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ABSTRACT: Nay[Ti,P,0,F] was synthesized by a hydrothermal method. It has
an open framework structure consisting of TiFOy octahedra and PO, tetrahedra.
The feasibility of Na,[Ti,P,0,(F] as an anode material for lithium-ion batteries was
first studied. Na;[Ti,P,0,,F] exhibits a reversible capacity of more than 200 mAh
g~! at a discharge/charge current rate of 20 mA g~' (~0.1 C) and 105 mA g ' at a
discharge/charge current rate of 400 mA g~' (~2 C) with a lower intercalation
voltage. The result of in situ X-ray diffraction test shows the structural evolution
during the first discharge/charge cycle. The structure of Na;[Ti,P,0,,F] was kept
during discharge/charge with a slight change of the lattice parameters, which

indicates a lithium solid solution behavior.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have been one of the most
dominant energy-storage technologies due to the high energy
density and environmental benignity.' > Graphite has been
used as a main anode in rechargeable LIBs for more than 30
years via a Li intercalation mechanism.*”” However, the low
power density of LIBs with a graphite anode cannot meet the
midterm goal of power battery applications. For improving on
the energy storage of the LIBs, great efforts have been paid to
explore silicon and tin anodes via a Li alloying mechanism;
however, a severe problem facing these materials is the large
volume expansion/contraction during alloying and dealloying
reaction with Li* ions.*'* To solve this problem, great efforts
have been made in recent years with design of nanostructured
materials."' "¢

Increase in energy density and power density is of great
significance for rechargeable LIBs in electric vehicles (EVs)
applications. In recent years, oxide intercalation hosts have
attracted much attention due to their higher density, leading to
larger volumetric energy density, a key parameter for future
applications in electronics and electric vehicles.” Furthermore,
limited global lithium reserves have also challenged the
longterm economic viability of large-scale Li-ion energy storage
systems.'” Although Ti,Nb,O, has demonstrated recently a
reversible capacity ~280 mAh g™ in the voltage of 1.0—2.5 V as
a promising alternative anode for LIBs,' > the price of Nb is
cost prohibitive for practical applications. Therefore, searching
for low-cost oxide materials free of lithium is still an interesting
topic to pursue. A new oxyfluorinated titanium phosphate,
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Na,[Ti,P,0,0F], has been reported by Li et al.*' The high ionic
conductivity of Na;[Ti,P,0;oF] is comparable to that of the
NASICON-type titanium phosphate.”” We recently inves-
tigated the Na-ion diffusion pathway in Nas[Ti,P,0,,F] using
temperature-varied neutron powder diffraction (NPD).>* The
NPD results clearly show that Na-ion diffusion paths follow a
two-dimensional (2D) trajectory through the ab plane.”> This
material is a very ideal ionic insertion/extraction host due to its
open framework structure.

Herein, we show Na,[Ti,P,0,,F] can function as a low-cost,
excellent anode for rechargeable LIBs with a capacity of more
than 200 mAh g_1 at a 20 mA g_l discharge/charge current
rate, as well as excellent cycling and rate capability. The
abundant resource of sodium is another advantage of
Na,[Ti,P,0,oF] compared to other oxide intercalation hosts,
like Li, TisO,.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. Pure-phase Na;[Ti,P,0,,F] was
obtained by a hydrothermal method as reported elsewhere.”"**

2.2. Characterizations. The morphology of the products was
observed by a scanning electron microscope (SEM, Hitachi S-4800).
The phases and purity of the products were examined by powder X-ray
diffraction (XRD) with a Bruker D8 Advance diffractometer equipped
with a Cu Ka radiation source (1, = 1.540 60 A, 1, = 1.544 39 A) and a
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LynxEye XE detector. The powder patterns were refined using
TOPAS software based on the Rietveld method.

2.3. Electrochemical Measurements. A slurry of the 70 wt %
Na,[Ti,P,0,0F] powder with 20 wt % acetylene black and 10 wt %
polyvinylidene fluoride (PVDF) is spread onto a Cu foil to prepare
working electrodes. The average mass of the active electrode material
is ~4 mg. The electrolyte is 1 mol LiPF4 in ethylene carbonate/
dimethyl carbonate (1:1 in volume). The coin-type (CR2032) cells
were fabricated with pure lithium foil as a counter electrode, and a
Celgard polypropylene/polyethylene/polypropylene as a separator in
an argon-filled glovebox. Cells were galvanostatically cycled on a Land
BT2000 battery test system (Wuhan, China) in a voltage range of
0.02—2.5 V at 25 °C in a constant-temperature oven.

2.4. In Situ XRD Studies. The working electrode was prepared
with the method described above. The design of an in situ testing cell
is similar to that in the literature.”* The in situ XRD patterns were
collected with an interval of 60 min for each 20 scan from 10° to 45°
during the first discharge/charge cycle at a current rate of 10 mA g_l
over a voltage range from 3 to 0 V versus Li/Li*.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology of Naj;[Ti,P,0,¢F].
Figure la shows the Rietveld refinement results of the
Na,[Ti,P,0(F]. The space group of Na;[Ti,P,0,.F] is 14/
mmm, and the refined lattice parameters of the Na,[Ti,P,0,,F]
sample are a = 6.4447(62) A and ¢ = 10.6570(11) A. The
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Figure 1. (a) XRD pattern of Na;[ Ti,P,0,(F] and Rietveld refinement
profile. Circles and lines denote the observed and calculated
intensities, respectively. The differences between the observed and
calculated patterns and the referenced peak positions are also shown at
the bottom. (b) Crystal structure of the Na;[Ti,P,0,,F].
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refined atomic parameters are listed in Table S1 (Supporting
Information). The XRD refinement results are consistent with
the neutron diffraction results.*'

As shown in Figure 1b, the structure has 4-fold symmetry
with the PO, tetrahedra and TiOF distorted octahedral linked
by sharing four oxygen atoms to form an open framework.
Meanwhile Na is located at the large interstitial space between
the PO, tetrahedra and TiOF distorted octahedra, and the
large interstitial space is beneficial for ion migrations. From
Supporting Information, Table S1, the refined results show the
occupancy of Na atom is ~0.75, which provides possible sites
for Li" insertion.

Single-phase Na;[Ti,P,0,,F]-xH,0 was obtained after
hydrothermal treatment (Supporting Information, Figure S1).
As shown in Figure 2, the as-synthesized Na;[Ti,P,0,,F]-

Figure 2. SEM images of the as-synthesized Nas[Ti,P,0,F]-«H,0 (a,
b) and the sample after calcined at 550 °C in Ar (¢, d).

xH,0O sample shows dispersed cubic crystallites with particle
sizes of 1—3 pm. The crystallite demonstrates its growth habit
of a 4-fold rotational symmetry under hydrothermal conditions.
After calcination, the Nas[Ti,P,0F] crystallites aggregated,
and the sharp edges became blunt, while the cubic morphology
was kept well.

3.2. Electrochemical Properties of Nas[Ti,P,0;Fl. The
feasibility of the Na;[Ti,P,0,(F] as an anode material for LIBs
was investigated by galvanostatic charge—discharge testing over
a voltage range from 0.02 to 2.5 V. Figure 3a shows typical first
three discharge (Li* insertion)/charge (Li* extraction) curves
of a Na,[Ti,P,0,(F] electrode at a current density of 20 mA
g~". During discharging, the voltage drops quickly to 1.3 V, and
then the curve slopes slowly until the cutoff voltage of 0.02 V.
During charging, the curve slopes up to the cutoff voltage of 2.5
V; no obvious plateau appears. The reversible capacity of the
Na,[Ti,P,0,0F] is ~200 mAh g~' at a current rate of 20 mA
g™' (~0.1 C) in the first cycle. After three discharge/charge
cycles at low current rate, the cell is tested at a current density
of 200 mA g'. In the fourth cycle the reversible charging
capacity of the Nay[Ti,P,0;(F] electrode is ~121 mA g ".
Note that a large irreversible capacity loss was observed during
the first discharge/charge. The low first-cycle Coulombic
efficiency was ascribed to the formation of a solid electrolyte
interphase (SEI) layer on the Na;[Ti,P,0,,F] surface and
possible Li trapping at the anode,”*® which can be cured by
prelithiation treatment on the anode powder before making the
cells.”” As shown in Figure 3b, the reversible specific capacity
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Figure 3. Lithium-ion storage performance of Na;[Ti,P,0,,F]
electrodes. (a) The first, second, and third discharge/charge curves
at a current rate of 20 mA g™! (~0.1 C) in the voltage range from 0.02
to 2.5 V versus Li*/Li; (b) the capacity and Coulombic efficiency vs
cycle number at a current rate of 200 mA g~' (~1 C); (c) the capacity
vs cycle number at various current rates.

increases slowly until the 70th cycle, which indicates there is an
activation process. For clarity, the data of the first three initial
cycles are not included in Figure 2b. The maximum charging
capacity reached ~144 mA g~' at a current rate of 200 mA g~
(~1 C). After 350 cycles, the reversible specific capacity
remains 123 mA g™, which is comparable to the fourth cycle.
Simultaneously, the Coulombic efficiency increases from 78%
in the fourth cycle to 95% in the fifth cycle and keeps further
increasing. After roughly 40 cycles, the Coulombic efficiency is
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above 99% and then stable. The discharge/charge curves in
various cycles are shown Supporting Information, Figure S2.

The rate capabilities of the Na;[Ti,P,0,,F] electrode were
evaluated by discharge/charge at various current densities from
20 mA g_1 to 400 mA g_l. As shown in Figure 3c, the reversible
specific capacity remains approximately 145 mAh g™ at a
discharge/charge rate of 200 mA g~ (~1 C) and 105 mAh g™
at a discharge/charge rate of 400 mA g~' (~2 C), respectively.
Importantly, after testing at high current rates, the capacity of
the Na,[Ti,P,0,,F] electrode tested at a current rate of 20 mA
g™ can apgroach the initial value, indicating its high
reversibility.® Supporting Information, Figure S3 shows the
discharge/charge curves of the Sth, 15th, 25th, 35th, and 45th
cycles. With the current density increasing, the polarization
becomes larger, which may be caused by the sluggish kinetics of
lithium-ion extraction/insertion. These results show that the
Na;[Ti,P,0,(F] is a potential anode for LIBs.

3.3. Structural Evolution of the Na;[Ti,P,0,,F]
Electrode upon Cycling. To understand the discharge/
charge mechanism of the Na;[Ti,P,0,(F] electrode in LIBs, in
situ XRD experiments were carried out during the first
discharge/charge cycle. From Figure 4a, it can be seen that
during lithium-ion insertion/extraction into the
Na;[Ti,P,0,(F] electrode, all Na;[Ti,P,0,0F] peaks remain;
however, intensities of some peaks decreased, and no new
peaks appear, which indicates a solid solution reaction during
discharge/charge. In the first discharge process, the (002) and
(013) peaks related to c-axis shift to high angle during
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Figure 4. (a) In situ XRD patterns of the Nas[Ti,P,0,,F] electrodes
with different states of discharge/charge. ¥ denotes the peaks from
BeH,, BeO, and Be; (b) lattice parameters and lattice volume values
obtained from in situ XRD refinement result.
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discharging and move backward during charging. The (020)
peak related to g-axis shift to low angle during discharging and
move backward during charging. However, some peaks were
not observed after charging because the intensity of those peaks
is too low to distinguish, such as (220) and (031).

To precisely examine the changes of lattice parameters and
volume during Li-ion insertion/extraction into the lattice, the
lattice parameters were calculated from in situ XRD patterns
and plotted in Figure 4b. During discharging process, the g-axis
length increases, while the c-axis length decreases. The cell
volume drops at the beginning of discharging, and then it keeps
constant in the following tests. After charging, the Ilattice
parameters cannot recover to the initial value.

4. CONCLUSIONS

In summary, we have successfully prepared the Na,[Ti,P,0,,F]
by a hydrothermal method and evaluated its feasibility as an
anode material for LIBs. Na;[Ti,P,0,,F] exhibits a reversible
capacity of more than 200 mAh g™ at 20 mA g~! (~0.1 C)
discharge/charge rate and 105 mA g~' at 400 mA g~' (~2C)
discharge/discharge rate with a lower intercalation voltage. The
result of in situ XRD test shows the structural evolution during
discharge/charge. The structure of Na;[Ti,P,0,F] was kept
during discharge/charge, which indicates a solid solution
behavior. After the first charging, the lattice parameters cannot
recover to the initial value. Na;[Ti,P,0,oF] also shows
excellent cycling stability and rate capability, making it a
potential anode for lithium-ion batteries.

B ASSOCIATED CONTENT
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The refined structure parameters for Nas[Ti,P,0,,F], XRD
pattern, and the charge/discharge curves. This material is
available free of charge via the Internet at http://pubs.acs.org.
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