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Abstract: Sodium-ion batteries are important alternative
energy storage devices that have recently come again into
focus for the development of large-scale energy storage devices
because sodium is an abundant and low-cost material. How-
ever, the development of electrode materials with long-term
stability has remained a great challenge. A novel negative-
electrode material, a P2-type layered oxide with the chemical
composition Na,;Co,;3Ti,;0,, exhibits outstanding cycle sta-
bility (ca. 84.84 % capacity retention for 3000 cycles, very small
decrease in the volume (0.046 %) after 500 cycles), good rate
capability (ca. 41 % capacity retention at a discharge/charge
rate of 10C), and a usable reversible capacity of about
90 mAhg™ with a safe average storage voltage of approxi-
mately 0.7 Vin the sodium half-cell. This P2-type layered oxide
is a promising anode material for sodium-ion batteries with
a long cycle life and should greatly promote the development of
room-temperature sodium-ion batteries.

With increasing concerns regarding the depletion of fossil
fuels, the development of methods to make use of green and
sustainable energy has become more and more important.
Therefore, large-scale energy storage devices have been
introduced and developed quickly."! Recently, lithium-ion
batteries (LIBs) have widely been used by the automotive
industry and for partial energy storage devices for electrical
grid systems."¥! However, lithium is not considered to be an
abundant element in the Earth’s crust although it is widely
distributed, and the limited availability of lithium has resulted
in increasing material costs after the wide commercialization
of LIBs.'*?

In contrast, sodium is considered to be a low-cost material
because of its abundance in the Earth’s crust. Furthermore,
sodium is incorporated by a “rocking-chair” reaction mech-

anism similar to that of lithium, and room-temperature
rechargeable sodium-ion batteries (NIBs) are thus promising
candidates for large-scale applications.”>>*! Recent advances
in the development of NIBs focused on the development of
electrode materials, and the majority of the work done so far
has been on the positive electrode materials. Various layered
compounds, such as Na,[Fe;,Mn,;,]0,,®! NaNi,sTi,s0,,*
and Na, ,NiMn,Co, , .O,Feeh polyanion-based
Na;V,(PO,);, Na,sVPO,F,7"  Nay(Fe,Mn, _,)P,0,,)
and Na;MnPO,CO,P™ and Prussian blue®™® have been
used for the positive electrodes for NIBs. However, there
have been considerably fewer studies on the use of sodium
insertion materials as the negative electrodes of NIBs.?*3:¢]
Although hard carbon materials have shown good electro-
chemical performance,®® more than half of the discharge
capacity is distributed at a very low discharge plateau
between 0 and 0.1 V versus Na*/Na, which leads to serious
safety concerns related to the possible formation of sodium
dendrite and the associated thermal runaway because of the
low melting point of sodium metal (97.7°C).P%%! Titanium-
based intercalation compounds, which benefit from a safe and
low redox potential (Ti**/Ti*") relative to the Na*/Na redox
potential, are another class of potential materials for the
negative electrode of NIBs, and have been reported recen-
tly.**%1 However, their cycle capability, which is closely
related to the structure stability, is still not sufficient for the
long-term operation of large-scale energy storage devices.
Herein, a novel titanium-based negative electrode mate-
rial for NIBs, Na,;Co,;Ti,;0, (NCT), is prepared (see the
Supporting Information) and used as the anode of NIBs for
the first time. It exhibits a pure and ultrastable P2-type
layered structure,®”! which shows outstanding cycle stability
(ca. 84.84% capacity retention after 3000 cycles and a very
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Figure 1. a) SEM and b) SAED images of as-prepared P2-NCT. c) HR-SXRD patterns of the P2-NCT material and Rietveld refinement. The inset
shows the enlarged (002) diffraction line of the P2-NCT material. d) Schematic representation of the P2-NCT crystal structure and local sodium
environments. A and B represent the two different oxygen layers. e) HAADF and f) ABF STEM images of the pristine P2-NCT material projected
along the [110] direction. Inset in Figure Te: FFT pattern. Inset in Figure 1f, top-right corner: typical transition-metal octahedra in a P2-type
structure. g) Enlarged image of the green rectangle in Figure 1 f, showing the Na* occupancy of Na; positions. h,i) Enlarged images of the yellow
and red rectangles in Figure 1f, showing the Na occupancies of the Na, positions with 2c and 2d Wyckoff sites, respectively. The dotted blue

lines in Figure 1f represent Na* vacancies.

small volume contraction of 0.046 % after 500 cycles), good
rate capability (ca. 41 % capacity retention at a discharge/
charge rate of 10C), and a usable reversible capacity of
approximately 90 mAh g™' with a safe average storage voltage
of about 0.7 V in the sodium half-cell. This novel P2-type
layered oxide is a most promising anode material for NIBs
with a long cycle life and extremely attractive for large-scale
energy storage devices.

The morphology of as-prepared P2-NCT was analyzed by
scanning electron microscopy (SEM) and found to be
irregular, with particle sizes of 10-15 ym (Figure 1a). Com-
position analysis by inductively coupled plasma mass spec-
trometry (ICP-MS) on the pristine material revealed that the
actual chemical formula of P2-NCT is Na4CoqsTige0,,
which is consistent with our intended composition
(Nay,C0y33Tiy6,0,). The scanning area electron diffraction
(SAED) pattern of P2-NCT projected along the [001]
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direction corresponds to a diffraction pattern typical for
a pure hexagonal lattice (Figure 1b). The high-resolution
synchrotron X-ray diffraction (HR-SXRD) pattern of P2-
NCT is shown in Figure 1c, and it is clear that all diffraction
lines can be well indexed to a hexagonal lattice with the P63/
mmc space group, which is isostructural with P2-type
Na,;C00,, and in agreement with the SAED results. Rietveld
refinement of the HR-SXRD pattern using the RIETAN-FP
program® gave refined lattice parameters of a=h=
2.96552(4) A, ¢=11.1735(1) A, and V=85.098(1) A> with
a reliability index (R,,) of 9.447 %. Therefore, the calculated
HR-SXRD patterns are in good agreement with the exper-
imental data, which is also corroborated by the enlarged (002)
diffraction line shown in the inset of Figure 1c, indicating that
a material with a pure P2-type phase with good crystallinity
has been obtained.
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The ABBA stacking of the oxygen layers and two typical
Na* positions in P2-NCT are shown in a schematic represen-
tation of P2-NCT (Figure 1d). In this structure, the Co and Ti
ions occupy the 2a Wyckoff sites, and all of the Na' ions
occupy trigonal prismatic sites, but with different next-nearest
neighbors. As shown in the schematic representation of the
local Na* environment (Figure 1d, right), Na* prisms located
at Na; positions with 2b Wyckoff sites share two faces with the
upper and lower (CoTi)O4 octahedra, while Na® prisms
located at Na, positions with 2c and 2d Wyckoff sites share
edges with the six (CoTi)Og octahedra. The Na* occupancies
of these two positions (Na; and Na,) are 0.208 (2) and 0.461
(2), respectively. The local structure of P2-NCT was analyzed
with atomic resolution by annular bright field (ABF) and
high-angle annular dark field (HAADF) scanning trans-
mission electron microscopy (STEM; Figure 1e-i).

These images are consistent with the P2-NCT structure
projected along the [110] direction. The bright-dot contrast in
the HAADF STEM images (Figure 1e) and the dark-dot
contrast in ABF STEM images (Figure 1f) reveal the
transition-metal (Co and Ti) atom column positions; the
faint, but distinct dark-dot contrast in the interlayer positions
of ABF STEM (Figure 1f) corresponds to the sodium and
oxygen atom column positions in the P2-NCT structure. It is
obvious that the oxygen arrangement along the c axis
corresponds to a typical P2-type structure and overlaps well
with the (CoTi)Og octahedra inserted in the top-right corner
(Figure 1 f). Na* ions at Na; (2b Wyckoff sites) and Na, (2¢/
2d Wyckoff sites) positions are marked with green and yellow/
red rectangles in Figure 1 f; enlarged images of these regions
are shown in Figure 1g,h, and i, respectively. The validity of
the sodium ion occupancy at the Na; and Na, positions is
clearly demonstrated by the inserted crystal structure models.
These results are consistent with the HR-SXRD analysis.
Furthermore, it follows that Na* ions do not simultaneously
occupy nearest-neighboring positions of the Na; and Na, sites
in the P2-NCT structure, which is mainly due to electrostatic
repulsion and the distance between these sites, which is
smaller than the Na* ionic radius.’* It should be mentioned
that Na* ions in Na,TMO, (TM = transitional metal) layered
materials that occupy two different positions (Na, and Nay)
were thus observed and directly distinguished for the first
time. Furthermore, it was confirmed for the first time that Na*
ions occupy both 2¢ and 2d Wyckoff sites, revealing complex
Na" ordering in the P2-NCT material.

The electrochemical performance of the composite elec-
trode in sodium half-cells was evaluated. The first cycle of this
composite electrode in voltage ranges of 0-3.5 V, 0-2.5 V, and
0.15-2.5V resulted in a large irreversible capacity (Support-
ing Information, Figure S2), which is caused largely by the
carbon additive./®*d Actually, lots of Na* ions can be inserted
into the carbon additive during the first discharge process,
whereas only few Na* ions can be extracted during the first
charge process, and the influence of the carbon additive on
the sodium storage can be neglected during subsequent
cycling (Figure S3). Furthermore, the formation of a solid
electrolyte interface (SEI) film on the surface of P2-NCT
could also contribute to the irreversibility of the initial few
cycles,?*®9 which was confirmed by the observation of the
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SEI film by HR-TEM (Figure S4). After three cycles, the Na*
insertion/extraction processes are not influenced by side
reactions in all of the tested voltage ranges (0-3.5V, 0-2.5V,
and 0.15-2.5 V), and reversible capacities of approximately
105, 100, and 90 mAh g™, respectively, were measured for the
fourth cycle (Figure 2a).

The variations of the voltage relative to the Na* insertion/
extraction processes are smooth during the whole discharge/
charge plateaus, especially for a voltage range of 0.15-2.5 V. It
is very different from the complex and multiple plateaus
observed for most reported electrode materials for NIBs,”
b3agiml jndicating good structure stability and no phase
transitions during Na* insertion/extraction into/from the P2-
NCT electrode material. The small charge/discharge plateaus
located at a low voltage of 0.1 V, which are associated with
voltage ranges of 0-3.5V and 0-2.5V, resulted from side
reactions of acetylene black as there is an obvious and strong
redox couple below 0.15V (Figure S3b). To diminish the
influence of the side reactions and evaluate the overall
electrochemical performance of P2-NCT, a voltage of 0.15-
2.5V was chosen for the following investigations on rate
capability and cycle stability. To activate as many Na™ ions in
the P2-NCT structure as possible, all of the electrodes for
cycle and rate performance evaluation were first discharged/
charged three times at a low current density of 20 mA g~
within the voltage range of 0.15-2.5 V. This voltage range was
found to lead to the best cycle performance by a comparison
of the electrochemical performances at this voltage and at 0-
3.5 Vand 0-2.5 V (Figure S5-S7).

The rate performance of the P2-NCT electrode is shown in
Figure 2b. The sample displayed a reversible capacity of 79 %
at arate of 1C (100 mA g '), and the capacity retention could
reach 41 % even at a current density of 10C (1000 mA g™"). It
should be noted that the fraction of conductive additive in
these electrodes is only 15%, which is a typical value for
investigating the electrochemical performance of electrode
materials for LIBs,!'” and it should be possible to further
improve the rate performance of P2-NCT through a surface
treatment (e.g., carbon coating). This good rate performance
of the P2-NCT electrode should enable its utilization in
energy storage devices for surge wind and solar power, which
both suffer from natural unpredictability and intermittency.

The cycle stability of the P2-NCT electrode materials in
a sodium half-cell at a constant current density of 1 C is shown
in Figure 2c. All of the charge/discharge and dQ/dV curves
(from the 4th to the 203rd cycle) almost overlap, and there is
no obvious degradation of the reversible capacity after
200 cycles of Na* insertion/extraction (Figure S7), confirming
the good cycle performance.

Inspired by the stable cycling and good rate capability,
long-term cycling and the related Coulombic efficiency of this
material were also studied at higher current densities (Fig-
ure 2d). Capacity retentions of 95.67% and 84.84 % were
measured even after 1000 and 3000 cycles of Na* insertion/
extraction at constant current densities of 2C (200 mAg™)
and 5C (500 mA g "), respectively, and capacity-decay rates
only amounted to approximately 0.005% per cycle. There-
fore, to the best of our knowledge, this material exhibits the
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Figure 2. Electrochemical performance of the P2-NCT electrodes in sodium half-cells. a) The galvanostatic discharge/charge curves of the fourth
cycle at a current rate of 0.2C (20 mAg™') and voltage ranges of 0-3.5 V, 0-2.5 V, and 0.15-2.5 V. b) Rate capability at various current rates. Inset:
galvanostatic discharge/charge curves at different rates. c) The 4th, 10th, 55th, 105th, and 203rd discharge/charge curves at a current rate of 1C
(100 mAg™). Inset: reversible variation of the dQ/dV curves within 200 cycles. d) Long-term cycle stabilities at current rates of 2C (200 mAg™")
and 5C (500 mAg ™). Inset: Coulombic efficiency of the P2-NCT electrode over 3000 cycles.

best cycling performance among all of the reported negative-
electrode materials for NIBs.

More importantly, all of the Coulombic efficiencies
(except for the initial and a few special cycles) of this
electrode material were measured to be about 99.9 %, which
is extremely close to the ideal value of 100 %. The appealing
electrochemical performance of P2-NCT, which features
excellent long-term cycle stability and Coulombic efficiency,
can prompt the use of NIBs for large-scale energy-storage
devices. To elucidate the sodium storage mechanism and
reveal the reasons for the good cycle life of the P2-NCT
electrode, ex situ HR-SXRD experiments on the electrode
materials were conducted during cycling. The HR-SXRD
patterns of the pristine state (sample 1), the state discharged
at 0.15V (sample 2), the state charged at 2.5V in the first
cycle (sample 3), and the state discharged at 0.15V in the
500th cycle (sample 4) of Na* insertion/extraction are shown
in Figure 3a. No obvious changes were observed for all of the
diffraction lines of the P2-NCT electrode materials during the
first cycle, and even after 500 cycles of Na' insertion/
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extraction. In particular, no obvious new peaks could be
observed after the 1st and the 500th cycle; the structure thus
corresponds to a single pure P2 phase, indicating excellent
structure stability for the P2-NCT electrode under long-time
operation with electrochemical Na' insertion/extraction.
Moreover, all of the shapes of the enlarged (002) diffraction
lines in Figure 3b are in good symmetry for samples 1 to 4,
and broad features were not observed, indicating that only
a single phase existed even at the end of the process of
inserting/extracting Na* ions into/from the P2-NCT crystal
structure.

Rietveld refinement of the HR-SXRD patterns that were
obtained during cycling was also performed. The amount of
Co and Ti in these electrode materials was determined by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES), whereas the sodium content was determined by
measuring the reversible electrochemical capacity in the
voltage range of 0.15-2.5 V, assuming that all charges were
consumed by the sodium extraction/insertion process without
any side reactions, such as electrolyte decomposition.!

Angew. Chem. 2014, 126, 9109—9115
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P2-NCT (Table 1 and Table S1). The
peak profile, lattice parameters, sodium
occupancy fractions at the Na; (2b
Wyckoff sites) and Na, (2c Wyckoff
o N sites) positions, and oxygen positional
Mok ' parameters were simultaneously refined
under this restriction.
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Figure 3. Ex situ structure evolution of the P2-NCT electrode during electrochemical cycling materials for NIBs, indicating very small
between 0.15 and 2.5 V. a) Ex situ HR-SXRD patterns and Rietveld refinement of the P2-NCT structural changes and good zero-strain

electrodes at different states. b) Enlarged (002) diffraction lines of Figure 3a. character. Interestingly, no obvious

changes in the lengths of the ¢ axis and
the a (b) axis were detected during the
Owing to the strong correlation between atom occupancy and ~ following Na* ion extraction process (sample 2 to 3), and the
isotropic displacement (B) parameters in Rietveld analysis, all ~ volume of the crystal structure only decreased by 0.0082 %.
of the B parameters for the Na, Co, Ti, and O atoms were The unmatched lattice-parameter variation of the first
restricted to the values obtained by the refinement for pristine  cycle suggests that the tiny structural change is irreversible. If

Table 1: Crystal parameters refined by the Rietveld method on the HR-SXRD patterns of pristine P2-NCT and electrochemically cycled samples (2, 3,
and 4).

Pristine (1) Discharged, 0.15 V (2) Charged, 2.5V (3) Discharged, 0.15V,
after 500 cycles (4)
composition Nag 67C00.31 Tig 650, NaCoq33Tioes02 Nag 67C0032Tio6s0; Nag 96C003,Tio 650,
space group P63 /mmc P63 /mmc P63 /mmc P63 /mmc
Cell parameters
lattice constants [A] a 2.96552 (4) 2.9722 (1) 2.97211 (7) 2.9721 (3)
¢ 11.1735 (1) 11.1545 (2) 11.1545 (2) 11.1512 (9)
unit cell volume [A?] v 85.098 (1) 85.339 (4) 85.332 (3) 85.30 (1)
Na, (2c site) Na [g] 0.461 (2) 0.705 (2) 0.503 (1) 0.66 (1)
B [AY 2.88 (7) 2.880 2.388 2.880
Na¢ (2b site) Na [g] 0.208 (2) 0.294 (2) 0.166 (1) 0.30 (1)
B [A7] 42 (1) 4.0 4.1 4.2
Agreement factors
R [%] 9.447 14.172 10.517 6.992
R, [%] 6.785 10.509 7.799 5.539
S 0.6067 1.2717 0.9388 0.8836

[a] These values are consistent with the pristine material and were not refined.
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this irreversible structure change is continuing in the follow-
ing cycles, the change in the crystal volume after thousands of
electrochemical cycles will be serious although the initial
irreversible change in crystal is very small. Based on the
excellent cycle stability of this electrode material (Figure 2d),
it is proposed that most of this small structural change occurs
only during the initial Na® insertion into the fresh crystal
structure, and that the structural changes during the following
cycles are even smaller. The refined lattice parameters of
sample 4 strongly support this proposition. After the Na* ions
have been inserted/extracted into/from the crystal of P2-NCT
for 500 cycles, the variations in the lengths of the ¢ axis or the
a (b) axis are still extremely small (compare samples 2 and 4),
and the unit-cell volume has only decreased by 0.046 %,
indicating appealing crystal structure reversibility and a high
stability of the P2-NCT material on sodium storage. The
relatively large crystal-volume expansion during the initial
Na' insertion process is possibly due to Na' reordering
caused by the energy minimization mechanism between Na*
and Na*' when all 0.33 equivalents of the Na* ions are first
inserted into the fresh P2-NCT material.””

The almost absent structural changes during cycling most
likely result from the superior stability of the crystal structure
and a maximum amount of 0.33 active Na* ions per formula of
P2-NCT. Furthermore, it can be clearly seen from Table 1 that
the occupancy variation of Na* ions is smaller at the Na,
position than at the Na, position. After the electrode material
had been cycled 500 times, the Na™ occupancies of both the
Na; and Na, positions with the same 0.15 V discharged state
were almost identical for samples 2 and 4, illustrating the
reversibility of sodium storage, which is useful to support the
structure stability of P2-NCT during the Na' insertion/
extraction processes. Furthermore, after 0.33 equivalents of
Na' ions per formula had been inserted into the crystal during
the initial discharge process, the layered character of the
electrode material (sample 2) was also analyzed by HAADF/
ABF STEM techniques: It was found that the typical P2-type
structure was well preserved, and that two different Na*
occupancies (Na, and Na;) can still be found (Figure S8).
These results corroborate the structural stability of the P2-
NCT materials, which will lead to an excellent cycle life
(Figure 2d).

In conclusion, a Na,;Co,3Ti,,;0, layered oxide with a pure
P2-type structure (space group P63/mmc) was prepared by
a solid-state reaction method. Excellent structural stability
was observed during the sodium storage process. Even after
500 cycles of sodium insertion/extraction processes, the P2-
type structure was still preserved, while new phases did not
appear, and only a very small contraction of the volume of
0.046 % was observed. This superior stable P2-type structure
effectively ensures the electrochemical cycle stability of this
material, which was used as the anode in NIBs. After 3000
cycles, the capacity retention still amounted to 84.84 %;
therefore, to the best of our knowledge, this materials displays
the smallest capacity-decay rate (ca. 0.005%) reported for
electrodes of NIBs. Furthermore, the good rate performance
(ca. 41 % of the reversible capacity were maintained even at
a rate of 10C) and a reversible capacity of approximately
90 mAhg! at a safe average storage voltage of about 0.7 V
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are also attractive features of this material and enable its use
in NIBs. The simultaneous occupancy of Na, and Na;
positions by the Na* ions was also revealed and confirmed
by local structure analysis for the first time. These findings
will speed up the development of room-temperature NIBs
and advance the utilization of NIBs in large-scale energy-
storage devices.
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