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ARTICLE INFO ABSTRACT

Keywords: Fluoride-based conversion reaction electrode materials offer exceptional theoretical capacity merit for Na-ion
Na-ion batteries batteries. Nevertheless, it has rarely been considered as potential anode material candidate due to (i) exces-
NasTisF14 sive redox potential (> 3 V) and (ii) intrinsically low reaction kinetics related to sluggish structural reorgani-
Zziizrsion reaction zation process. In this work, we demonstrate that chiolite NasTisF14/carbon nanocomposite can deliver the
Fluoride outstanding electrochemical performances as the promising anode for Na-ion batteries, such as a large specific

capacity of ~425 mAh g~! at 10 mA g~! with a low average operating voltage, the capacity retention of ~78 %
compared to the initial capacity after 300 cycle with a high Coulombic efficiency of above 99 %, etc. We
demonstrate that the chiolite NasTisF14 phase can store the ~8.33 mol Na ions through the following conversion
reaction; NasTigF14 + 9Na + 9e~ < 3Ti + 14NaF, which is clearly confirmed by various ex-situ analyses using X-
ray diffraction, synchrotron-based X-ray adsorption spectroscopy, etc. We expect that this research can provide
guidance toward the development of a new class of low-cost and high-performance anode materials, not only for
Na-ion batteries but also for other rechargeable batteries.

1. Introduction

Indiscriminate use of fossil fuels causes the severe environmental
problems such as air pollution [1]. Many car makers have attempted to
develop electric vehicles (EVs) that utilize electricity as their energy
source, rather than relying on gasoline or diesel. For efficient storage
and usage of electricity, it is very important to apply the outstanding
energy storage systems (ESSs), thus, lithium-ion batteries (LIBs) have
great attention as the promising ESS for EVs because of their high energy
densities and great electrochemical performances [2]. With the explo-
sive growth in demands on the LIBs in the worldwide, however, the price
of LIBs is rapidly increasing due to the small and concentrated sources of
Li on earth. This makes it difficult to expand the application fields of LIBs
to large-scale ESSs. It has been emphasized to develop the low-cost
rechargeable batteries as the alternative to LIBs.

Recently, sodium-ion batteries (SIBs) have great attention as the
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promising low-cost rechargeable batteries, due to the unlimited Na
sources in the sea and the alkali-ion-based reaction mechanisms similar
with LIBs [3,4]. However, larger ionic size of Na™ (~1.02 10\) than that of
Lit (~0.76 f\) leads to the poor electrochemical behaviors of SIBs by
sluggish Na™' diffusion kinetics and large structural change during
charge/discharge compared to those of LIBs [5]. Thus, it is important to
develop the outstanding active materials for exhibiting the stable and
reasonable electrochemical performances of the SIBs. Especially, it is
known that graphite-based anode materials can only store a limited
amount of Na* ions (~150 mAh g™1) through a co-intercalation process
[6]. The co-intercalation refers to the insertion of solvated alkali ions
through the reduction of graphite [7] and was reported as a means to
address the size mismatch between sodium ions and the graphene lat-
tice. To increase the available capacity of anode materials for SIBs, many
researchers have studied the various conversion-based materials, such as
oxide, sulfide, fluoride, etc., with the high theoretical capacities based
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on the more than 1 mol electron transfer per 1 mol transition metal ions
[8-10]. However, the intrinsic problems of the conversion-type anode
materials, such as poor electrochemical properties and large volume
expansion, still exist due to the sluggish kinetics [11]. These problem
should be solved for real application of the conversion-type anode ma-
terials to SIBs. Metal fluorides, especially, are known for their low
electronic conductivity and large band-gap energies, which make the
facile conversion reaction with alkali ions difficult, leading to rapid
capacity degradation [12]. Moreover, owing to high operating voltages
(> 3 V) due to the highest electronegativity of fluorine, various fluoride
materials have been just reported as the cathode material rather than the
anode materials [13,14].

In this study, we introduce a novel Ti-based fluoride material,
chiolite NasTisF14 as a promising anode material for SIBs. Through the
conversion reaction between NaF and metallic Ti%, NasTisF14 can deliver
the large theoretical capacity of ~459 mAh g~! corresponding to 9 mol
Na™ can totally be stored in the NasTisF14 phase. Using first-principles
calculation and bond-valence energy landscape (BVEL) analyses, we
demonstrated the NasTisF;4 exhibits not only lower band-gap energy
than other fluoride materials but also large three-dimensional Na™
diffusion pathways, implying high electronic conductivity and facile
Na' insertion for smooth conversion reaction in the NasTisF14 structure.
Moreover, we performed the carbon-mixing process of the NasTigF;4 for
not only improvement of electrical conductivity but also provision of the
buffer-layer to prevent large volume change during the conversion re-
action. At the current density of 10 mA g’l, the NasTisF14/carbon (NTF/
C) nanocomposite delivered the large specific capacity of ~425 mAh g~ !
with the low average voltage (vs. Na'/Na), which is close to the theo-
retical capacity. Even at 1000 mA g™, its capacity was close to ~255
mAh g~!. Furthermore, for 300 cycles at 1000 mA g~!, the NTF/C
nanocomposite exhibited the capacity retention of ~78 % compared
with the initial capacity with a high coulombic efficiency of above 99 %.
These outstanding power-capability and cyclability were achieved by
not only reversible occurrence of facile conversion reaction under the
SIB system but also existence of buffer layer by carbon-mixing. In
addition, the reaction mechanism of NasTiszF4 (conversion reaction:
NasTisF14 + 9Na + 9e~ < 3Ti + 14NaF) was confirmed during charge/
discharge through various analyses, including operando/ex-situ X-ray
diffraction (XRD), high-resolution transmission electron microscopy
(HRTEM), ex-situ X-ray absorption near edge structure (XANES) anal-
ysis, and ex-situ X-ray photoelectron spectroscopy (XPS). Our findings
will expand the research area of fluorine-based materials from cathode
to anode and also provide insights for developing SIBs with outstanding
electrochemical properties.

2. Material and methods
2.1. Synthesis of chiolite NasTizF14

Chiolite NasTisF14 powder was synthesized using NaF (Alfa Aesar,
99 %), and TiF3 (Sigma Aldrich, 99 %) as precursors in a molar ratio of
5:3. To prevent water contamination, the precursors were sealed in a
silicon nitride jar in the Ar-filled glove box and mixed using a high-
energy ball milling at 400 rpm for 12 h. The mixture was calcined at
600 °C for 30 min under Ar flow. In addition, when pyromellitic acid is
mixed and heat-treated during the synthesis process, the particles of the
materials can be coated with carbon, which results in the improved
electrical conductivity [15,16]. Thus, to enhance the electrical con-
ductivity and the electrochemical performances, 10 wt% pyromellitic
acid (PA, CgH1002) (Alfa Aesar, 96 %) precursor was mixed with the
powder and sintered at 600 °C for 2 h under Ar flow. To improve elec-
trical conductivity, an NTF/C nanocomposite was prepared by mixing
the active material of NasTigF14 with conductive carbon (Super P Car-
bon black and multiwalled carbon nanotube) using a high-energy ball
milling process at 300 rpm for 12 h. Through thermogravimetric anal-
ysis (TGA), it was verified that the weight loss of the NasTisF;4/C
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nanocomposite in the temperature range of 40-600 °C was ~20 wt%,
which means the amounts of the carbon in the NasTizF14/C nano-
composite. (Fig. S1).

2.2. Materials characterization

The as-prepared NasTisF;4 powder and NTF/C nanocomposite were
analyzed using XRD (PANalytical, Empyrean) with Mo Ka radiation (A =
0.70932 ;\). The step size was 0.13° and the 26 range of 4.6° to 35.0°,
and the patterns were converted to angles with Cu Ko radiation (A =
1.54178 A). The Rietveld refinement of the XRD data was performed
using FullProf software. TGA was conducted under an air atmosphere at
a heating rate of 10 °C min~! using a thermogravimetric analyzer
(Discovery TGA, USA) to 600 °C. The atomic ratios of elements, such as
Na, Ti, were analyzed using an inductively coupled plasma-Atomic
Emission Spectrometer (ICP-AES) installed at the National Center for
Inter-university Research Facilities (NCIRF) at Seoul National Univer-
sity. The Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) (ASAP2460M, USA) method were used to calculate the surface
areas and average pore sizes. The valence states of Ti in the NasTigF14
structure were determined from XANES analysis performed on beamline
6D and 7D at the Pohang Accelerator Laboratory (PAL), South Korea.
The Ti K-edge spectra were collected in the transmission mode with an
electron energy of 2.5 GeV and a current of 200 mA. Ti reference spectra
were simultaneously obtained from Ti metal foil. The particle size and
distribution measurements were performed using FE-SEM (JEOL, JSM-
7600) and high-resolution TEM (JEM-ARM200CF). The operando XRD
(0-XRD) patterns of NasTisFi4 were obtained using an X-ray diffrac-
tometer (PANalytical, Empyrean) with Mo Ka radiation A = 0.7093 A in
the 260 range from 10.0° to 19.0° with a step size of 0.01° Then, the
patterns were converted to angles to Cu Ka radiation (A = 1.54178 A).
The Operando XRD experiments were conducted using an Operando XRD
battery cell (ISBS) made by PANalytical with PDC TECH. To protect the
cell system from water, beryllium (Be) window was applied.

2.3. Electrochemical characterization

The NTF/C electrode was fabricated by mixing the 87.5 wt% NTF/C
nanocomposite, 2.5 wt% Super P carbon black and 10 wt% poly-
vinylidene fluoride (PVDF) using N-methyl-2-pyrrolidone (NMP) as the
solvent. Thus, the total weight percent of the NTF/C electrode was as
follows; 70 wt% NasTisF14, 20 wt% conductive carbons and 10 wt%
PVDF binder. The slurry was applied onto Cu foil using a doctor blade
and dried at 100 °C for 3 h under vacuum condition. The mass loading of
the electrode was ~2 mg cm™2. CR2032 cells were prepared using the
NasTisF14 electrode, Na metal as the counter electrode, a separator
(Whatman GF/F glass fiber), and an electrolyte (1.0 M NaPFg in dieth-
ylene glycol dimethyl ether (DEGDME)). The coin cells were fabricated
in an Ar-filled glove box. Galvanostatic charge/discharge tests were
performed at various c-rates (10 mA g~1, 20 mA g™, 40 mA g1, 60 mA
g1, 120 mA g7, 240 mA g%, 360 mA g1, 480 mA g, 600 mA g ?,
and 1000 mA g™ 1) in the range of 0.01-3.0 V, using an automatic battery
charge/discharge test system (WBCS 3000, WonATech).

2.4. Computational details

All the density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP) [17].
Projector-augmented wave (PAW) pseudopotentials [18] were used
with a plane-wave basis set as implemented in VASP. Per-
dew—Burke—Ernzerhof (PBE) parametrization of the generalized
gradient approximation (GGA) [19] was wused for the
exchange-correlation functional. A kinetic energy cutoff of 500 eV was
used in all calculations, and all structures were optimized until the force
in the unit cell converged to within 0.03 eV A~!. The GGA+U [20]
method was adopted to address the localization of the d-orbital in Ti and
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Fe ions, with Uggr values of 2.4, 5.0 eV, respectively as used in previous NasTisF14 phase in the NTF/C nanocomposite, we performed Rietveld
studies [21-23]. refinement based on XRD patterns (Fig. la). It was confirmed that
NasTisF14 was composed of P452;2 space group and was observed
without any impurities and second phases [24]. The calculated lattice
parameters of NasTisF14 were determined to be a = b = 7.4504(3) Aand
3.1. Structural and morphological characterization of NTF/C ¢ = 10.2383(7) A with the low values of reliable factors (Rp = 2.41%, Ry
= 3.47 %, Rg = 2.98%, and Xz = 5.80%), which indicate the high ac-
curacy of the Rietveld refinement results [25]. Detailed structural in-
formation was provided such as the atomic positions, Bjsovalues, and

3. Result and discussion

nanocomposite

To investigate the detailed structure information of chiolite
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Fig. 1. Structural and morphological characterization of NasTi3F;4 phase in the NTF/C nanocomposite. (a) Refined XRD pattern of NasTi3F;4 phase in the NTF/C
nanocomposite (ICSD number 15,928). (b) Three-dimensional (ac plane) BVEL analyses of NasTisF14 phase in the NTF/C nanocomposite with all Na* diffusion
pathways in the crystal structure. (c) Ti K-edge XANES analysis of NasTi3F;4 phase in the NTF/C nanocomposite. (d) TEM-based EDS-mapping results of the NTF/C
with Na, Ti, F, and C elements.
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occupancies in Table S1. Based on the structural information, we
determined the crystal planes of NasTisFi4 structure. Moreover, we
compared the XRD patterns of the as-prepared NasTisF14 and the NTF/C
nanocomposite. As shown in Fig. S2 (Supporting Information), it was
verified that the intensities of XRD peaks in the NTF/C nanocomposite
were smaller than those in the as-prepared NasTisF14. Using Scherrer
equation, we calculated the crystallite size of the as-prepared NasTizF14
and the NTF/C nanocomposite based on the XRD patterns (Table S2).
These results imply a lowered particle size of the NTF/C nanocomposite
after the carbon-mixing process using high-energy ball-milling. In
addition, we performed the bond-valence energy landscape (BVEL)
analysis to verify the possible Na* diffusion pathways in the structure.
The BVEL method is a technique that estimates energy barriers and
mechanisms associated with ion diffusion within a crystal structure
using the bond valence site energy approach. The BVEL obtained
through these calculations represents the energy landscape for the mo-
bile ion, ultimately allowing for the prediction of pathways through
which Na™ can diffuse within the crystal structure [26,27]. As shown in
Fig. 1b, it was verified that all the TiFg octahedra in the structure are
three-dimensionally interconnected with each other and there are large
Na' diffusion pathways in the structure, which implies facile Na®
diffusion can be possible in the crystal structure of NasTisF;4 phase. The
large Na' diffusion pathway of the NasTisFi4 phase can facilitate
intercalation reaction deeply inside at the beginning of discharge,
thereby enabling subsequent conversion reaction in lower voltage range
for discharge by formation of intimate Na-F clusters [28]. Moreover, to
confirm the oxidation state of Ti cations on the NTF/C nanocomposite,
we performed the X-ray absorption near edge structure (XANES) ana-
lyses (Fig. 1c). It was verified that the Ti K-edge XANES spectrum of the
NTF/C nanocomposite was similar to that of Ti§3+)03 rather than
Ti(4+)02, indicating that the average oxidation state of Ti ions in the
NTF/C was close to +3.

Through scanning electron microscope (SEM) analyses (Fig. S3), it
was verified that the morphologies of both NasTi3F14 and NasTigF14/C
anode materials are uniform. In addition, it was confirmed that the
particle size of NasTizF14/C is smaller than as-prepared NasTizFy4.
Moreover, the particle size and atomic distribution of the NTF/C
nanocomposite was investigated through the transmission electron mi-
croscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) ana-
lyses. As shown in Fig. 1d, it was revealed that Na, Ti, F and C elements
were homogeneously distributed in the particles with ~600 nm, indi-
cating the well carbon-coating on the NTF/C particles. The total
elemental ratio of Na and Ti in the NTF/C nanocomposite was
~5.000:2.998. The atomic ratio in the NTF/C nanocomposite was in
good agreement with the inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analysis (Table S3). In addition, the Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analyses indi-
cated that the surface area and the average pore size of the NTF/C
nanocomposite are ~56.4585 m? g’1 and ~32.0907 nm, respectively
(Fig. S4), which are larger than those of the as-prepared NasTisF14 (=
ball-milled NasTisF14) and the NasTigF;4 without ball-milling (Figs. S5
and S6). Moreover, the surface area and average pore size of the carbon
are also ~67.3709 m? g~! and ~29.8826 nm, respectively (Fig. S7).
Furthermore, the surface area and average pore size of the NTF/C
nanocomposite after charging to 3.0 V (vs. Na*/Na) were approximately
~55.9879 m? g~ and ~31.5352 nm, respectively, which is closely
similar to those of the OCV-state NTF/C nanocomposite (Fig. S8). On the
other hand, in the case of the as-prepared NasTisFi4, the surface area
and average pore size after charging to 3.0 V were confirmed to be
approximately ~12.4360 m? g~! and ~25.1114 nm, respectively
(Fig. S9), which is much larger than those of the OCV-state as-prepared
NasTisF14. These results imply that the reversible feature of the average
surface area and pore size in the NTF/C nanocomposites during charge/
discharge can result in the improved electrochemical performances.
Carbon exhibits a high affinity for adsorbing molecules on its surface.
Consequently, when carbon is mixed with a material, it can create
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additional adsorption sites, resulting in an increase in surface area.
Moreover, owing to carbon coating through the high-energy ball-milling
process, the particle sizes of NTF/C nanocomposite became smaller than
those of the as-prepared NasTisF14, which indicates the increased spe-
cific surface area of NTF/C nanocomposite compared to as-prepared
NasTisF14. The increased surface area by the decreased particle size
was also reported in the previous research paper [29]. In addition,
during the carbon-mixing process, carbon particles may agglomerate or
cluster together. These aggregates can occupy the spaces between the
particles in NasTisF14/C nanocomposite, leading to the formation of
larger interconnected pores. Thus, the carbon-mixing can result in in-
crease of the average pore size in the NasTisF14/C nanocomposite.
Through BET and BJH analyses, it was verified that NTF/C show an
increase in both surface area and pore size compared to as-prepared
NasTisFq4, which indicates that the increase in interfacial contact area
between the electrode and the electrolyte allows for efficient kinetic and
ion transfer of the material, ultimately indicating an enhancement in
electrochemical properties. These results are also well matched with the
various previous reports [30-32].

3.2. Outstanding electrochemical performances of NTF/C nanocomposite
as an anode of SIBs

The power-capability of the NTF/C nanocomposite was investigated
through electrochemical tests at the various current densities in the
voltage range of 0.01-3.0 V (vs. Na™/Na) after the initial discharge. The
initial discharge capacity was ~689 mAh g™, which was attributed not
only to the conversion reaction between NasTisF14 and Na, but also to
the occurrence of side reactions due to the formation of a solid-
electrolyte-interphase (SEI) layer (Fig. S10) [33]. The large initial
discharge capacity of the NTF/C nanocomposite by formation of SEI
layer is similar with those of other conversion-based anode materials
[34,35]. As shown in Fig. 2a, b, the NTF/C nanocomposite delivered a
large specific capacity of ~425 mAh g~! at 10 mA g~ (1C = 459 mA
g~ 1) after the pre-cycling process, corresponding to the storage of ~8.33
mol Na® during charge/discharge. This result implies the NasTisF14
phase in the nanocomposite experienced the following conversion re-
action; NasTisF14 + 9Na' + 9e”™ < 3Ti + 14NaF. Even at the high
current density of 1000 mA g%, in particular, the specific capacity was
maintained up to ~255 mAh g~! corresponding to ~60 % of the ca-
pacity measured at 10 mA g~ !, which indicates the outstanding
power-capability of the NTF/C nanocomposite. It means that the wide
Na ion channel of NTF/C with a three-dimensional structure allows
facile Na™ insertion into the structure, providing enough opportunity to
create the Na-F phase during the conversion reaction after the initial
intercalation process, resulting in excellent properties. In addition, we
tested the electrochemical tests of the as-prepared NasTisFq4 and the
NTF/C nanocomposite in the various current densities from 10 mA g~*
to 1000 mA g ! with the same conditions under the SIB system. As
shown in Fig. S11, it was clearly verified that the NasTisF14/C nano-
composite exhibited better power-capability than the as-prepared
NasTisF14 and NasTisFi;4 without ball-milling. Moreover, we per-
formed the electrochemical performances of NTF/C with more increased
mass loading (~6 mg cm~2). As shown in Fig. S12, it was verified that
the NTF/C with mass loading of ~6 mg cm 2 delivered outstanding
electrochemical performances. These results mean the kinetics of the
conversion reaction on the NasTizF14 under the SIB system was suc-
cessfully enhanced by synergy of carbon-mixing and nano-sizing. As
shown in the Fig. S13, electrochemical impedance spectroscopy (EIS)
analysis was performed to compare the diffusion kinetics of the NTF/C
nanocomposite. It was verified that the charge-transfer resistance of
NTF/C half-cell was ~321 Q. Moreover, we performed an electro-
chemical property test to confirm that Na ions are extracted from
NasTisF14 during the charge process (Fig. S14). The charge capacity of
NTF/C was delivered just ~ 0.4 mAh g™, indicating that Na ions in the
NasTisF14 phase in NTF/C are negligibly extracted during the charging
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Fig. 2. Electrochemical performance with high power and long-term cycle stability of NTF/C. (a) Charge/discharge profiles of NTF/C in the range of 0.01-3.0 V at
various current rates. (b) Power-capability of NTF/C with several cycles at various current rates. (¢) pDOS of Fe 3d and Ti 3d of various fluoride-based materials for
Na-ion batteries. (d) Cycle performance of NTF/C at 1000 mA g’1 for 300 cycles in the voltage range of 0.01-3.0 V (vs. Na*/Na). (e) Log(i) and log(v) plots on Ti ions
redox reactions at specific peak currents. (f) CV profiles with the calculated pseudo capacitance shaded region at 0.8 mV s ~ ! during the charge/discharge.

process. In addition, we investigated the theoretical density of state
(DOS) of NasTisF14 to verify the intrinsic electronic conductivity using
first-principles calculation, and then, compared it with other
fluoride-based materials. As shown in Fig. 2¢, it was revealed that
NasTigF14 has lower band gap energy (~1.89 eV) than other
fluoride-based materials, which also supports the outstanding
power-capability of the NTF/C nanocomposite despite the
fluoride-based conversion reaction. Moreover, the various information

and characteristics of fluoride-based materials for NIBs were summa-
rized in Table S4 [3,21,36-38]. It was verified that the band gap en-
ergies of NasTigFi4 and NajFeoF; are lower than those of other
fluoride-based materials. This result indicates that the crystal structure
of NasTisF14 enables the high electronic conductivity, resulting in the
outstanding power-capability as the promising anode for SIBs.
Furthermore, the NTF/C nanocomposite exhibited the outstanding ca-
pacity retention of ~78 % compared with a high Coulombic efficiency of
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above 99 % after 300 cycles at 1000 mA g~! (Fig. 2d).

To confirm the possibility of the NTF/C nanocomposite as the
promising anode for SIBs, in addition, we also performed the full-cell
test using Nag e7[Mng gNig.1C00.1]02 (NaMNC) as the cathode with N/
P ratio of ~1.2. Fig. S15 shows that the NaMNC at the current density of
26 mA g~ ! under the half-cell test exhibited the discharge capacity of
~165 mAh g~!. Before the full-cell test, the NTF/C nanocomposite was
pre-cycled in the range of 0.01-3.0 V (vs. Na"/Na) to eliminate the
irreversible capacity. By using NTF/C as the anode, it appears that
electrochemical properties of the NaMNC||NTF/C full-cell was con-
ducted in a lower voltage range due to the higher operating voltage
compared to hard carbon [39]. At the current density of 26 mA g’l, the

a
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Cu Ko 2¢ (deg)
C
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NaMNC||NTF/C full-cell delivered the specific capacity of ~164 mAh
g~ ! in the voltage range of 0.7-3.6 V (Fig. $16). Furthermore, it was
revealed that the NaMNC||NTF/C full-cell exhibited the great cycle
performance with capacity retention of ~70% compared to initial ca-
pacity for 400 cycles at the current density of 120 mA g~ ! and the
Coulombic efficiency was above 99 %. In addition, we analyzed the
differential capacity versus voltage (dQ/dV) plots of NaMNC|NTF/C
full-cell in various cycle conditions. (Fig. S17). In the high voltage region
near 3.6 V, no significant peak corresponding to electrolyte decompo-
sition was detected in the dQ/dV profiles, even after 400 cycles. This
indicates the excellent electrochemical performances of the
NaMNC|INTF/C full-cell and the electrolyte stability at the high voltage

b
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Fig. 3. Identify of structural change and reaction mechanism of NTF/C (a) o-XRD patterns of NTF/C with the upper part in 2D format and the lower part in 3D format
measured at a current rate of 120 mA g’1 in the voltage range of 0.01-3.0 V (vs. Na*/ Na). (b) Ex-situ XRD patterns of OCV, Dis 0.01 V, and Ch 3.0 V between 20° and

42° (c¢) HRTEM and SAED patterns of the OCV, Dis 0.01 V, and Ch 3.0 V of NTF/C.
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of 3.6 V. In addition, we conducted the EIS analyses of the full-cell Furthermore, the full-cell performance was also better
(Fig. S18). The charge-transfer resistance of the full cell was verified cycle-performances than other layered-type cathode materials for SIBs,
to be ~737 Q. Moreover, the CV results of the full-cell show the which demonstrates the applicability of the NTF/C nanocomposite
reversible electrochemical reaction during charge/discharge (Fig. S19). anode material in SIBs (Fig. S20) [40-44]. We supposed that the
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Fig. 4. Confirmation of redox reaction in NTF/C through XAFS and XPS analysis. Ex-situ (a) Ti XANES analyses of NTF/C electrode. Ex-situ XPS spectra of NTF/C
electrode: (b) Ti 2p and (c) F 1 s peaks.
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excellent cycle performance was due to highly reversible conversion
reaction during charge/discharge.

In addition, the cyclic voltammetry (CV) analysis was performed at
the various scan rates to confirm the Na™ storage ability and contribu-
tion of pseudo-capacitance. It showed that the broad peak observed in
the first cycle at ~0.5 V corresponds to the formation of the SEI layer,
and it was not observed after severe cycles (Fig. S21a, b). It was verified
that the broad redox peaks at ~1.2 V (anodic process) and ~1.5 V
(cathodic process) are detected in the CV profiles, which indicates the
electrochemical reaction of NTF/C under the SIB system. Based on the
CV profiles, it was verified that the Na storage on the NTF/C nano-
composite during charge/discharge was mainly affected by surface-
controlled reactions (b ~ 0.89 and 0.94 in the equation of i, = avb)
(Fig. 2e). Moreover, we calculated the contribution of pseudo capaci-
tance through the equation of i(V)=k;v +k2v1/ 2, Ata scan rate of 0.8 mV
s ~ ! during charge/discharge, the contribution of the pseudo capaci-
tance of the NTF/C nanocomposite was found to be ~87.4 %, which also
indicates that most of the capacitance of the NTF/C nanocomposite was
determined by the surface-controlled reaction (Fig. 2f).
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3.3. Reaction mechanism of NasTi3F14 phase in the NTF/C
nanocomposite

To investigate the conversion reaction mechanism of NasTisFi4
phase in the NTF/C nanocomposite occurred during charge/discharge,
we performed the operando XRD (0-XRD) analyses (Fig. 3a). In OCV
state, the (202) plane of NasTisF14 phase was observed at ~29.7° (20).
During discharging to 0.01 V, the NasTisFi4 phase gradually dis-
appeared, and a new broadened XRD peak was detected at ~38.3°
corresponding to the (110) plane of metallic Ti® and the (200) plane of
NaF. During charging to 3.0 V, it was observed that the (202) plane
gradually reappeared. These results from o-XRD were consistent with
the ex-situ XRD pattern (Fig. 3b). Thus, through combined studies using
operando/ex-situ XRD analyses, it was revealed that NasTisF;4 phase in
the NTF/C nanocomposite reversibly experience the following conver-
sion reaction during charge/discharge; NasTisF14 + 9Na® + 9e~ < 3Ti
4 14NaF. Furthermore, the ex-situ HRTEM and selected-area electron
diffraction (SAED) analyses were performed to confirm the reversible
conversion reaction of NasTizF14 phase under the SIB system. As shown
in Fig. 3c, it was verified that the OCV sample was composed of the
NasTisF14 phase. After charging to 3.0 V, the NasTisFi4 phase was
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Fig. 5. (a) Schematic illustration of summarization for reaction mechanism of NTF/C on charge/discharge process. (b) Comparison of cycle-performances among

NTF/C nanocomposite and other Ti-based anode materials for SIBs.
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recovered in the reverse order. These results on the (hkl) plane and b-
spacing of the NasTisFj4, NaF and metallic Ti® phases are consistent with
the operando/ex-situ XRD results.

The overall expected redox reaction mechanism of NasTigFi4 was
investigated by synchrotron-based ex-situ XANES to confirm the Ti-
based conversion. As observed in Fig. 4a, the Ti K-edge spectra gradu-
ally shift to lower energy level during discharging to 0.01 V, indicating
that the oxidation state of Ti changed from Ti>" to metallic Ti°. During
charging to 3.0 V, the oxidation state of Ti was recovered to Ti°*, which
was similar to the OCV state. Ex-situ X-ray photoelectron spectroscopy
(XPS) results also showed the reversible conversion reaction of
NasTisF14 during charge/discharge. As presented in Fig. 4b, it was
confirmed that the Ti®" 2ps/, peak (459.8 eV) and Ti®" 2p;,» peak
(465.8 eV) disappeared during discharging to 0.01 V, and the metallic
Ti® 2p3/5 peak (453.7 V) and Ti 2p;,» peak (459.7 eV) were newly
formed [45-47]. After charging to 3.0 V, the Ti®" 2p5/5 peak and Ti®*
2p1/2 peak were clearly detected, and the metallic Ti° signals were
negligible. In terms of the F 1 s XPS spectra, it was also verified that the
Ti-F bonds appeared and disappeared reversibly during charge/di-
scharge, as shown in Fig. 4c. In addition, it was confirmed that even after
300 cycles, the XPS analysis results showed peak formation similar to
that of the OCV state (Fig. S22). These ex-situ XPS results were consistent
with the ex-situ XANES results. In addition, we illustrated the overall
conversion-based reaction mechanism of NasTisF14 during charge/di-
scharge (Fig. 5a), which shows NasTisF14 phase in the NTF/C nano-
composite can store the approximately 8.33 mol Na™ corresponding to
~425 mAh g~! through the following conversion reaction; NasTisF14 +
9Na + 9e~ < 3Ti + 14NaF. This excellent cycle performance was also
demonstrated by negligible morphological deformation in the NTF/C
nanocomposites after 300 cycles (Fig. S23). Moreover, it was confirmed
the NTF/C nanocomposite exhibited better cycle-performance and
power-capability than other Ti-based anode materials for SIBs, which
indicates the excellence of the NTF/C nanocomposite based on the stable
and reversible conversion reaction as the promising anode for
high-performance SIBs (Fig. 5b and S24) [48-51]. Furthermore, it was
confirmed that the NasTisFi4 phase in the NTF/C nanocomposite
exhibited excellent electrochemical performance compared to previ-
ously report fluoride-based anode materials for SIBs. (Table S5) [52-55].
In addition, conversion-type materials have encountered issues such as
voltage hysteresis, discharge profiles, rate stability, cyclic stability,
irreversible capacity loss, and Coulombic efficiencies, and there have
been no commercially reported cases. Thus, various research endeavors
are underway to partially address these issues, and notably, potential
solutions to overcome these drawbacks are being introduced through the
following methods (i: Size control ii: Morphology control iii: Architec-
tural control iv: Composite with carbon) [56-58]. By integrating each of
these solutions, it is possible to enhance the electrochemical properties
of conversion-type materials and achieve structural stability. This could
serve as a means to advance the commercialization of conversion ma-
terials. Our findings suggest that the NTF/C nanocomposite can be
applied as a promising and outstanding anode for low-cost and
high-performance Na-ion batteries.

4. Conclusion

In this work, we demonstrated the successful conversion reaction of
NTF/C nanocomposite as a novel fluoride-based anode material for SIBs
with exceptional electrochemical performance. Charge conductivity and
reaction kinetics were improved through conductive carbon coating and
downsizing process, which effectively affected the stable structural
properties of NasTisFi4, having a three-dimensional open framework.
The facile Na channel and deep Na intercalation inside particle can
facilitate subsequent conversion reaction with higher molar number of
Na' uptake (~8.33 mol Na'). During charge/discharge at a current
density of 10 mA g™}, NasTisF14 delivered a specific capacity of ~425
mAh g, Even at 1000 mA g™, a specific capacity of ~255 mAh g~*
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was obtained, which retained up to 60% of the measured capacity at 10
mA g1, Through various ex-situ techniques such as XRD, HRTEM,
XANES, and XPS analyses, it was clearly confirmed that the reversible
conversion/deconversion reaction (NasTisFi4 + 9Na + 9¢~ < 3Ti +
14NaF) occurs during charge/discharge of NasTigFi4. Therefore,
NasTisF14 demonstrates that despite the conversion reaction, the ca-
pacity retention was maintained at ~78 % for 300 cycles at 1000 mA g~*
with acceptable low operating voltage and high Coulombic efficiency of
above 99 %. In addition, it is important to discover the optimal values of
surface area, pore size and carbon contents, to satisfy both high tap
density and facial Na™ diffusion kinetics. Thus, the electrochemical
performances of the NTF/C can be more enhanced through further
modification. We raise the fact that fluoride-based materials can be
introduced to conversion reaction anode materials and also offer their
outstanding performance benefit as potential anode for beyond-Li
batteries.
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