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Sodium-ion batteries have attracted considerable interest as an alternative to lithium-ion batteries for
electric storage applications because of the low cost and natural abundance of sodium resources. The
materials with an open framework are highly desired for Na-ion insertion/extraction. Here we report on the
first visualization of the sodium-ion diffusion path in Na3[Ti2P2O10F] through high-temperature neutron
powder diffraction experiments. The evolution of the Na-ion displacements of Na3[Ti2P2O10F] was
investigated with high-temperature neutron diffraction (HTND) from room temperature to 6006C;
difference Fourier maps were utilized to estimate the Na nuclear-density distribution. Temperature-driven
Na displacements indicates that sodium-ion diffusion paths are established within the ab plane. As an anode
for sodium-ion batteries, Na3[Ti2P2O10F] exhibits a reversible capacity of ,100 mAh g21 with lower
intercalation voltage. It also shows good cycling stability and rate capability, making it promising
applications in sodium-ion batteries.

L
arge-scale electric energy storage (EES) requires battery systems not only to have sufficient storage capacity
but also to be cost-effective and environmentally friendly1–3. In recent years, sodium-ion (Na1) batteries have
attracted considerable interest as an alternative to lithium-ion (Li1) batteries for electric storage applications

because of the low cost and natural abundance of sodium resources4,5. In this context, new advanced energy
materials are required to enable the technology. Although a lot of transition metal oxides6–11, phosphate12–15,
fluorophosphates16,17, hexacynides5,18,19, polymers20, alloys21–25, sulfid26, red and black phosphorus27, organic
compounds28 and carbon-based materials29–32 have demonstrated considerable capacity and cycling ability for
Na1 insertion-extraction reaction, their energy densities and rate capabilities are far from the requirement of
battery applications, because Na-ion has a much larger radius (1.02 Å) than Li-ion (0.76 Å), which leads to a
sluggish kinetics of the Na-ion transport. Therefore, the materials with an open framework are highly desired for
designing high-performance sodium-ion batteries. Li et al.33 reported a new oxyfluorinated titanium phosphate,
Na3[Ti2P2O10F] with a higher ionic conductivity of 1.0 3 1024 S cm21 at 200uC, comparable to that of the
NASICON type titanium phosphate34. In addition, the framework structure in Na3[Ti2P2O10F] is quite open
due to the long Ti–F–Ti distance (,4.3 Å), which may be suitable for Na1 insertion-extraction reaction. To our
knowledge, the study of the Na-ion pathways and the evolution with temperature of Na-ion motions in
Na3[Ti2P2O10F] has not yet been addressed by neutron powder diffraction (NPD). There are no reports on
Na3[Ti2P2O10F] as an electrode for Na-ion batteries.

Herein, we report on the first visualization of the sodium-ion diffusion path in Na3[Ti2P2O10F] through high-
temperature neutron powder diffraction experiments. Temperature-driven Na displacements indicate that
sodium ion follow well-established diffusion paths within the ab plane. Furthermore, the feasibility of
Na3[Ti2P2O10F] as an anode for sodium-ion battery was examined as well. The preliminary results demonstrate
Na3[Ti2P2O10F] is a promising anode material for Na-ion batteries with a high capacity, good cycling stability and
rate capability.
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Results
Structures of the as-prepared Na3[Ti2P2O10F]. The structural
refinement was performed from room-temperature (RT) neutron
powder diffraction (NPD) data. As reported in the Ref. 33,
Na3[Ti2P2O10F] with a tetragonal I4/mmm space group was
considered as a starting structural model. The unit-cell parameters
at RT are a 5 6.41763(8) Å and c 5 10.6636(2) Å, in good agreement
with the literature33. In this model Ti atoms are placed at 4e (0, 0, z)
positions, P at 4d (0, K, 3/4), F at 2a (0, 0, 0), O1 at 4e, O2 at 16n (0, y,
z) and Na at 8h (0, y, y) positions. Isotropic displacement factors were
refined for all the atoms, excepting Na for which an anisotropic
refinement was considered. Also the Na occupancy was refined;
there is a slight deficiency (2.84(3) Na atoms per formula unit)
with respect to the nominal value of 3. Figure 1a shows a good
agreement between the observed and calculated NPD patterns. The
refined structural parameters at RT are summarized in Table 1, while
the main bond distances and bond valences are gathered in Table S1
in Supporting Information.

Figure 2 shows a schematic view of the crystal structure of
Na3[Ti2P2O10F]. The structure consists of layers of TiO5F octahedra
and PO4 tetrahedra sharing corners; Na atoms are interleaved
between the layers. TiO5F octahedra contain four Ti–O1 equatorial
distances of 2.0108(1) Å, a very short Ti–O2 axial bond length of
1.699(4) Å which can be considered as a titanyl Ti–O terminal dou-
ble bond in the framework33 and an opposite Ti–F bond of
2.111(3) Å. Within the tetrahedron P–O1 distances take values of
1.5323(9) Å, adopting an ideal tetrahedral geometry. Na atoms pre-
sent a sevenfold coordination environment with four Na–O1 bond-

lengths (2.501(2) Å), two Na–O2 bonds (2.539(3) Å) and a weak
bond to F (2.505(3) Å); as a reference in NaF, the Na–F distance is
2.316 Å. Figure 2b shows a projection of the structure along the c
axis, which can be described as a repeat stacking of a buckled square-
net sheet. As mentioned above, the Ti–O2 double bond contains a
terminal oxygen that does not contribute to the connection between
the sheets. The square-net sheets are interconnected thereby only
through sharing F atoms on TiFO5 octahedra. Because of the long
Ti–F–Ti distance (,4.3 Å), the framework structure is quite open,
containing two-dimensional (2D) channels where Na atoms are
located.

It is interesting to evaluate the actual oxidation states of the dif-
ferent cations present in the solid by means of the Brown’s bond
valence theory33,35, from the observed metal-oxygen or metal-
fluorine distances listed in Table S1. The valence is the sum of the
individual bond valences (si); bond valences are calculated as si 5

exp[(r0 2 ri)/0.37]. Starting from r0 values indicated in Table S1, we
obtain valences at RT of 0.986(13), 4.119(15) and 5.029(5) for Na, Ti
and P, respectively, which are in excellent agreement with those
expected for those cations.

In order to clarify the Na distribution and how Na ion is trans-
ported in the framework, we have undertaken a high-temperature
neutron diffraction (HTND) of Na3[Ti2P2O10F] from RT to 600uC.
No structural transition was observed in the temperature range
studied; the crystal structures can be refined within the same tet-
ragonal structural model. Figure 1b illustrates the goodness of the
fit at 600uC; the atomic parameters for the refinements and the
Rietveld plots at 200 and 400uC are shown in Table S2 and Figure

Figure 1 | Observed (crosses), calculated (line), and difference (bottom) neutron-diffraction patterns of the tetragonal Na3[Ti2P2O10F] at room
temperature (a) and 6006C (b).

Table 1 | Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) for Na3[Ti2P2O10F] from NPD
data at RT. Space group I4/mmm, unit cell parameters a 5 6.41763 (8) Å, c 5 10.66360 (16) Å, V 5 439.19 (1) Å3, Z 5 4.
Discrepancy factors: Rp 5 3.49%; Rwp 5 4.50%, Rexp 5 1.67%, x2 5 7.26, RB 5 4.34%

site x y z Uiso*/Ueq Occ. (,1)

Na1 8h 0.2760 (5) 0.2760 (5) 0.00000 0.048 (3) 0.714 (11)
Ti 4e 0.00000 0.00000 0.1980 (3) 0.0068 (8)*
O1 16n 0.00000 0.30816 (14) 0.16445 (9) 0.0058 (4)*
O2 4e 0.00000 0.00000 0.35731 (19) 0.0117 (5)*
P 4d 0.00000 0.50000 0.25000 0.0004 (5)*
F 2a 0.00000 0.00000 0.00000 0.0079 (7)*
Atomic displacement parameters (Å2)

U11 U22 U33 U12 U13 U23

Na1 0.067 (3) 0.067 (3) 0.010 (2) 20.045 (3) 0.00000 0.00000
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S1 in the Supporting Information. An interesting insight into the Na
ion motion was achieved by removing Na atoms from the structural
model at 600uC and performing a difference Fourier synthesis from
the observed and calculated NPD data. The difference contains
information of the missing scattering density (in this case nuclear
density). Figure 3 shows a difference Fourier map corresponding to
the z 5 0 section where strong positive peaks corresponding to the 8h
sites for Na1 are observed, and some intermediate nuclear density is
observed between both peaks, indicating that Na is partially deloca-
lized at intermediate positions. It can be visualized clearly in Figure 4,
where Na atoms are delocalized in octagonal rings within the inter-
layer space, suggesting that the diffusion is two dimensional (2D),
since there is no residual Na scattering through the layers even at an
elevated temperature of 600uC.

Furthermore, at higher temperatures the Na displacement factors
become very anisotropic, as shown in Figure 5. Looking at one ab
layer, we see that the Na ellipsoids are elongated along the unit-cell
diagonals, suggesting that a jump from Na sites at adjacent unit cells
is possible, thus allowing the 2D motion. They jump though a wide
window formed by two F2 ions very far apart (<6.4 Å), so the
potential barrier to prevent this jump is very low. Based on the
NPD results, we propose that the sodium ion diffusion paths may
follow a trajectory through the ab plane, as shown in Figure 5b.

Electrochemical properties of Na3[Ti2P2O10F]. The sodium-ion
insertion/extraction properties of the Na3[Ti2P2O10F] as an anode
material were investigated by galvanostatic charge-discharge
measurements over a voltage range of 0 to 2.5 V versus Na1/Na.
Figure 6a shows the charge (Na1 extraction)/discharge (Na1

insertion) profiles at various current rates. It shows a discharge

capacity of about 100 mAh g21 at 10 mA g21 charge/discharge
rate, which is acceptable for Na-ion batteries.

The rate capability of the Na3[Ti2P2O10F] electrode is evaluated by
charging/discharging at various current densities from 10 mA g21 to
200 mA g21 (Figure 6b). The reversible specific capacity remains

Figure 2 | Crystal structure of tetragonal Na3[Ti2P2O10F] observed (a) approximately along the a axis and (b) along the c axis.

Figure 3 | (a) Difference Fourier maps in a model where Na has been removed. Na1 peaks are clearly located at 8 h sites, but there is intermediate nuclear

density between the peaks, indicating Na is delocalized on the ac plane.

Figure 4 | Unit cell of Na3[Ti2P2O10F] including the Na delocalization
observed by Fourier Synthesis; Na are delocalized in octagonal rings
places in the interlayer space between PO4-TiO5F sheets.
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approximately 41 mAh g21 at a charge/discharge rate of 100 mA g21

and 26 mAh g21 at a charge/discharge rate of 200 mA g21.
Importantly, after the high current density testing, the capacity of
the Na3[Ti2P2O10F] electrode can recover to the initial value, indi-
cating its high reversibility. Figure 6c shows the cycling performance
of the Na3[Ti2P2O10F] electrode at a current density of 100 mA g21.
The reversible specific capacity of the Na3[Ti2P2O10F] electrode
keeps almost stable. Simultaneously, the Coulombic efficiency keeps
above 98% after 20 cycles. These results clearly demonstrate that the
Na3[Ti2P2O10F] is a promising candidate for practical applications in
sodium ion batteries.

Discussion
Na3[Ti2P2O10F] has an interesting framework structure consisting of
TiFO5 octahedra and PO4 tetrahedra. The TiFO5 octahedra and PO4

tetrahedra are alternatively linked via sharing four oxygen atoms (in
the ac plane)33. The square-net sheets are interconnected thereby
only through sharing F atoms on TiFO5 octahedra. The framework

structure in Na3[Ti2P2O10F] is quite open due to the long Ti–F–Ti
distance (,4.3 Å). The temperature-driven Na displacements indi-
cate that sodium ion diffusion paths follow a trajectory through the
ab plane. Moreover, as an anode for sodium-ion batteries,
Na3[Ti2P2O10F] exhibits a reversible capacity of ,100 mAh g21 with
lower intercalation voltage. It also shows good cycling stability and
rate capability, making it a promising anode for sodium-ion batteries.

Methods
Materials synthesis. Pure phase Na3[Ti2P2O10F]?xH2O were obtained by a modified
hydrothermal method as reported by Li et al.33. In a typical synthesis, a mixture of
6.00 g of Ti(SO4)2, 36.0 g of NaBO3?4H2O, and 19.0 g of NH4H2PO4, together with
3.0 g of NaBF4 and 20.0 mL distilled water, was put into a 100 mL Teflon-lined
stainless steel autoclave. The autoclave was sealed, heated to 200uC under autogenous
pressure for 2 days, and then cooled to room temperature naturally. The white
precipitate was isolated by washing with hot distilled water and drying it at ambient
temperature. The obtained product was calcined at 650uC in Ar atmosphere for
2 hours to get the final product Na3[Ti2P2O10F]. For improving the low electronic
conductivity of Na3[Ti2P2O10F], the product obtained by hydrothermal synthesis was
mixed with Ketjen black (KB) using ball-milling. After calcination at 500uC for 2 h in

Figure 5 | (a) Enhanced anisotropic motion of Na atoms at 600uC, with the major axis of the ellipsoids (90% probability) along the diagonals of the unit

cell. (b) ab projection suggesting the jumping path of Na1 ions to neighboring unit cells from partially occupied 8h sites.

Figure 6 | Sodium storage performance of Na3[Ti2P2O10F] electrodes. (a) The charge/discharge profiles at various current rates in the voltage range of 0

to 2.5 V versus Na1/Na; (b) Rate capability: the capacity versus cycle number at various current rates; (c) Long-term cycling performance: the capacity

and Coulombic efficiency versus cycle number at a current rate of 100 mA g21.
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Ar, the Na3[Ti2P2O10F] coated with carbon was obtained. The amount of carbon was
about 7wt% after ball-milling.

Characterizations. XRD analyses were performed on a D8-Advance diffractometer
with Cu Ka radiation (l 5 1.54 Å). The amount of carbon was analyzed by induced
coupled plasma- atomic emission spectrometer (ICP-AES, Thermo Electron
Corporation). NPD patterns were collected at the D2B diffractometer of the Institut
Laue-Langevin, Grenoble, with a wavelength l 5 1.594 Å within the 2h range from
10 to 153u at 25, 200, 400, and 600uC. About 2 g of the sample were contained in a
vanadium cylinder. For the T $ 200uC collection, the sample was placed in the
isothermal zone of a furnace with a vanadium resistor operating under vacuum (PO2

< 1 3 1026 Torr). In all cases a time of 3 h was required to collect a full diffraction
pattern. The NPD data were analyzed by the Rietveld method with the FULLPROF
program36. A pseudo-Voigt function was chosen to generate the line shape of the
diffraction peaks. The irregular background coming from the quartz container was
extrapolated from points devoid of reflections.

Electrochemical measurements. The working electrode was prepared by spreading
the slurry of the active materials (75wt%), acetylene black (15wt%) and the
polyvinylidene fluoride (10wt%) binder on a Cu foil. Considering the carbon coating
in the active material, the actual mass ratio of the Na3[Ti2P2O10F]: carbon: binder is
about 75251. The working electrodes were dried at 100uC under vacuum for 10 h.
The electrolyte for Na-ion batteries is 1M NaClO4 in EC5DEC (456 in volume). The
coin-type (CR2032) cells were assembled with pure sodium foil as a counter electrode,
and a glass fiber as the separator in an argon-filled glove box. The charge and
discharge measurements were carried out on a Land BT2000 battery test system
(Wuhan, China) in a voltage range of 0–2.5 V under room temperature. Cyclic
voltammetry (CV) was measured using Autolab PGSTA128N at a scan rate of
0.04 mV/s in a voltage range of 0–2.5 V versus Na1/Na.
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