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Abstract: Recently, there has been great interest in developing
advanced sodium-ion batteries for large-scale application.
Most efforts have concentrated on the search for high-
performance electrode materials only in sodium half-cells.
Research on sodium full cells for practical application has
encountered many problems, such as insufficient cycles with
rapid capacity decay, low safety, and low operating voltage.
Herein, we present a layered P2-Na,sNiy;7,C0y,;7Tipe60,, as
both an anode (ca. 0.69V versus Na'/Na) and as a high-
voltage cathode (ca. 3.74 V versus Na'/Na). The full cell based
on this bipolar electrode exhibits well-defined voltage plateaus
near 3.10'V, which is the highest average voltage in the
symmetric cells. It also shows the longest cycle life (75.9 %
capacity retention after 1000 cycles) in all sodium full cells,
a usable capacity of 92 mAhg™', and superior rate capability
(65 mAhg ' at a high rate of 2C).

An inexpensive and efficient energy storage device is
urgently required for the smooth integration of renewable
energy into a smart grid on a large scale.’!! The increasing cost
and limited availability of lithium suggest that an alternative
to lithium-ion batteries should be developed to meet this
need.”! Sodium-ion batteries (SIBs) have a similar chemical
storage mechanism as their lithium-ion counterparts, and are
expected to be low cost and chemically sustainable owing to
an almost infinite supply of sodium.

The important properties of stationary batteries for
electrical energy storage (EES) are long life, high safety,
high efficiency, and low cost. These are more essential factors
than capacity, and definitely different from the requirements
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for power batteries.”) However, recent research efforts have
encountered numerous problems, such as low safety resulting
from the low anode plateau near the sodium plating voltage
and limited cycle life with rapid capacity decay. On the anode
side, hard carbon has mostly been demonstrated to show
a large capacity,*! but most discharge capacity is distributed in
the potential region 0-0.1 V versus Na'/Na, thereby leading
to potential safety concerns. Several oxides such as Na,Ti; O,
and alloy compounds'® (P, Sn, or Sb) always undergo large
volume changes (420% for Sn) during the insertion and
extraction of Na ions, and would not be suitable for long-life
batteries. On the cathode side, the large Na ions with an ionic
radius of 1.02 A readily induce the phase transition, especially
for layered sodium oxides such as O3-P3"! and P2-02."! This
phase transformation causes a serious decrease in the capacity
and a short cycle life”) Therefore, sodium full cells with
a sodium storage cathode and nonmetallic sodium anode are
far from a satisfactory breakthrough, and the development of
highly safe and long-lifetime sodium full cells is still a great
challenge.

Herein, we firstly report a bipolar electrode material with
a high cycling stability, P2-Na, Ni, ;;C0y 17 Tij60,, which not
only exhibits a remarkable high average voltage of about
3.74 V versus Na™/Na in the cathode side, but also delivers
a very safe potential of approximately 0.69 V at the anode
side. Electrochemical results clearly reveal that this material
shows superior cycling stability in both the cathode and anode
sides. The symmetric sodium full cells based on this bipolar
material show an ultralong cycle life (94.8% capacity
retention after 100 cycles, 75.9% capacity retention after
1000 cycles), a high operating voltage of about 3.10 V, and
superior rate capability (65 mAhg ! capacity at a high rate of
2C). It will greatly contribute to the development of sodium
full cells towards stationary applications, and also provide
new avenues for designing advanced electrode materials for
sodium-ion batteries.

Figure 1a shows a schematic representation of symmetric
sodium-ion batteries. In this study, P2-Nay 4Nij17C0¢ 17 Tig 6605
was developed as a bipolar electrode material that simulta-
neously serves as the cathode and anode. In addition to the
same Al current collectors (no alloying reaction between Na
and Al) for both the positive and negative electrodes, the
substantial cost will be greatly reduced in the production
process. A safe voltage plateau of approximately 0.7 V has
been validated in layered titanium-based oxides,'” and will
ensure the safety of full cells. Noticeably, a voltage of about
374V when using this material as cathode will greatly
promote the output voltage and energy density in full cells.
Figure 1b illustrates that our novel symmetric cells can

Wiley Online Library

die

Chemie

11701


http://dx.doi.org/10.1002/ange.201505215
http://dx.doi.org/10.1002/anie.201505215
http://dx.doi.org/10.1002/anie.201505215

Angewandte

11702

Communications

Ni/Co v

20 OO Uu 29

a

[

Al current collector
Al current collector

y Interface Technology G

Figure 1. a) A diagram of the proposed symmetric cell based on P2-
Nag ¢6Nig17C0017TigesO2- The different redox centers (Ni/Co for cathode
and Ti for anode) exist in the layered structure, where the black dotted
circles represent the corresponding active sodium ions. b) Optical
image showing the lit LED bulbs driven by the designed bipolar

Nag 66Ni17C0017Tip60,-based symmetric cells.

successfully light LED lamps after
charging to 3.5 V versus Na*/Na.

atomic resolution by high-angle annular dark field (HAADF)
and annular bright field (ABF) STEM. The bright-dot
contrast in the HAADF-STEM images (Figure 2¢) and the
dark-dot contrast in the ABF-STEM images (Figure 2f)
reveal the column positions of the transition-metal atoms (Ni,
Co, and Ti). The faint dark-dot contrast with the interlayer
positions in the ABF-STEM images (Figure 2 f) corresponds
to the column positions of the sodium and oxygen atom in
these two layered structures. As shown in Figure 2gh, the
high-resolution STEM images (enlarged from Figure 2e,f,
respectively) reveal the detailed atomic arrangements with
regard to P2 ABBA stacking, and the atomic models of
layered P2 structures are inserted for convenient visual-
ization. The ABF-STEM observations of octahedral TMO,
(TM =N, Co, and Ti) are highly consistent with the structural
model. The sodium atoms are clamped by layered TMO,. In
particular, every two layers of TMO, are structurally mirror-
symmetric for the P2 phase. Electron energy loss spectrosco-
py (EELS) mapping was carried out (in the white rectangle
frame shown in Figure S2, and clearly shows that the sodium,
cobalt, nickel, titanium, and oxygen elements are uniformly
distributed in the particle.

The electrochemical properties of P2-NNCT as a bipolar
material were assessed by a constant charge/discharge test in
the half cells versus Na'/Na. Figure 3a shows the typical
charge/discharge cycle at the cathode side from 2 to 4 V at
a rate of 0.2C. A reversible capacity of 55 mAhg™' can be

Figure 2a shows Rietveld plots of a
P2-Na, ¢Niy17C0( 17Tl 0O,  (hereafter
denoted as P2-NNCT), and all the
diffraction lines can be indexed to
a hexagonal lattice with space group
P63/mmec. The lattice parameters are

Intensity (a. u.)

—— Observed
Calculated
| Bragg position
—— Difference

refined to a=b=29537(1), c¢=
11.1503(2) A, and V=84.250(5) A’

I | I O I (]

with convergence R,, factors (5.54%)
and a y* (2.721) value using the GSAS +
EXPGUI suite!'!! (detailed crystallo-
graphic data on refined P2-
Nay 66Nip17C017Tip 660, are listed in
Table S1). The scanning electron mi-
croscopy (SEM) image in Figure 2b
shows that the particle size of the P2-
NNCT samples ranges from 2 to 5 um.
Detailed structural information on P2-
NNCT samples was obtained by scan-
ning area electron diffraction (SAED)
and scanning transmission electron mi-
croscopy studies (STEM; Figure 2c-h;
the representative particle that we
chose for study is shown in Figure S1).
The bright spots viewed along the 010
and 001 directions in Figure2c,d,
respectively, are indexed to the typical
reflections originating from the P2 lay-
ered structure. The local structure of
P2-NNCT materials were analyzed with
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Figure 2. a) XRD and Rietveld plots of P2-NNCT compounds with experimental data in black
dots, calculated curves in red, and difference curve in blue, as well as standard Bragg reflections
as pink vertical bars. b) SEM images of P2-NNCT samples. c,d) SAED patterns of P2-NNCT
viewed along the [010] and [001] zone axis, respectively. €) HADDF-STEM image of P2-NNCT.

f) ABF-STEM image of P2-NNCT. g,h) enlarged STEM images extracted from (e) and (f),
showing the ABBAAB (from bottom to top) stacking of P2 structures.
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Figure 3. The electrochemical performance of P2-NNCT compounds in
half cells. a) The typical charge/discharge profiles between 2 and 4 V at
a rate of 0.2C. b) The corresponding cycling performance with coulom-
bic efficiency over 500 cycles at a rate of 0.2C. c) The typical
discharge/charge profiles between 0.15 and 2.5 V at a rate of 0.2C.

d) The corresponding cycling performance with coulombic efficiency
over 300 cycles at a rate of 0.2C.

obtained in the first and following cycles, and shows a very
high average voltage of about 3.74 V, smooth charge/dis-
charge profiles, and little polarization. The highly overlapped
dQ/dV curves (see Figure S4a) suggest a good reversibility of
this cathode. The cycling stability and corresponding coulom-
bic efficiency of P2-NNCT as a cathode was also evaluated
(Figure 3b). The capacity after 500 cycles is very close to the
initial capacity, even with the deep charging and discharging
at a rate of 0.2C, and the corresponding retention is 94.3 %.
The rate of capacity decay is only about 0.011% per cycle,
which is indicative of a high cycling stability, and is the best
cyclability of all the reported positive electrode materials to
our knowledge. All the Coulombic efficiencies (except for
initial cycles) of this electrode material are about 99.9 %. The
typical discharge/charge voltage profiles of P2-NNCT as
a negative electrode are displayed in Figure 3c. It shows
a large reversible discharge capacity of 105 mAhg™' along
with a clear step around 0.69 V in the initial and subsequent
cycles. The coincident dQ/dV curves (Figure S4b) indicate the
good reversibility of this electrode. The cycle stability and
corresponding coulombic efficiency were also measured
(Figure 3d). The capacity retention after 300 cycles is main-
tained at 88.3%, and the coulombic efficiency except for
initial cycles can reach nearly 100% in the whole cycling
processes. This most appealing sodium storage performance
combined with the excellent long-time cycle stability and
Coulombic efficiency of the P2-NNCT in half cells is
beneficial to the enhancement of electrochemical perfor-
mance when assembled in full cells.

NNCT-based full cells were assessed using a constant
charge/discharge test in the different voltage ranges of 0.6—
3.8 V (Figure S5) and 2-3.5 V (Figure 4). It can deliver a large
capacity of 92 mAhg ' between 0.6 and 3.8 V, and the energy
density of this full cell is calculated to be about 95 Whkg ' on
the basis of the total cathode and anode mass. Figure 4a
illustrates the typical charge/discharge profiles of the full cell
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Figure 4. The electrochemical performance of bipolar NNCT-based
symmetric full cells. a) The typical charge/discharge profiles between 2
and 3.5V at a rate of 0.2C (a rate of 1C corresponds to 100 mAg™).

b) The capacity at different rates of 0.2C, 0.5C, 1C, 2C, 5C, 10C, and
15C. ) The charge/discharge profiles of the 2nd, 5th, 10th, 20th, 50th,
and 100th cycles with a rate of 1C showing no apparent decay in the
voltage and capcity. d) The capacity retention with coulombic efficiency
at a rate of 1C. e) The capacity retention with coulombic efficiency at

a rate of 5C, showing the outstanding cycling performance (75.9%
capacity retention after 1000 cycles).

with the optimized voltage range of 2.0-3.5 V. A reversible
capacity of 84 mAhg™' was obtained in the first cycle
(Figure S3c) and subsequent cycles (Figure 4a) at a rate of
0.2C. Surprisingly, this full coin cell could produce an output
with a high average potential of approximately 3.10 V, which
is comparable to the commercial lithium-ion batteries such as
LiFePO, || graphite. The elevated voltage could be ascribed to
the Co substitution in the layered P2 structure.!'” The cathode
potential plateau of P2-NNCT is more evident, and in
particular is higher than that of Na,¢Ni, ,Ti O, (Figure S6a),
thereby resulting in a remarkable increase in the potential in
full cells (Figure S6b). The full cells were also tested at
different rates of 0.2C, 0.5C, 1C, 2C, 5C, 10C, and 15C
(Figure 4b). The capacity varies from 65 mAhg™' at a 2C rate
to 59 mAhg ' at a 5C rate. Even with a discharge rate of 10C,
the discharge capacity remains at 50 mAhg~', approximately
60 % of the reversible capacity at a rate of 0.2C. The cycling
performance and the corresponding coulombic efficiency
were first tested at a rate of 1C (Figure 4d, the corresponding
charge/discharge profile at different cycles are displayed in
Figure 4c), and there is no apparent degradation in the
voltage and capacity over 100 cycles. Note that the defined
voltage plateau and the absence of a voltage drop with an
increase in cycling are very important for practical applica-
tion. The full cell offers 94.8 % capacity retention after 100
desodiation and sodiation processes, and the compelling high
voltage and high safety, the outstanding cycle life, and well-
defined voltage plateau promise P2-NNCT to be a superior
bipolar electrode for stationary batteries. To further study the
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long-term cycling performance, the sodium full cell was
evaluated over 1000 cycles at a rate of 5C (Figure 4¢). In the
fast charging and discharging process, a good capacity
retention of 75.9 % was measured even after 1000 cycles of
sodium ion extraction and insertion. A capacity decay of only
about 0.024 % per cycle was calculated. To date, this is the
best cyclability of a reported sodium full cell. Such an
exceptional performance of a full cell is mainly attributed to
the high-performance bipolar electrode of NNCT, which
supplies a highly stable and open layered framework for facile
transportation and storage of Na ions. The introduction of Co
into the Ni/Ti metal layer is also highly beneficial to the
reversibility and kinetics of the extraction and insertion of Na
ions. For this NNCT-based full cell, the coulombic efficiency
of the whole cycling process is close to 99.9 %, except for the
initial cycles, and is thus suitable to serve as an energy storage
device in practical applications. Recently, many full-cell
configurations have been reported, where very huge irrever-
sible loss in capacity was noted with a very poor cycle life of
no more than 200 cycles (Table 1). Our optimized sodium
symmetric cells based on P2-NNCT outperform all other
sodium full cells (Table 1).

Table 1: The sodium storage properties for reported sodium full cells.

avenues for designing advanced room-temperature sodium-
ion batteries. Further work on the electrochemical mecha-
nism, including the influence of Co substitution on the voltage
elevation and structural evolution, is currently under inves-
tigation.
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