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ABSTRACT: Despite the significant advances in the Li—Fe—F systems for lithium-ion
batteries, the investigation on the Na—Fe—F systems for sodium-ion batteries is still
insufficient. Herein, trirutile-derived FeFs prepared through electrochemical delithiation
of trirutile Lio.sFeF3 has been examined as the positive electrode of sodium-ion batteries
at 90 °C with a thermally stable ionic liquid electrolyte to shed light on the structural
evolutions occurring during sodiation-desodiation for the first time. Synchrotron X-ray
diffraction revealed that the reversible topotactic extraction/insertion of 0.2 Na' proceeds
during cycling between 2.6—4.0 V, which triggers a two-phase reaction between
tetragonal Na,FeF3 and tetragonal FeFs. A lower cutoff voltage of 2.3—4.0 V induces a
partial structural transition from the tetragonal FeF3 into the cubic FeF3 along with cycling,
where the topotactic Na* extraction/insertion not only occurs in the tetragonal structure,
but also involve the reversible phase transformation between orthorhombic NaFeF; and

cubic FeF; after several cycles.
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INTRODUCTION

Metal fluoride compounds have gained eminence as high energy-density electrode
materials for secondary batteries owing to the high electronegativity of fluorine compared
to the conventional polyanionic, sulfide, and oxide compounds.'- Notably, iron fluorides
have garnered interest as positive electrode materials on account of their low costs, high
operating voltages and theoretical capacities.*® In particular, the high operating voltages
implies the metal fluoride and related materials can possibly achieve high energy density
compared with other typical positive electrode materials.”"'?> However, their practical
application is impeded by low electrochemical kinetics. As such, the exploration of new
structural forms of iron fluorides through rational design will be vital to their successful

deployment into practical applications.

In the search for reliable battery systems, sodium-ion batteries (SIBs) have also gained
traction due to their high performance and the abundance of Na resources.!*!> At present,
the reaction mechanisms of FeF3 in lithium-ion batteries (LIBs) have been extensively
studied through both experimental and theoretical techniques,'®?? but that in SIBs remain
vastly underexplored.*® Table 1 lists noteworthy works on FeFs and NaFeFs positive
electrodes in SIBs. Experimental reports on FeF3 electrodes have demonstrated that the
reduction of Fe** to Fe?" involves a classical insertion process occurring between FeF3
and NaFeF;. However, no experimental evidence on the phase structures or the existence

of a Na,FeF; intermediate phase has been reported to date.?*>* Nonetheless, other studies



on NaFeF3 have provided insight into the phase evolutions during the desodiation-
sodiation processes. For instance, density functional theory calculations on the
orthorhombic NaFeF; (Pnma) revealed that the oxidation of Fe** to Fe’* was engendered
by Na" extraction from the orthorhombic NaFeF; to form fully desodiated FeFs (Pnma):
a slightly more stable phase than the trigonal (R3c) and cubic (Pm3m) phases.?> The
theoretical works further envisaged an energetically stable, intermediate phase of
orthorhombic NagsFeFs, as a line compound in the extraction process.>>¢ A recent
experimental work on nano-sized materials reported a phase transformation from
orthorhombic NaFeF; (Pnma) to cubic FeFs (Pm3m), albeit without forming trirutile
Nag sFeF3.272% Although the phase transformation was not observed, this study was the

first to mention trirutile Nag sFeF; in the context of the Na-Fe-F system.

In contrast, trirutile LiosFeFs (space group: P4:/mnm) is a well-studied intermediate
phase in the lithiation process of FeF3 (R3¢), even though it has not been clearly observed
by X-ray diffraction (XRD).'®* A recent study on the reaction mechanisms of the trirutile
Lio.sFeFs as a positive electrode for LIBs operating at 90 °C found the initial delithiation
of the trirutile Lio.sFeFs results in a tetragonal phase (also known as trirutile-derived FeFs3,
and hereafter, tetragonal-1 FeF3).? Further, at a certain cutoff voltage, reversible charge-
discharge cycles between the trirutile Lio sFeF; and tetragonal-1 FeF3; were noted to occur

via a two-phase topotactic reaction.



Given that the tetragonal-1 FeF3 phase has not been exploited as a positive electrode in
SIBs, the findings from the Li system emphasize the importance of understanding
tetragonal-1 FeF; phase evolutions as the means to decipher the iron fluoride mechanisms
in the Na-Fe-F system for future material designs. More importantly, the reports predict
the possibility of observing the reversible Na" extraction/insertion from/into the trirutile-
type structure with the tetragonal-1 FeF; phase as the starting material. Therefore, in an
attempt to explicate the phase evolutions occurring in the Na-Fe-F system, we investigate
the electrochemical properties and the reaction mechanisms of the tetragonal-1 FeF; in
the Na system through charge-discharge tests, galvanostatic intermittent titration (GITT)

tests, and synchrotron XRD techniques.

EXPERIMENTAL SECTION

All reagents used in this work were stored and handled in a glove box filled with dry and
deoxygenated Ar (oxygen and water level < 1 ppm). Tetrahydrofuran (THF; dehydrated,
Wako Pure Chemical Industries, water content < 10 ppm, stabilizer-free), Li metal
(Sigma-Aldrich, purity 99.95%), and Na metal (Sigma-Aldrich, purity 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 um) were

dried under vacuum at 120 °C before storing in the glove box. The FSA salts, Li[FSA]



(FSA™: bis(fluorosulfonyl)amide, Kishida Chemical, purity > 99%) and Na[FSA]
(Mitsubishi Materials Electronic Chemicals, purity > 99%) as well as [C2Ciim][FSA]
(C2Ciim™: 1-ethyl-3-methylimidazolium, Kanto Chemical, purity > 99.9%) were dried
under vacuum at 80 °C. Battery-grade 1 M NaPF¢«EC:DMC (1:1 in volume, Kishida
Chemical Co. Ltd.; EC: ethylene carbonate; DMC: dimethyl carbonate) organic

electrolyte was used as purchased.

Trirutile Lio.sFeF3 was prepared by the ball-milling method according to the procedure
described in previous work.?® Tetragonal-1 FeFs was prepared by the electrochemical
delithiation of the trirutile Lio.sFeF3 electrode (Figure 1). The electrode was fabricated by
pressing a mixture of 95 wt% ball-milled composite Lio.sFeF3/AB (75:25 wt%) and 5 wt%
PTFE onto an Al mesh (13 mm in diameter). The electrochemical delithiation of trirutile
Lio.sFeFs to tetragonal-1 FeF3 was carried out at a current density of 10 mA g! in a 2032-
type half-cell with a Li metal counter electrode fixed on stainless steel (SS316L) plate
current collector. The Li[FSA]-[C2Ciim][FSA] ionic liquid (IL) in a molar ratio of 30:70
was used as the electrolyte. After electrochemical delithiation, the cell was disassembled
in the glove box. The obtained FeF3 electrode was then washed with THF and dried under
vacuum at room temperature for 12 h. Sodiation-desodiation properties were analyzed in
a 2032-type half-cell using the tetragonal-1 FeF3 positive electrode, a Na metal fixed on
Al plate current collector as the counter electrode, and the Na[FSA]-[C.Ciim][FSA] IL

in a molar ratio of 30:70 as the electrolyte. The glass microfiber separator (Whatman,



GF/A; 16 mm in diameter and 260 pum in thickness) was immersed in the IL electrolyte
under vacuum at 90 °C for 12 h prior to the cell assembling. For all the cells, the applied
current and the resulting capacity were calculated based on the weight of the pristine

LiosFeFs electrode (2.00 mg cm 2) according to the following equation:

Capacity (mAh g!) = Current (mA) x Time (h) / Mass of the active material (g)

All electrochemical measurements were performed at an elevated temperature of 90 °C
with the aid of the thermally stable IL electrolyte. The Na cell was galvanostatically
cycledat21.4 mA g ! in two voltage ranges of 2.6-4.0 and 2.3-4.0 V. A GITT determined
the overpotentials by repeatedly monitoring the voltage relaxation in the open-circuit state
immediately after charging or discharging to a certain state. The cell for GITT was
charged or discharged at 10 mA g ! for 1 h followed by 5-hour open circuit relaxation
between 2.3—4.0 V. Cyclic voltammetry was performed using a VSP potentiostat (Bio-
Logic) at a scan rate of 0.1 mV s™! at 90 °C, in which the half-cell was firstly scanned

from open circuit voltage to lower voltage in both two voltage ranges.

The Li and Fe contents in the tetragonal-1 FeF3 were determined after dissolution with
sulfuric, nitric, and perchloric acids by atomic absorption spectrometry (AAS, Hitachi Z-

2300) and inductively coupled plasma—atomic emission spectroscopy (ICP—AES, Hitachi



PS3520VDD 1I), respectively. The crystalline phases of the charged and discharged
electrodes were analyzed by XRD at the BL5S2 beam line of Aichi Synchrotron Radiation
Center (wavelength of 0.88589 A) equipped with a PILATUS 100K two-dimensional
detector. The charged and discharged electrode samples were washed with THF, vacuum-
dried at room temperature, and then sealed in Lindeman glass capillaries for synchrotron
XRD measurements. Structural parameters were refined with the Rietveld refinement by
curve-fitting using the GSAS data analysis software.’® The crystal structure was

visualized by the VESTA program.’!

RESULTS AND DISCUSSION

The tetragonal-1 FeFs; phase was electrochemically prepared by delithiating trirutile
Lio sFeF3 with the aid of a thermally stable IL electrolyte, Li[FSA]-[C.Ciim][FSA] (30:70
in mol), at a current density of 10 mA g ! (Figure 1).** The process was conducted at
90 °C in light of previous study that established high temperature to be essential in
activating the delithiation reaction.”” As displayed in Figure 1, the delithiation occurred
via a two-phase process marked by a plateau at 4.0 V. Synchrotron XRD analysis
performed at the end of the delithiation confirmed the formation of a tetragonal-1 FeF;

phase containing trirutile LiosFeFs, rutile FeF, and trigonal FeFs (R3c) impurities. The



nominal composition of Li,FeFs is calculated to be x = 0.11 according to the capacity,?’

and 0.14 based on the AAS and ICP—AES.

The tetragonal-1 FeF3 electrode was washed, dried, and transferred into a Na half-cell
comprising a Na metal counter electrode and the Na[FSA]-[C2Ciim][FSA] (30:70 in mol)
IL electrolyte. The IL was selected for its ability to derive stable charge-discharge
behavior from various electrode materials at elevated temperatures.*>>> Electrochemical
properties of the tetragonal-1 FeFs were investigated at room temperature in IL and
organic electrolytes (Figure S1 in the Supporting Information (SI)). At room temperature
(25 °C), tetragonal-1 FeF3 exhibits poor electrochemical activity in both electrolytes in
Na system (Figure S1, SI). The similar shape of charge-discharge curves is observed
during 20 cycles with continuous capacity fading. The reason for the poor capacity is
considered to be the slow phase transition limited by the large particle size of pristine
trirutile LiosFeFs material.?° All these observations suggest that the elevated temperature
is essential in order to bring out the electrochemical activity of tetragonal-1 FeFs in the
Na system, in line with the report on the Li system.?*33-3 Thus, the charge-discharge
behavior of the tetragonal-1 FeF; was examined in IL electrolyte at 90 °C (Figures 2 and
3). The electrode was pre-discharged to 2.6 V (Figure S2, SI) and thereafter investigated
in the 2.6-4.0 V (Figure 2a and b). The initial charge-discharge cycle attains a discharge
capacity of 53.2 mAh g ! and is marked by a pair of plateaus (3.8/3.6 V, see dQ/dV plot

in Figure 2b). The plateaus correspond to a two-phase reaction between sodiated



tetragonal NaxFeFs phase and desodiated tetragonal FeF3 phase caused by the reversible
extraction/insertion of Na* from/into the tetragonal structure.?® The sloping voltage
profile at the low voltage means the Na* extraction/insertion of Na* from/into the
tetragonal structure in a single-phase reaction without phase change. Although the
capacity is limited, the shape of the charge-discharge curve remains unchanged during 20
cycles. Further cycling produces superposing charge-discharge curves with no changes in
shape and a reversible capacity of 47.3 mAh g ! at the 50th cycle (Figures S3 and S4, SI).
These results evince the reversible insertion reactions of the tetragonal-1 FeF3 with 0.2
Na' (theoretically 118 mAh g ! for 0.5¢  transfer) between 2.6-4.0 V. The cyclic
voltammetry (CV) of the Na/tetragonal-1 FeFs cell clearly shows the redox peaks at
3.90/3.51 V for 10 cycles (Figure 2c¢), which is consistent with the preservation of charge-
discharge curves and dQ/dV plots in the same cut-off voltage during cycling (Figure 2a

and b).

The tetragonal-1 FeFs; was further examined in the extended cutoff range of 2.3—4.0 V
(Figure 3). A full plateau, which appears around 2.57 V during the pre-discharge to 2.3
V (Figure S5, Sl), is noted to disappear in the subsequent sodiation processes (Figure 3a).
This one-time plateau corresponds to the conversion reaction of the residual trirutile
LiosFeFs into rutile FeF2 and alkali metal fluorides (LiF and NaF).?® As observed from
the resembling charge-discharge curves to the one in the 2.6-4.0 V range, an analogous

desodiation-sodiation behavior related to the reversible extraction/insertion of Na* in the

10



tetragonal structure is confirmed to occur during the first two cycles in the 2.3-4.0 V
range. The appearance of a short plateau from 2.5 to 2.7 V during the charge process is
considered to be the reconversion reaction from rutile FeF, and LiF (NaF) to tetragonal
LixFeF3 with disordered trirutile structure. The trirutile LiosFeFs work has proved that the
conversion reaction shows poor reversibility,?® and the amount of rutile FeF, and LiF
(NaF) involved in the reconversion reaction in Na system is very limited as indicated by
the weak redox peaks for the subsequent few cycles (see dQ/dV plot in Figure 3b and CV
in Figure 3c). After several cycling, two pairs of new plateaus (3.41/3.16 V and 3.05/2.94
V) are observed to emerge around 10th cycle (see charge-discharge curves and the dQ/dV
curves in Figure 3a,b and Figure S6a,b, SI). These new plateaus are also observed
thereafter throughout the initial 50 cycles, along with a slight capacity fade (Figures S7
and S8, SI). The CV also shows the new redox peaks after 5th cycle (Figure 3c), as
suggested by the changes on the charge-discharge curves and dQ/dV plots in the same
cut-off voltage during cycling (Figure 3a and b). All these observations demonstrate a
gradual transition in the reaction mechanisms with continued cycling. Significant
progresses in the electrochemical properties were made on FeFs positive electrode
materials for sodium-ion batteries,**?* but the mechanism behind the electrochemical
insertion of Na into FeF3 is still poorly covered in the previous literature. The stable cycle

performances of the tetragonal-1 FeF; between 2.3—4.0 V and 2.64.0 V over 50 cycles

11



suggest that this electrode material is suitable for clarifying the reaction mechanism of

tetragonal structure during sodiation-desodiation processes.

Figure 4 shows the GITT profiles of the Na/tetragonal-1 FeF3 cell during the pre-
discharge, 1st, and 10th charge-discharge cycles. The voltage after each relaxation
process shows a short plateau around 2.6 V during the pre-discharge (Figure 4a), which
is due to the conversion reaction of the residual trirutile Lio.sFeF3 to rutile FeF> and LiF
as mentioned above. The voltage after relaxation during the first charge gradually
increases with increasing the state of charge (SOC) and exhibits a plateau at 3.7 V.
Considering the GITT profile of the trirutile Li sFeF3,? this flat plateau around 3.7 V is
assigned to the two-phase reaction between Na-rich and Na-deficient tetragonal phases
caused by desodiation in the tetragonal structure. The first discharge profile is free from
the short plateau at 2.6 V observed in the pre-discharge. The GITT curve at the 10th cycle
(Figure 4b) shows different profiles from the first cycle with smaller voltage hysteresis,

which evidences the change of the reaction mechanism during cycling.

For further insight into the reaction mechanisms, synchrotron XRD measurements were
performed on the tetragonal-1 FeFs electrodes at different states of charge (SOCs)
between 2.3—4.0 V (Figure 5). The corresponding voltage-time profile is shown in Figure
5a. XRD patterns A and B denote the pristine trirutile LiosFeFs and the tetragonal-1 FeF;
electrode, respectively (Figure 5b). In the previous work on the Li system,” the

tetragonal-1 FeFs; and the trirutile LiosFeF; were reported to have similar crystal
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structures except that the tetragonal-1 FeFs had a vacant 2a site, larger a- and b-
parameters, and a smaller c-parameter than the trirutile LiosFeF3 (trirutile LiosFeFs: a =
4.6798(1) A, ¢ =9.3095(4) A and tetragonal-1 FeFs: a = 4.7718(3) A, ¢ = 8.8557(1) A).
In the current study, pre-discharging the tetragonal-1 FeF3 phase to 2.6 V (Pattern 1) in
the Na system results in the disappearance of the tetragonal-1 phase and the appearance
of multiple phases with broad diffraction peaks. Rietveld refinement of Pattern 1 (see
Figure S9a, SI and Table 2) confirms that the main phase of the resulting material is
related to a sodiated tetragonal Na,FeF3 phase formed by the topotactic insertion of Na*
into the 2a site of the tetragonal-1 FeF3 (hereafter denote as the sodiated tetragonal-1
Na,FeF3). The corresponding crystallographic data (Table 2) reveal that the sodiated
tetragonal-1 NasFeF3 phase has a disordered trirutile structure (where the 2a site is
occupied by Fe with an occupancy ratio of 0.2235) with larger a- and c-parameters than
those of tetragonal-1 FeF3. One of the other phases observed is attributed to rutile FeFa,
formed by the partial sodiation of the residual trirutile Lio.sFeFs. Alkali fluorides (LiF and
NaF) are also noted, but their peaks are too weak and broad to be included in the Rietveld

refinement.

The sodiated tetragonal-1 Na,FeF; and the rutile FeF, phases are also detected in
Pattern 2, demonstrating the occurrence of topotactic Na" insertion into the tetragonal-1
FeF; and a full conversion reaction from trirutile LiosFeFs to rutile FeF> and alkali

fluorides during the pre-discharge to 2.3 V (see Figure S9b, SI and Table 2). In Pattern 2,
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a new broad peak appearing around 12.9°, is assigned to the 002 diffraction of
orthorhombic NaFeF3.2°-26 This orthorhombic NaFeFs; is a product of the insertion of extra
Na' into the tetragonal-1 FeFs, which suggests that extending the sodiation of the
tetragonal-1 FeF3 to 2.3 V engenders a structural transformation from the tetragonal
structure to the orthorhombic structure. In addition, the impurity trigonal FeF3 in the
starting tetragonal-1 FeF3 is also believed to contribute to the formation of orthorhombic

NaFeFs; at the low voltage,*S although its contribution is limited.

After the initial charging to 4.0 V (Pattern 3), a sharp peak appears around 15.2°, which
is related to the formation of a desodiated tetragonal phase at the high voltage. However,
the diffraction peaks of this tetragonal phase show slightly shift in position compared to
those of the initial tetragonal-1 FeF3 (Pattern B). This reveals that the tetragonal-1 phase
is no longer recovered by the desodiation of the multiple-phase mixture of sodiated
tetragonal-1 NaFeF; phase, rutile FeF», alkali metal fluorides (LiF and NaF) and the
orthorhombic NaFeFs. Rietveld refinement of Pattern 3 (see Figure S9c, SI and Table 2)
verifies that the slightly shifted diffraction peaks can be indexed as a disordered trirutile
structure (hereafter, tetragonal-2 FeF3;) wherein the 2a site is occupied by Fe with an
occupancy ratio of 0.4357. The corresponding crystallographic data (Table 2) further
reveal that the initial desodiation engenders a 1.2% decrease in the a- lattice parameter
and a 6.7% increase in the c- lattice parameter, yielding a 4.1% larger overall volume than

the initial tetragonal-1 FeFs. In the previous study on the Li system, the tetragonal-2 FeF;
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phase was also found to exist in the charged state after the electrode was discharged to
2.5 V.2 It is worth noting that Pattern 3 also exhibits a peak corresponding to the 012
diffraction of the trigonal FeFs (R3c). This suggests that part of the rutile FeF, and the
alkali metal fluorides are involved in the formation of the trigonal FeF3 phase during the

charge process.?**

After the first discharge to 2.3 V (Pattern 4), the diffraction pattern resembles that of
the pre-discharged electrode (Pattern 2), except for the diffraction peaks of the
orthorhombic NaFeF3; which becomes stronger after one cycle, indicating that the amount
of orthorhombic NaFeF3; phase increases during the initial discharge. Notably, the
increased orthorhombic NaFeF3 is thought to be derived not only from tetragonal-2 FeFs,
but also from trigonal FeFs.*° Rietveld refinement of Pattern 4 (see Figure S9d, SI and
Table 2) also reveals the presence of a sodiated tetragonal Na,FeF3 phase with lattice
parameters similar to the tetragonal-1 Na,FeFs; phase, confirming that the tetragonal-2

FeFs; is re-sodiated back to tetragonal-1 Na,FeFs.

At the charged state of the 10th cycle (Pattern 5), the 100 diffraction peak belonging to
the cubic FeFs (Pm3m) is noted at 13.3°27 which confirms that the new reaction
previously visualized by the new charge-discharge curves is related to a reversible phase
transformation from the orthorhombic NaFeF; (Pnma) phase to the cubic FeF3 (Pm3m)
phase. This is consistent with the previous study on the charge-discharge behavior of the

nano-sized orthorhombic NaFeFs.?”?® Pattern 5 also highlights the presence of a
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tetragonal phase (hereafter, tetragonal-3 FeF3) which exhibits a disordered trirutile
structure akin to the tetragonal-2 FeFs, despite their different lattice parameters due to

different Fe occupancies (see Figure S9e, SI and Table 2).

At the discharged state of the 10th cycle (Pattern 6), diffraction peaks related to the
sodiated tetragonal Na FeFs, orthorhombic NaFeF; and rutile FeF» are observed. The
crystal structure of the sodiated tetragonal Na,FeF; phase is analogous to that of the
sodiated tetragonal-1 Na,FeF3 but with different lattice parameters (see Figure S9f, SI
and Table 2). The formation of the sodiated tetragonal Na,FeF3 phase, hereafter denoted
as sodiated tetragonal-3 Na.FeF3, evinces that the topotactic insertion/extraction of Na*
into/from the tetragonal phase continues to occur during the sodiation-desodiation
processes after 10 cycles. It is worth noting that the presence of the rutile FeF» throughout
the charge-discharge cycles denotes its partially inactive electrochemical nature,

consistent with the observations made in the previous work on trirutile Lio sFeF3.

Figure 6 summarizes the charge-discharge mechanisms of the tetragonal-1 FeF3 in the
Na system and the changes occurring during cycling in the 2.3—4.0 V range (See Schemes
S1 and S2 for the corresponding equations of the redox reaction, Sl). First two cycles
yield a pair of plateaus around 3.7 V, engendered by a sodiation-desodiation process
which mainly involves the topotactic Na' insertion/extraction reaction into/from
tetragonal-type FeF3. A conversion reaction from the trirutile Lio sFeF3 to rutile FeF, with

alkali metal fluorides and transformation to the orthorhombic NaFeF3 also occur during

16



sodiation, whereas rutile FeF> is partially converted to trigonal FeF3 during the successive
desodiation. The two initial cycles only produce small amounts of orthorhombic NaFeFs3.
However, its quantity formed at 2.3 V progressively increase with continued cycling due
to the poor reversibility of the orthorhombic to tetragonal phase transformation. After 10
cycles, the sodiation-desodiation process partially changes to reversible Na™ insertion and
extraction between cubic FeF3 and orthorhombic NaFeF; phases—a transition marked by
the emergence of new charge-discharge curves, while along with the reversible
insertion/extraction reaction into/from the tetragonal phase. It is worth noting that a
disordered trirutile structure derived from the starting trirutile structure is discerned at
different charged states of the electrode.?” The remained Li in tetragonal-1 FeFs stabilizes
the tetragonal structure by avoiding excessive extraction in the trirutile Lio.sFeF; and is
involved in the pre-discharge, first charge forming trigonal FeFs, and several cycles for
the conversion reaction during sodiation-desodiation. After around 10 cycles, the
disappearance of the weak redox peaks suggests the remained Li which exists in the form
of LiF is inactive in the subsequent charge-discharge processes (dQ/dV plot in Figure 3b
and CV in Figure 3c). Significantly, it is demonstrated that the tetragonal-1 FeFs
theoretically undergoes 0.5 Li* insertion to recover trirutile LiosFeFs and further reacts
with 0.5 Li* to occur a conversion reaction in the Li system between 2.5-4.3 V.%
Different from the Li system, the tetragonal-1 FeFs undergoes Na* insertion reaction to

form tetragonal NaxFeF3 (x ~ 0.2) and orthorhombic NaFeF3 at a discharged state similar
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to the Li system (2.3 V), instead of the conversion reaction to NaF and FeF.. The
comparison of the tetragonal structure in Li and Na systems demonstrates that the
electrochemical responses of the tetragonal structure in Na system are different from that
in the Li system. In addition, the electrochemical properties of tetragonal-1 FeFz over an
extended voltage range of 1.5-4.0 V were investigated (Figures S10 and S11, SI).
Extending the low voltage to 1.5 V triggers the conversion reaction to metallic Fe and
NaF with a discharge capacity of 404.0 mAh g%, as indicated by the long plateau around
1.9 V. Cycling between 1.5-4.0 V engenders the capacity fading from 359.2 mAh g ! at
the 1st cycle to 160.4 mAh g at the 15th cycle, and the appearance of charge-discharge
curves resemble those in the 2.3-4.0 V range. These observations indicate that the
reaction mechanism in the extended voltage range of 1.5-4.0 V also shows a transition to
the reversible phase transformation between orthorhombic NaFeFs to cubic FeFs, as

observed in the cutoff range of 2.3—4.0 V.

CONCLUSIONS

In summary, we report for the first time a trirutile-derived FeF; phase as a positive
electrode for SIBs. The formation of disordered trirutile NasFeF; is confirmed by the
presence of a sodiated tetragonal Na.FeFs in the discharged state of the electrode. We

also shed light on the reaction mechanisms of the Na-Fe-F system by elucidating the
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structural transition between the tetragonal-1 FeFs; and the cubic FeF3 phases in the
charged states of the electrode during cycling. However, the sodiation-desodiation
processes are mired in unexpected reactions caused by impurity phases formed during the
preparation of the starting material. Therefore, we postulate that future investigations
using a pure-phased sodium iron fluoride composite with the tetragonal structure would

provide a better perspective of the Na-Fe-F system.
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Table 1. Summary of selected works on FeF3 and NaFeF; positive electrodes for sodium-

ion batteries.

) Preparation L . Crystallographic and
Year Existent form Initial discharge capacity . .
method electrochemical properties
20094 Trigonal FeF3 Commercial 145mAhgtat1.5V (A Reversible Fe3'/Fe?" redox
(S.G. R3¢) reagent rate of 0.2 mA cm2) reaction
Orthorhombic o
Liquid-phase 153 mAh g! between
2011%7 NaFeF3 ) None
synthesis 1.5-45V (19.7mA g'!)
(S.G. Pnma)
Orthorhombic Solid-stat 126 mAh g! between The extraction/insertion of
olid-state i i i
20123 NaFeFs o 1.5-4.0 V (A rate of sodium by the reversible lattice
metho ibrati
(S.G. Pnma) 0.076 mA cm2) vibration
NaFeF3; — Charged state FeF3
Orthorhombic -
Solid-state 225 mAh g between +Na'+e
2013% NaFeF;
method 1.5-45V (7.5mA gh) ) ) .
(S.G. Pnma) (Reversible Na* reinsertion)
Orthorhombic Solid-solid 130 at12V
mAh g at 1.
2013 FeFs:0.33H20 breakdown £ None
(23.7mA g™
(S.G. Cmcm) method
In situ generated ) B
Electrochemical 150mAhg'latl.5V
2014% FeF3 from o FeF3 + Na' + e 2 NaFeF;
activation (50mA g™
FeF2-RGO
. First-principle Orthorhombic NaFeF3 —
Orthorhombic . . .
density functional Orthorhombic NaosFeFs + 0.5
2014% NaFeF3 None )
theory Na* + 0.5 e~ — Orthorhombic
(S.G. Pnma) ;
calculations FeFs + 0.5 Na"+ 0.5 ¢~
i Single-source
) Trigonal FeFs & 160 mAh g at 1.6 V Assume a similar mechanism
2017 (S.G. R3¢) molecular o . ”
(200 mA g™) with the work
precursors
Orthorhombic Ball milling; FeF3+0.5Na*+0.5¢" —
] ) 169mAhg'lat2V
2017% NaFeF; density functional NaosFeFs; +0.5Na"+0.5¢ —
. (A rate of 0.1 mA cm™2)
(S.G. Pnma) calculation NaFeF3
Orthorhombic FeF; + Na™ + ¢~ — NaFeF3
20182 FeF3-0.33H20@ Hydrothermal 386 mAhg'atlV (4-1.2V);
3D-OMCs method (20mA g™ NaFeF; +2Na*+2¢ —3
(S.G. Cmcm) NaF + Fe (1.2-1.0 V)
) . NaFeFs 2 Cubic FeF3 (S.G.
Orthorhombic Microwave- -
. . 150 mAh g! between Pm3m) +Na" +¢e”
2018%7 NaFeF3 assisted solution ~ ) ) ]
. 2.0-40V (19.7mA g™ (Insertion/deinsertion
(S.G. Pnma) synthesis .
mechanism)
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Table 2. Crystallographic parameters of the tetragonal phases for Pattern 1, Pattern 2, Pattern 3,
Pattern 4, Pattern 5 and Pattern 6 in Figure 5 obtained by Rietveld refinement.

Refinement results for the sodiated tetragonal-1 Na,FeF3 phase in Pattern 14 (S.G. P4>/mnm)
Ry =2.93%, Rwp =3.87%

a=4.8267(6) A c=9.572(2) A V=1223.00(6) A’

Atom  Wyckoff symbol X y z Biso/ A% Occup.
Na 2a 0 0 0 0.5 0.6016
Fe 2a 0 0 0 0.5 0.2235
Fe 4e 0 0 0.3184(7) 0.5 0.8883
F1 af 0.327(1) 0.327(1) 0 0.5 1
F2 8/ 0.2728(9) 0.2728(9) 0.3585(8) 0.5 1

Refinement results for the sodiated tetragonal-1 Na,FeF5 phase in Pattern 2° (S.G. P42/mnm)
Rp =3.12%, Rwp = 3.94%

a=4846(1) A ¢=9.596(5) A v =2254(1) A3
Atom  Wyckoff symbol x y z  Bis/A%* Occup.
Na 2a 0 0 0 0.5 0.6493
Fe 2a 0 0 0 0.5 0.2815
Fe 4e 0 0 0.316(2) 0.5 0.8592
F1 4f 0.316(4) 0.316(4) 0 0.5 !
F2 8 0.247(3) 0.247(3) 0366(2) 0.5 !

Refinement results for the tetragonal-2 FeF; phase in Pattern 3¢ (S.G. P4>/mnm)
Ry =4.46%, Rwp =5.99%

a=4.713(1) A c=9.4502) A V'=209.87(9) A
Atom  Wyckoff symbol X v z Biso/ A>  Occup.
Fe 2a 0 0 0 0.5 0.4357
Fe 4e 0 0 0.3176(7) 0.5 0.7822
Fl 4f 0.324(1) 0.324(1) 0 0.5 1
2 8 0.2796(9) 0.2796(9) 0.3652(6) 0.5 1

Refinement results for the sodiated tetragonal-1 Na,FeFs phase in Pattern 4¢ (S.G. P42/mnm)
Ry, =3.45%, Rwp =4.28%

a=4.843(1) A c=9.600(6) A V=225.1(1) A3
Atom  Wyckoff symbol x y z Biso/ A2 Occup.
Na 2a 0 0 0 0.5 0.6535
Fe 2a 0 0 0 0.5 0.3011
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Fe 4e 0 0 0.345(2) 0.5 0.8495
F1 4f 0.301(5) 0.301(5) 0 0.5 1
F2 & 0.261(4) 0.261(4) 0.297(2) 0.5 1
Refinement results for the tetragonal-3 FeF3 phase in Pattern 5¢ (S.G. P4>/mnm)
Ry, =4.28%, Rwp =5.70%

a=4.7018(9) A c=9.760(3) A V=215.8(1) A3
Atom  Wyckoff symbol X y z Biso/ A% Occup.
Fe 2a 0 0 0 0.5 0.5013
Fe 4e 0 0 0.3209(9) 0.5 0.7493
F1 af 0.231(2) 0.231(2) 0 0.5 1
F2 8/ 0.332(1) 0.332(1) 0.2987(9) 0.5 1

Refinement results for the sodiated tetragonal-3 Na,FeF3 phase in Pattern 6/ (S.G. P42/mnm)
Rp =2.88%, Rwp =4.03%

a=4.720(1) A c=9.866 (5) A V=219.8(1) A’

Atom  Wyckoff symbol X y z Biso/ A*>  Occup.
Na 2a 0 0 0 0.5 0.4034
Fe 2a 0 0 0 0.5 0.4415
Fe 4e 0 0 0.336(2) 0.5 0.7793
F1 4f 0.227(3) 0.227(3) 0 0.5 1
F2 8 0.294(2) 0.294(2) 0.373(1) 0.5 1

“The rutile FeF, (P42/mnm) is considered to be impurity phase. “The rutile FeF, (P42/mnm) and
orthorhombic NaFeF; (Pnma) are considered to be impurity phases. “The rutile FeF, (P42/mnm)
and trigonal FeF; (R3c) are considered to be impurity phases. “The rutile FeF» (P4»/mnm) and
orthorhombic NaFeFs (Pnma) are considered to be impurity phases. “The cubic FeFs (Pm3m) and
rutile FeF> (P42/mnm) are considered to be impurity phases./The orthorhombic NaFeF3 (Pnma)
and rutile FeF, (P42/mnm) are considered to be impurity phases.
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Figure 1. Schematic illustration for preparation of the tetragonal-1 FeF3 electrode.
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Figure 2. Charge-discharge properties of the Na/tetragonal-1 FeF3 cell in the cut-off voltage of
2.6-4.0 V. (a) Charge-discharge curves at the rate of 21.4 mA g !. (b) The corresponding dQ/dV

plots of the charge-discharge curves in (a). (¢) CV at a scan rate of 0.1 mV s~!. Electrolyte:

Na[FSA]-[C2Ciim][FSA] (30:70 in mol) IL. Temperature: 90 °C.
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Figure 3. Charge-discharge properties of the Na/tetragonal-1 FeF3 cell in the cut-off voltage of
2.3—4.0 V. (a) Charge-discharge curves at the rate of 21.4 mA g !. (b) The corresponding dQ/dV

plots of the charge-discharge curves in (a). (¢) CV at a scan rate of 0.1 mV s '. Electrolyte:

Na[FSA]-[C2Ciim][FSA] (30:70 in mol) IL. Temperature: 90 °C.
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21.4 mA g !. Electrolyte: Na[FSA]-[C2Ciim][FSA] (30:70 in mol). Temperature: 90 °C.
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Figure 5. (a) A voltage-time profile of the XRD samples at different SOCs. (b) Synchrotron XRD

patterns of the tetragonal-1 FeF3 at different SOCs in comparison with the initial trirutile Lio sFeFs.

(1) Pre-discharged state at 2.6 V, (2) pre-discharged state at 2.3 V, (3) initial charged state at 4.0

V, (4) initial discharged state at 2.3 V, (5) 10th cycle charged state at 4.0 V and (6) 10th cycle

discharged state at 2.3 V. Dashed line in (a) indicates the charge-discharge curve of the trirutile

LigsFeF3 in the Li system. Solid line in (a) indicates the charge-discharge curve(s) of the

tetragonal-1 FeFs in the Na system.
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Figure 6. A schematic illustration of the reaction mechanisms of the tetragonal-1 FeF3 during the
sodiation-desodiation and the concomitant structural transition to the cubic FeF3 phase. The b-1
and b-3 correspond to tetragonal-1 and -3 NasFeFs; phases, respectively. The e-2 and e-3
correspond to tetragonal-2 and -3 FeF; phases, respectively. Desodiation from orthorhombic
NaFeFs3 to tetragonal NaFeF3 is limited, as orthorhombic NaFeF; tends to be desodiated into the

cubic FeF3. The formation of trigonal FeF3, designated by 4 in the figure, is a one-time occurrence.
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