mAh g–1. 

As will be explained hereinafter, the plateau corresponds to the 

extraction/insertion of 0.5-electron Li+ from/into the host triru-

tile lattice.36 The ratio of the discharge capacity to the theoreti-

cal capacity (115 mAh g–1 for 0.5 Li per Li0.5FeF3) indicates that 

0.39 Li+ extraction/insertion is achieved during the charge-dis-

charge process. The coulombic efficiency of the three initial cy-

cles increases as the cycles progress from 73.5 % in the first 

cycle to 87.8 % in the third cycle. The irreversible capacity ob-

served is ascribed to the side reactions to which the oxidative 

decomposition of the electrolyte mostly contributes.68 The cor-

responding dQ/dV curves of the first three cycles are shown in 

Figure 2 (b). There is only a pair of redox peaks in the cut-off 

voltage of 3.2−4.3 V, which is attributed to Li+ extraction/inser-

tion from/into the host trirutile lattice occurs at 4.01 V and 3.95 

V, respectively. No significant changes are noted in the posi-

tions of the redox couple throughout the first three cycles, 

demonstrating the high reversibility of the charge-discharge 

process in the 3.2−4.3 V voltage range. 

Refinement results for BH-Li0.5FeF3 (S.G. P42/mnm) Rp = 1.30 %, Rwp = 2.04 % 

a = 4.6799(6) Å c = 9.3161(1) Å V = 204.041(7) Å3 

Atom Wyckoff symbol x y z Biso / Å2 Occup. 

Li 2a 0 0 0 0.5 1 

Fe 4e 0 0 0.3333(5) 0.5 1 

F1 4f 0.2916(3) 0.2916(3) 0 0.5 1 

F2 8j 0.3031(2) 0.3031(2) 0.3360(1) 0.5 1 

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 

 

Figure 2. Charge-discharge curves of the RBH-Li0.5FeF3 electrode evaluated using ionic liquid Li[FSA]-[C2C1im][FSA] (30:70 in mol) at 

90 °C. (a) The first three cycles between 3.2−4.3 V and (b) the corresponding dQ/dV plots of the charge-discharge curves in (a) during the 

initial three cycles. (c) The first three cycles between 2.5−4.3 V and (d) the corresponding dQ/dV plots of the charge-discharge curves in 

(c) during the initial three cycles. 

 

To explore the electrochemical properties of Li0.5FeF3 at a 

lower potential, charge-discharge profiles were obtained in the 

2.5−4.3 V voltage range (Figure 2 (c)). During the initial cycle, 

a discharge capacity of 174.5 mAh g–1 marked by a plateau 

around 3.0 V is obtained. As elucidated by previous reports on 

the reaction mechanism of FeF3 and confirmed by synchrotron 

XRD results hereafter, the plateau appearing around 3.0 V dur-

ing the discharge process is thought to originate from the con-

version reaction of Li0.5FeF3 to LiF and FeF2 (see below for fur-

ther discussion).27 The capacity of the 3.2−2.5 V region is 91.1 

mAh g–1, equivalent to 0.40 Li+ reaction. In the second charging 

process, a change in the curve gradient is observed from 3.0 V 

onwards with a short plateau appearing around 4.1 V. The spe-

cific voltages where these plateaus are located are further con-

firmed by the corresponding dQ/dV plots (Figure 2 (d)). When 

the lower cut-off voltage is reduced to 2.5 V, significant 

changes in both the peak intensity and position of the two redox 

couples are observed during the first two cycles. However, al-

most no changes are observed as the cycle progress from the 

2nd to the 3rd cycle. The reaction mechanisms represented by 

these peaks will be later expounded in the context of GITT and 

synchrotron XRD results. To discern the effects of temperature 

on electrode behavior, galvanostatic charge-discharge tests in  

the 3.2−4.3 V and 2.5−4.3 V voltage ranges were performed on 

a Li[FSA]-[C2C1im][FSA] IL electrolyte and 1 M 

LiPF6/EC:DMC organic electrolyte at 25 °C (Figure S4, Sup-

porting Information). In the IL electrolyte (Figures S4 (a) and 

(b)), RBH-Li0.5FeF3 exhibits poor electrochemical activity with 

no distinct plateaus appearing in both voltage ranges. Similar 

electrochemical activities are observed in the organic electro-

lyte as shown in Figures S4 (c) and (d). These results suggest 

that the ionic conductivities of Li0.5FeF3 and charge transfer at 

the interphase thwart its activation toward Li+ extraction/inser-

tion in these conditions, which is limited by the large secondary 

particles. It should be noted that the Li0.5FeF3/AB composite 

electrode without ball-milling exhibits a very limited electro-

chemical activity in the IL electrolyte even at 90 °C (Figure S5). 

However, the RB-Li0.5FeF3 treated only by ball-milling (Figure 

S6) shows high charge-discharge capacities in the IL electrolyte 

at 90 °C, and moderate capacities even at room temperature in 

both IL electrolyte and organic electrolyte. These results indi-

cate that the activity of Li0.5FeF3 is not just brought out by the 

operation at elevated temperature, but also by the formation of 

a carbon composite with ball-milling for appropriate electronic 

conduction.  
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Figure 3. The GITT curves of the RBH-Li0.5FeF3 electrode in the 

voltage ranges of (a) 3.2−4.3 V and (b) 2.5−4.3 V at 90 °C. The 

GITT conditions were conducted via a stepwise polarization at 50 

mA g−1 for 1 h and thereafter left at an open-circuit state for 2.5 h.

 

The cycling performance of RBH-Li0.5FeF3 for the two volt-

age ranges (3.2−4.3 V and 2.5−4.3 V) was examined using the 

Li[FSA]-[C2C1im][FSA] IL electrolyte at 90 °C, and their re-

sulting discharge capacity and coulombic efficiency as a func-

tion of cycle number are shown in Figures S7 and S8. In the 

3.2−4.3 V voltage range (Figures S7 (a) and (b)), the discharge 

capacity decreases from 89.8 to 85.7 mAh g–1 over the first 20 

cycles, delivering a capacity retention of 95.4 %. This demon-

strates that the ordered Li0.5FeF3 trirutile structure can be revers-

ibly delithated/lithiated in the IL electrolyte at 90 °C. The cou-

lombic efficiency increases as the cycle progress, reaching 

more than 90 % after 10 cycles. However, it is seen to fluctuate 

around 90 % after 25 cycles. This can be ascribed to the occur-

rence of the aforementioned side reactions.68 Although cou-

lombic efficiency was improved by the combination of CC 

(constant current) charge and CCCV (constant current-constant 

voltage) discharge modes in the voltage range of 3.2−4.3 V 

(Figure S9), the capacity retention 81.7 % at the 20th cycle is 

lower than 95.4 % obtained for the CC charge and CC discharge 

modes (Figure S7 in Supporting Information).  

In the case of 2.5−4.3 V voltage range (Figures S8 (a) and 

(b)), the discharge capacity is seen to fade during the first five 

cycles, thereafter flattening to become almost constant. A rela-

tively low capacity retention of 81.5 % is achieved at the 20th 

cycle (142.3 mAh g–1). The initial coulombic efficiency is noted 

to be over 100 % because the amount of Li+ insertion exceeds 

the 0.5 Li+ extraction from Li0.5FeF3 in this cut-off voltage. 

Upon subsequent cycling, the coulombic efficiency gradually 

decreases from 95.9 % in the second cycle but later increases 

with further cycling, resulting in 96.1 % at the 20th cycle. Alt-

hough the cycle performance of the trirutile Li0.5FeF3 in the IL 

electrolyte at 90 °C is not superior to other reported state-of-

the-art positive electrode materials that include some iron fluo-

rides,69-72 this cycle performance suggests that this electrode 

material is suitable for clarifying the reaction mechanism of the 

trirutile Li0.5FeF3. 

To gain insight into the reaction mechanisms of the ordered 

trirutile Li0.5FeF3, GITT measurements were performed through 

repeated monitoring of the voltage relaxation during the open-

circuit state after charging or discharging to certain cell voltages. 

Figure 3 shows the GITT curves of RBH-Li0.5FeF3 electrode 

during the first two cycles in the 3.2−4.3 V and 2.5−4.3 V volt-

age ranges at 90 °C. During the first charge in the cut-off volt-

age of 3.2−4.3 V (Figure 3 (a)), the open-circuit voltage after 

relaxation gradually increases, indicating the occurrence of a 

single-phase reaction. A capacity of 26.3 mAh g–1 is eventually 

attained representing the extraction of 0.11 Li+ from the trirutile 

Li0.5FeF3. Upon reaching 4.0 V, the relaxation potential remains 

virtually unchanged, which is an indication of a two-phase re-

action occurring between the trirutile phase and another phase. 

At the end of the initial charging process, a gradual increase in 

the open-circuit voltage after relaxation is observed, suggesting 

the occurrence of another single-phase reaction. During the sub-

sequent discharge process, a plateau corresponding to the two-

phase reaction can be observed around 3.9 V, indicating the 

same reaction path for the delithiation and lithiation processes. 

The second cycle of the GITT test, essentially yields the same 

charge-discharge curve as the first cycle, demonstrating the 

same reaction mechanisms and the high reversibility of delithi-

ation/lithiation processes within the trirutile structure in the cut-

off voltage of 3.2−4.3 V.  

Drastic changes on the voltage profiles are seen to occur 

when the lower cut-off voltage is reduced (Figure 3 (b)). When 

the initial discharge is extended to 2.5 V, further lithiation be-

yond Li0.5FeF3 is perceived to occur, as manifested by the two 

sloping regions in the galvanostatic charge-discharge test in 

Figure 2 (c). The overpotential in the corresponding GITT curve 

increases as the lithiation continues. During the second charg-

ing process, a sloping curve is observed between 3.2−3.9 V, fol-

lowed by a constant open-circuit voltage of 3.9 V. This is a 

manifestation that the phase evolution is different from the one 

in the initial discharging. The absence of a plateau around 3.0 

V, previously observed in the first discharge, indicates the poor 

recovery from the phases formed when trirutile Li0.5FeF3 is dis-

charged to 2.5 V to trirutile Li0.5FeF3. Moreover, the second dis-

charge process is marked by a limited capacity for the plateau 

region at 3.9 V and a large overpotential below 3.2 V. Combin-

ing the voltage profiles from the galvanostatic charge-discharge 

and GITT tests (Figures 2 and 3) reveals that extending dis-

charge process to 2.5 V causes a poor reversible reaction which 

results in incomplete recovery of the trirutile Li0.5FeF3 after un-

dergoing the electrochemical reaction in this voltage region. 

To verify the phase transformation and reaction mechanism 

during the initial charge-discharge and second charge processes, 

synchrotron XRD and XAFS analyses were carried out on the 

trirutile Li0.5FeF3 as summarized by Figure 4. The states ana-

lyzed by XRD and XAFS are highlighted by potential-time pro-

file (Figure 4 (a)), alongside XRD patterns of the RBH-

Li0.5FeF3 electrode in the different charge/discharge states (Fig-

ure 4 (b)). The peak at 2θ = 11.68°, which is allocated to the 

PTFE binder,73, 74 appears throughout the entire delithiation and 

lithiation paths. As can be seen in the crystallographic data and 

refinement results obtained through Rietveld refinement (Table 

3 and Figure S10 (a)), the diffraction peaks of the pristine elec-

trode (Pattern 1) are mostly indexed to the trirutile Li0.5FeF3 in 

the space group of P42/mnm, which corroborates with the data 

of the as-prepared material (Table 2) and confirms that the crys-

tal structure of Li0.5FeF3 (Pattern 1) is not influenced by AB and 

PTFE in the formation of the composite. A slight amount of 

FeF2 (3.63 wt%) is observed as confirmed in the as-prepared 

sample (Figure 1 (a) and Figure S1 (b)). After the initial charge 
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Figure 4. Synchrotron XRD and XAFS results for the RBH-Li0.5FeF3 electrode. (a) Charge and discharge voltage profiles taken at a cur-

rent density equivalent to 0.1 C (1 C = 115 mAh g−1) at 90 °C: (1) Pristine state, (2) initial charge to 4.3 V, (3) half discharge to 3.2 V, (4) 

full discharge to 2.5 V, and (5) second charge to 4.3 V. (b) Synchrotron XRD patterns (λ = 0.9997 Å) of the charged and discharged sam-

ples. (c) Simulated XRD peak positions of the trirutile Li0.5FeF3 (Pattern 1), Tetragonal I phase obtained after the initial charge (Pattern 2), 

and Tetragonal II phase obtained after the second charge (Pattern 5). The original XRD patterns are shown in (b). (d) Fe K-edge XANES 

spectra and (e) corresponding Fourier transforms of the EXAFS oscillations.

 

(Pattern 2), some residual peaks of the trirutile Li0.5FeF3 are still 

observed in their original positions, conforming with the insuf-

ficient practical capacity (78 % based on the theoretical capac-

ity) indicated by the electrochemical data (Figure 2 (a)). The 

new peak appearing at 15.45° is designated as the strongest dif-

fraction peak of FeF3 (012 diffraction) belonging to the space 

group of R−3c. This shows that during the initial charge process, 

FeF3 is generated from the residual FeF2 and LiF left-over from 

the preparation process of trirutile Li0.5FeF3. This side reaction 

is consistent with the results drawn from the phase evolution of 

LiF/FeF2 in previous works.68, 75 In addition, shifts in several 

diffraction peaks belonging to trirutile Li0.5FeF3 are observed. 

Some diffraction peaks are seen to shift to lower angles while 

others appear to shift to higher angles, revealing the formation 

of a new tetragonal phase (Tetragonal I). Further analysis by the 

Rietveld refinement (Table 3 and Figure S10 (b)) elaborates that 

these diffraction peaks can be indexed as a tetragonal phase 

with larger a and smaller c lattice parameters than those of the 

original trirutile Li0.5FeF3, suggesting that delithiation results in 

isotropic lattice expansion to the a- and b-axes and shrinkage 

along the c-axis. The unit cell volume after delithiation is 

201.650(3) Å3, which corresponds to a 1.09 % decrease from 

the initial unit cell volume of the trirutile structure. This volume 

change is smaller than that of typical positive electrode materi-

als during the process of Li+ extraction, such as LiCoO2 (~ 2.0 %, 

SOC = 0.5),76, 77 spinel-type LiMn2O4 (~ 3.2 %, SOC = 0.5)78, 79 

and olivine-type LiFePO4 (~ 4.6 %, SOC = 0.5)80, 81, although 
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Table 3. Crystallographic parameters of the trirutile Li0.5FeF3, Tetragonal I, discharge state and Tetragonal II appearing 

during the charge-discharge process of the RBH-Li0.5FeF3 electrode obtained by Rietveld refinement. 

Refinement results for trirutile Li0.5FeF3 (Pattern 1)a (S.G. P42/mnm) Rp = 2.27 %, Rwp = 3.65 % 

a = 4.6798(1) Å c = 9.3095(4) Å V = 203.879(1) Å3 

Atom Wyckoff symbol x y z Biso / Å2 Occup. 

Li 2a 0 0 0 0.5 1 

Fe 4e 0 0 0.3321(2) 0.5 1 

F1 4f 0.2894(6) 0.2894(6) 0 0.5 1 

F2 8j 0.3098(4) 0.3098(4) 0.3424(4) 0.5 1 

Refinement results for Tetragonal I (Pattern 2)b (S.G. P42/mnm) Rp = 2.61 %, Rwp = 3.70 % 

a = 4.7718(3) Å c = 8.8557(1) Å V = 201.650(3) Å3 

Atom Wyckoff symbol x y z Biso / Å2 Occup. 

Fe 4e 0 0 0.3277(3) 0.5 1 

F1 4f 0.3038(1) 0.3038(1) 0 0.5 1 

F2 8j 0.2974(7) 0.2974(7) 0.3382(8) 0.5 1 

Refinement results for discharge state (Pattern 4)c (S.G. P42/mnm) Rp = 2.64 %, Rwp = 4.21 % 

a = 4.7029(2) Å c = 3.2586(3) Å V = 72.074(8) Å3 

Atom Wyckoff symbol x y z Biso / Å2 Occup. 

Fe 2a 0 0 0 0.5 1 

F 4f 0.3065(4) 0.3065(4) 0 0.5 1 

Refinement results for Tetragonal II (Pattern 5)d (S.G. P42/mnm) Rp = 2.76 %, Rwp = 4.01 % 

a = 4.7189(2) Å c = 9.1972(8) Å V = 204.799(2) Å3 

Atom Wyckoff symbol x y z Biso / Å2 Occup. 

Fe1 2a 0 0 0 0.5 0.374(4) 

Fe2 4e 0 0 0.3375(4) 0.5 0.834(5) 

F1 4f 0.3265(1) 0.3265(1) 0 0.5 1 

F2 8j 0.3278(7) 0.3278(7) 0.3471(9) 0.5 1 

aFeF2 (P42/mnm) is considered to be an impurity phase. bTrirutile Li0.5FeF3 (P42/mnm), FeF2 (P42/mnm), and FeF3 (R−3c) are considered to 

be impurity phases. Li is not included in the analysis. cTrirutile Li0.5FeF3 (P42/mnm) is considered to be an impurity phase. dFeF2 (P42/mnm) 

is considered to be an impurity phase. Li is not included in the analysis. 

the amount of Li+ extracted is limited in the present case. After 

discharging to 3.2 V (Pattern 3), the diffraction peaks shift back 

to their original positions, suggesting that the trirutile structure 

is recovered at 3.2 V by inserting ~ 0.39 Li+ into the original 

sites. The disappearance of the FeF3 diffraction peak after dis-

charging to 3.2 V indicates that lithiation of the FeF3 phase re-

sults in the trirutile Li0.5FeF3 or FeF2 alongside LiF. This inser-

tion reaction has been widely investigated among the FeF3 elec-

trodes26, 27 and the LiF/FeF2 nanocomposites.68 Compared to the 

disordered rutile-type Li0.5FeF3 reported in a previous work,36 

this study provides more detailed structural information on the 

phase transition in the cut-off voltage range of 3.2−4.3 V. 

Further discharge to 2.5 V (Pattern 4) results in the decrease 

of the trirutile Li0.5FeF3 phase according to Rietveld refinement 

(8.48 wt%), and the increase of the rutile FeF2 and LiF to the 

main phases (Table 3 and Figure S10 (c)). This observation in-

dicates that the conversion reaction at 2.5 V from the trirutile 

Li0.5FeF3 phase to FeF2 and LiF occurs after the disintegration 

of trirutile phase. Similar behavior is recognized in the previous 

report on the Li-Fe-F system, regardless of the starting 

phase.27However, the conversion reaction is not complete and 

the trirutile Li0.5FeF3 phase exists as an impurity phase due to 

the incomplete conversion reaction. After the second charge to 

4.3 V (Pattern 5), the XRD pattern observed can be indexed as 

a tetragonal structure alongside the residual peaks belonging to 

FeF2. These peaks (denoted as Tetragonal II) show slight shifts 

compared to those of the initial trirutile structure (Pattern 1) and 

Tetragonal I after the initial charge (Pattern 2), suggesting the 

trirutile structure is no longer recovered by delithiation from the 

two-phase mixture of rutile FeF2 and LiF. Further verification 

by Rietveld refinement (Figure S10 (d)) identified Tetragonal II 

as the disordered trirutile structure of Li/Fe. The corresponding 

crystallographic data (Table 3) indicates that second delithia-

tion results in a 0.83 % increase in the a lattice parameter and a 

1.20 % decrease in the c lattice parameter, causing a 0.45 % 

overall increase in volume from the initial trirutile Li0.5FeF3. No 

peaks of FeF3 are observed after the second charge, suggesting 

that FeF3 is not formed from the FeF2 and LiF, as will be here-

after confirmed by XAFS data. Figure 4 (c) shows the schematic 

drawing of the changes in XRD patterns from trirutile Li0.5FeF3  
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Figure 5. Schematic illustration of the reaction pathway for the RBH-Li0.5FeF3 electrode during the charge-discharge process. Tetragonal I 

phase has a delithiated trirutile structure, whereas Tetragonal II phase has a Li-Fe disordered trirutile structure. See Supporting Information 

for further conversion reaction below 2.5 V (Figure S11). 

to Tetragonal I and Tetragonal II (Patterns 1, 2 and 5), where 

each peak is identified according to the crystallographic data by 

Rietveld refinement. The position shifts and intensity changes 

of the diffraction peaks as a result of delithiation can be visually 

tracked from the initial trirutile structure to the resulting Tetrag-

onal I and II structures. 

The Fe K-edge XAFS spectra provide the information on the 

oxidation state and local structure around Fe atoms that occurs 

during the charge-discharge test of the RBH-Li0.5FeF3 electrode. 

Figure 4 (d) demonstrates Fe K-edge XANES spectra of the 

RBH-Li0.5FeF3 electrode at different states of charge and dis-

charge. The absorption edge evolution indicates the variation of 

Fe oxidation states.68, 82-84 After the initial charging process to 

4.3 V (x ~ 0.39 in Li0.5–xFeF3), the main Fe K-edge absorption 

edge exhibits a high-energy shift to the edge of Fe3+-containing 

reference compounds (Spectra 1 and 2),68, 85 suggesting the ox-

idation from Fe2+ to Fe3+. After the subsequent discharge to 3.2 

V (Spectrum 3), the Fe K-edge position returns to the original 

position. The spectra overlap between the pristine state (Spec-

trum 1) and the state after discharge to 3.2 V (Spectrum 3) in-

dicates the reversibility of the topotactic Li+ extraction/insertion 

from/into the trirutile structure. By further discharging to 2.5 V 

(Spectrum 4), the shift of Fe K-edge to a further lower energy 

corresponding to the Fe2+ edge position is observed,27, 85, 86 evi-

dencing the reduction to Fe2+ during this discharge process. Af-

ter the second charge to 4.3 V (Spectrum 5), the XANES spec-

trum does not overlap with the one obtained after the initial 

charge (Spectrum 2), suggesting less Li+ extraction from the 

host lattice of trirutile structure. 

To investigate the local structure of Fe atoms in the RBH-

Li0.5FeF3 electrode under different charging and discharging 

states, Fe K-edge extended X-ray absorption fine-structure 

spectroscopy (EXAFS) analysis was employed as shown by the 

Fourier transform (FT) spectra in Figure 4 (e). The FT EXAFS 

spectra are significantly altered by the initial charging (Spectra 

1 and 2) and returns to the original form after discharging to 3.2 

V (Spectrum 3). The first peak centered around 1.56 Å corre-

sponds to the contribution of the Fe-F first-neighboring shell, 

whereas the second peak appearing around 3.28 Å represents 

the contribution of the Fe-Fe first-neighboring shell.68 The pri-

mary Fe-F distance is enlarged to 1.63 Å after the discharging 

process to 2.5 V (Spectrum 4), which agrees with the reduction 

from Fe3+ to Fe2+ as suggested by the aforementioned XANES 

analysis. The misalignment of the curves after recharging to 4.3 

V (Spectrum 5) and the state of first charge (Spectrum 2) is an-

other evidence that the second delithiation has a higher overpo-

tential compared to the first one. 

Figure 5 illustrates the entire phase evolution of the RBH-

Li0.5FeF3 electrode during the charge-discharge process in IL 

electrolyte at 90 °C. In the voltage range of 3.2−4.3 V, the to-

potactic Li+ extraction/insertion reversibly occurs between tri-

rutile Li0.5FeF3 and Tetragonal I Li0.5–xFeF3 through a single-

phase reaction and a two-phase reaction around 4.0 V, attaining 

a discharge capacity corresponding to x = 0.39. This process is 

constrained at 25 °C but is stable over 20 cycles at 90 °C. The 

side reaction that occurs from the residual LiF and FeF2 during 

the initial charge and discharge of 3.2−4.3 V is described in Fig-

ure S12 (Supporting Information). 

Extending the lower cut-off voltage to 2.5 V triggers the con-

version reaction from trirutile Li0.5FeF3 to a mixture of rutile 

FeF2 and LiF without forming another intermediate phase, 

which presumably results from the absence of Li+-accessible 

sites in the trirutile structure. During the second charging pro-

cess, the sloping region starting from 3.1 V may be related to 

the reconstruction of the trirutile structure considering the cor-

responding plateau formed during the discharge process. How-

ever, this reaction seems to be incomplete and is followed by a 

short plateau at 4.1 V representing a two-phase reaction. Ac-

cording to the XRD analysis, this two-phase reaction leads to 

the formation of the Tetragonal II phase with a Li-Fe disorder-

ing trirutile structure. These observations suggest the poor re-

covery of the trirutile Li0.5FeF3 from the completely destructed 

state after the conversion reaction to LiF and FeF2. The second 

charge capacity is 159.5 mAh g–1 (Figure 2 (c)), corresponding 

to less Li+ extraction (x ~ 0.35 for Li0.5–xFeF3) compared to the 

first charge capacity (x ~ 0.39 for Li0.5–xFeF3) thus providing 
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evidence of the lower delithiated state after the second charge 

process. Previous publications have described the formation of 

trirutile Li0.5FeF3 as an intermediate obtained by inserting Li+ 

into a FeF3 framework with a distorted rhenium trioxide struc-

ture (R−3c).26, 27 However, there is no sign of rhombohedral 

FeF3 (R−3c) after the second charge to 4.3 V, contrary to other 

reports that confirmed the reconversion from LiF/FeF2 to 

FeF3.
68, 75, 87 Such a difference indicates that the starting material 

strongly affects the phase evolution of the Li-Fe-F systems. In 

the overall conversion chemistry of FeF3 at room temperature, 

the role of trirutile Li0.5FeF3 is considered to be limited because 

its electrochemical activity is extremely low. The difficulty of 

reconversion during charging also indicates little contribution 

of Li0.5FeF3 once it is converted to LiF and FeF2 during the first 

discharging. 

CONCLUSIONS 

Although the electrochemical behavior of Li0.5FeF3 with a tri-

rutile structure has been long-pursued in literature, a functional 

charge-discharge mechanism has not been reported. In this 

study, the charge-discharge properties of trirutile Li0.5FeF3 were 

investigated at intermediate-temperatures operation that facili-

tates various processes in batteries. The trirutile Li0.5FeF3 was 

prepared by high-energy ball milling combined with heat treat-

ment. Its electrochemical properties in the Li[FSA]-

[C2C1im][FSA] IL electrolyte were tested at 90 °C as the room-

temperature performance was very limited. At a rate of 0.2 C (1 

C = 115 mAh (g-Li0.5FeF3)
–1), the trirutile RBH-Li0.5FeF3 elec-

trode exhibits a reversible capacity of 89.8 mAh (g-Li0.5FeF3)
–1 

in the cut-off voltage of 3.2−4.3 V, corresponding to the reversi-

ble extraction and insertion of 0.39 Li+. After 20 consecutive 

cycles, this reversible capacity slightly decreases to 85.7 mAh 

(g-Li0.5FeF3)
–1, delivering capacity retention of 95.4 %. Exten-

sion of the lower cut-off voltage to 2.5 V triggers another elec-

trochemical reaction, giving an initial discharge capacity of 

174.5 mAh (g-Li0.5FeF3)
–1. Over 20 cycles, this value fades to 

142.3 mAh (g-Li0.5FeF3)
–1, leading to a capacity retention of 

81.5 %. Additional GITT tests and synchrotron XRD analyses 

revealed the reversibility of topotactic Li+ extraction/insertion 

in the voltage region of 3.2–4.3 V through a two-phase mode 

between the trirutile phase and Tetragonal I phase. Further lithi-

ation at the lower voltage of 2.5 V gives rise to a conversion 

reaction to LiF and rutile FeF2. During the second charge from 

2.5 V, reconversion from LiF and FeF2 resulted in the Li/Fe dis-

ordered trirutile phase with low crystallinity instead of the or-

dered trirutile Li0.5FeF3 or rhombohedral FeF3, indicating the 

ordered trirutile phase did not recover after undergoing the con-

version process.  

This work provides comprehensive insights into the overall 

reaction mechanisms of trirutile Li0.5FeF3 as a positive electrode 

for Li-ion batteries to expand the information space of the Li-

Fe-F system phase transformation. It also proposes new ideas 

for developing high energy-density lithium-ion batteries based 

on the reversible topotactic reactions of the trirutile structural 

framework. Further modification of the trirutile materials with 

different transition metals or fabrication techniques is expected 

to extend their practical use, including operation at room tem-

perature. Synthesis of completely pure trirutile Li0.5FeF3 was 

not achieved by high-energy ball milling and heat treatment in 

this study, as residual amounts of FeF2 and LiF were found 

throughout the process. As such, improvement in the synthetic 

procedure will be in the scope of future studies. 
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