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a b s t r a c t

The P2 type Na2/3[Ni1/3Mn2/3]O2 is a high-voltage cathode material for Na-ion batteries with a theoretical
capacity of 173 mA h/g and a long operation voltage plateau of 4.2 V. However, the material has exhibited
unstable cycling performance within the high-voltage window, which severely limits its application.
Moreover, its capacity decay mechanism is still unclear. In this study, we first investigate the difference
between as-prepared and after-cycling Na2/3[Ni1/3Mn2/3]O2 samples, and then confirmed that the tran-
sition metal oxide layer exfoliation associated with the crystal phase transition during Na ion extraction
and insertion is the main cause of capacity fading. The Al2O3 coated Na2/3[Ni1/3Mn2/3]O2 with enhanced
cycling performance was prepared by taking the benefit of Al2O3 coating. The Na2/3[Ni1/3Mn2/3]O2 sample
without any surface modification presented a 164 mA h/g initial specific discharge capacity within the
voltage window from 2.5 V to 4.3 V, and the capacity decayed to 44 mA h/g at the 300th cycle, resulting
in only a 26.8% retention. In contrast, the Al2O3-coated Na2/3[Ni1/3Mn2/3]O2 presented a similar initial
capacity, but with an enhanced 73.2% retention after 300 cycles. The enhanced cycling stability observed
in after-cycling characterization and analysis confirms that the Al2O3 surface coating can effectively
suppress the unfavorable side reaction at high voltage and the exfoliation of the metal oxide layers.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Na-ion batteries potentially offer a lower cost, safer and more
environmentally friendly battery system than Li-ion batteries [1,2].
Several promising cathode materials with high energy density and
cycling stability have been developed, such as phosphates/fluor-
ophosphates and Prussian blue type materials [3–9]. However,
Li-ion battery still dominates the power supplies of the electric
vehicles and portable devices because of its high energy density
and excellent cycling stability [10]. Layered structure materials,
such as P2-type and O3-type materials, have been extensively
studied and are considered one of the most promising cathode
material candidates for next generation Na-ion batteries [11–16].
Similar to Li[Ni0.5Mn1.5]O4, P2-type Na2/3[Ni1/3Mn2/3]O2 can serve
as a sodium insertion host at high operating voltages, since all the
Na ions can be reversibly extracted based on the Ni2þ/Ni4þ redox
[17,18]. Achieving reversible Na ion extraction at high operating
voltages is highly beneficial to increase the energy density of Na-
ion cathodes. However, the P2-O2 crystal phase transition and the
large volume change of the O2 phase (more than 20%) is un-
avoidable since the O2 structure has a lower formation energy
density than the P2 structure at high voltages [19,20]. This se-
verely damages the cycling stability within the high voltage win-
dow. As a result, the Na2/3�x[Ni1/3Mn2/3]O2 can only obtain stable
electrochemical performance in the region of 0rxr1/3, which
greatly limits the energy and power density of Na2/3[Ni1/3Mn2/3]O2

for real applications. In order to achieve sufficiently good cy-
clability, several attempts were reported such as the substitution
of transition metal ions and lithium ions [21,22]. Despite these
substitutions, the stable cycling performance has still been limited
to �100 cycles due to an unclear capacity decay mechanism.

In this study, we first explored the electrochemical perfor-
mance and capacity decay mechanism of Na2/3[Ni1/3Mn2/3]O2

within a high voltage window from 2.5 V to 4.3 V. Based on the
discovered degradation mechanism, we applied a surface-coating
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Fig. 1. Schematic figure of the exfoliation during the sodiation and de-sodiation process of the P2-Na2/3[Ni1/3Mn2/3]O2 particle.
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solution to stabilize the Na2/3[Ni1/3Mn2/3]O2 electrode using a
simple wet chemistry method. As illustrated schematically in Fig. 1
(a), the exfoliation phenomena resulting from an unfavorable
crystal structure transition was observed in the after-cycling Na2/
3[Ni1/3Mn2/3]O2 particles. Furthermore, an Al2O3 surface coating
was applied on Na2/3[Ni1/3Mn2/3]O2 particles (Al2O3-Na2/3[Ni1/
3Mn2/3]O2) and effectively solved the issues discussed above and
enhanced the cycling life. We employed an Al2O3 coating because
Al2O3 been shown to be an excellent coating material for miti-
gating volume expansion and contraction during Li/Na ion inser-
tion and extraction [23–26]. Because P2-Na2/3[Ni1/3Mn2/3]O2 is
stable in moist air and, it is compatible with wet chemistry surface
coating or other surface modification methods involving water
[27]. The comparison between the fresh and cycled electrodes
together with the enhanced cycling performance by robust Al2O3

coating revealed the mechanism of capacity decay, and further
demonstrated that the Al2O3 surface coating can suppress the side
reaction and protect the layered metal oxide particles during long
cycling within the high voltage window. The designed Al2O3-Na2/
3[Ni1/3Mn2/3]O2 cathode is ideal for large scale high power/energy
Na-ion storage, not only because of its excellent cycling stability
and improved voltage profile, but also due to the scalability of the
solid state reaction of Na2/3[Ni1/3Mn2/3]O2 and wet chemistry
coating.
2. Experimental

2.1. Materials preparation

Na2/3[Ni1/3Mn2/3]O2 particles are synthesized through a solid
state reaction. Nickel acetate (Ni(Ac)2 �4H2O) and manganese
acetate (Mn(Ac)2 �4H2O) were first mixed and hand-milled in a
mortar with a molar ratio of Ni:Mn¼1:2. The mixture was heated
up to 500 °C for 5 h with a heating rate of 3 °C/min. Sodium
acetate (NaAc �2H2O) was then added to the mixture with a molar
ratio of Na:Ni:Mn¼2.1:1:2 (5% excess sodium acetate was added
in order to make up for the volatilization of Na during calcination).
After that, the mixture was heated to 500 °C for 5 h again. The
mixture was hand-milled once more and sintered at 950 °C for
10 h followed by annealing at 700 °C for 10 h and quenched after
the annealing.

The Al2O3 coating was performed on the Na2/3[Ni1/3Mn2/3]O2

sample using a wet chemistry method targeting at 5 wt% of the
total mass. The Al(NO3)3 salt was dissolved into deionized water
with a concentration of 0.1 mol/L before a suitable amount of
ammonia was added into the solution. The resulting solution was
milled with Na2/3[Ni1/3Mn2/3]O2 powder and dried under stirring
overnight. The mixture was annealed at 200 °C for 10 h, then
sintered at 650 °C for 10 h with a heating rate of 3 °C/min and
quenched after the annealing.
2.2. Materials characterization

X-ray diffraction (XRD) Bruker AMX-500 diffractometer with
Cu-Kα radiation source operated at 44 kV. The surface morphology
of the samples was characterized by scanning electron microscopy
(SEM, JOEL JSM-7001). A field emission transmission electron
microscopy (TEM, JOEL JEM 2100 F) was employed to obtain the
TEM images and scanning transmission electron microscopy
(STEM) images.

2.3. Electrochemical measurements

Electrodes were prepared by casting the slurry containing
85 wt% active material, 10 wt% carbon black and 5 wt% poly-
vinylidene fluoride (PVDF) binder onto an Al foil. The loading mass
on the Al foil current collector was �1.5 mg/cm2.

Electrochemical tests were conducted in CR2032 coin cells with
Na metal as counter electrodes and 1.2 M NaClO4 in polycarbonate
(PC) electrolyte with 5% fluoroethylene carbonate (FEC) by volume
as additive. The stainless steel coin cell parts were coated with
Al2O3 to prevent the side electrochemical reactions that occur at
high voltage. Batteries were cycled in the voltage range of 2.5 V–
4.3 V at room temperature. All capacities were calculated based on
the weight of Na2/3[Ni1/3Mn2/3]O2 active material.

Electrochemical impedance spectra (EIS) and cyclic voltam-
metry (CV) were collected using a GAMRY Reference 600 test
station. In the EIS tests, cells were tested as prepared and after
charging to 4.3 V with a 10-h rest, the scan range is from 106 Hz to
5 mHz. In the CV tests, the scan rate is 0.01 mV/s and the scan
range is from 2.5 to 4.5 V.
3. Results and discussions

In Fig. 2(a), the X-ray diffraction (XRD) pattern of the as-pre-
pared Na2/3[Ni1/3Mn2/3]O2 powder agrees well with the P2 type
Na2/3[Ni1/3Mn2/3]O2 sample (PDF 54-0894) as reported [19,28]. The
XRD pattern was refined through Le Bail fitting and the d-spacing
of the (002) reflection is confirmed as 5.59 angstrom accordingly.
From the scanning electron microscopy (SEM) image of the as-
prepared Na2/3[Ni1/3Mn2/3]O2 powder (Fig. 2(b)), the dimension of
the particles varies from several micrometers to hundreds of
nanometers. The energy-dispersive X-ray (EDX) mapping profiles
of a single particle (Fig. 2(c)) are presented in the order of Ni (Fig. 2
(d)) and Mn (Fig. 2(e)) elements respectively. The profiles de-
monstrate a uniform distribution of elements in each particle and
a 1:2.02 atom ratio between Ni and Mn from the EDX element
spectrum in Fig. S1. From the transmission electron microscopy
(TEM) image of Na2/3[Ni1/3Mn2/3]O2 particles (Fig. 2(f)), fine hex-
agonal crystal structures are observed, and the crystallinity of the
particles is confirmed to be single crystal from the selected area



Fig. 2. (a) SEM image of as-prepared Na2/3[Ni1/3Mn2/3]O2. SEM image of a single Na2/3[Ni1/3Mn2/3]O2 particle (b), and the DEX mapping profile of elements Na (c), Ni (d) and
Mn (e). (f) The TEM image of as-prepared Na2/3[Ni1/3Mn2/3]O2 and (g) the SAED pattern of the area mark in red circle in (f). The high-resolution TEM image of (h) as-prepared
Na2/3[Ni1/3Mn2/3]O2 particle with Na ion channel marked and (i) Al2O3 coated Na2/3[Ni1/3Mn2/3]O2. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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electron diffraction (SAED) pattern presented in Fig. 2(g), where
the SAED area is marked by the red circle in Fig. 2(f). The (002)
lattice planes with 5.5 Å spacing are observed in the high-resolu-
tion TEM image (Fig. 2(h)), which can be confirmed as both the
major ion transport channel and storage space for Na ions. The
lattice parameter reaches a good agreement with the d-spacing of
the (002) reflection discussed above in Fig. 2(a). For the Al2O3-
coated sample (Al2O3-Na2/3Ni1/3Mn2/3O2), a �12 nm amorphous
Al2O3 layer was clearly observed under TEM (Fig. 2(i)). The coating
is conformal both along and perpendicular to the (002) lattice
plane around the particle.

The cycling performance of Na2/3[Ni1/3Mn2/3]O2 and Al2O3-Na2/
3[Ni1/3Mn2/3]O2 cathodes was investigated by galvanostatic charge
and discharge of the electrodes between 2.5 V and 4.3 V at a cur-
rent density of 0.5 C rate (86.5 mA/g) as shown in Fig. 3(a). Two
electrodes presents high initial specific discharge capacities
around 160 mA h/g at the first sodiation process, which is close to
the theoretical capacity (173 mA h/g) of P2-Na2/3[Ni1/3Mn2/3]O2.
The high initial capacities of the two electrodes suggest that both
samples can be fully sodiated/de-sodiated in the voltage range
from 2.5 V to 4.3 V. The as-prepared Na2/3[Ni1/3Mn2/3]O2 and
Al2O3-Na2/3[Ni1/3Mn2/3]O2 sample exhibit first charge capacities of
193 and 192 mA h/g, respectively. The extra charge capacity might
involve the oxidative decomposition of sodium propyl carbonate
generated at the Na metal negative electrode during the first cycle
[29]. The Na2/3[Ni1/3Mn2/3]O2 cathode without any surface coating
suffered from a rapidly fading capacity, retaining only 53.3% at the
50th cycles and 26.8% at the 300th cycle. This poor cycling stability
is consistent with previous reports [19,21]. In contrast, the Al2O3-
Na2/3[Ni1/3Mn2/3]O2 cathode maintains 88.4% of its initial capacity
after 50 cycles, which is a visible improvement over the uncoated
Na2/3[Ni1/3Mn2/3]O2 samples. At the 300th cycle, its capacity sta-
bilized at �115 mA h/g. Thus, the cycling stability was significantly
extended by a thin layer (12 nm) Al2O3 coating.

For the coulombic efficiency of the two electrodes presented in
Fig. 3(a), the Na2/3[Ni1/3Mn2/3]O2 cathode has an 85.3% initial ef-
ficiency that quickly rises to �100% after the 2nd cycle. Mean-
while the Al2O3-Na2/3[Ni1/3Mn2/3]O2 cathode acquires 80.7% initial
efficiency. Although Al2O3 coating is known to be able to suppress
electrolyte oxidation at high voltage, here the Al2O3 coated sample



Fig. 3. (a) Cycling performance of the as-prepared Na2/3[Ni1/3Mn2/3]O2 and Al2O3-Na2/3[Ni1/3Mn2/3]O2. The charge and discharge profiles of (b) Na2/3[Ni1/3Mn2/3]O2 elec-
trodes and (c) Al2O3-Na2/3[Ni1/3Mn2/3]O2 electrode. (d) Rate performance of the as-prepared Na2/3[Ni1/3Mn2/3]O2 and Al2O3-Na2/3[Ni1/3Mn2/3]O2. Cyclic voltammetry profiles
of (e) as-prepared Na2/3[Ni1/3Mn2/3]O2 cathode and (f)Al2O3-Na2/3[Ni1/3Mn2/3]O2 cathode.
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shows a slightly lower initial coulombic efficiency. This may be
due to the Al2O3 coating layer further increases the kinetic battier
for extraction of Na ions out of the metal oxide component. The
slightly lower efficiency of the Al2O3-Na2/3[Ni1/3Mn2/3]O2 cathode
in the following cycles may be related to the low electronic con-
ductivity of the Al2O3 coating.

Aside from capacity, voltage profiles actually reveal additional
details about the electrochemical sodiation/de-sodiation process
in these cathode materials. The voltage profiles of the Na2/3[Ni1/
3Mn2/3]O2 and Al2O3-Na2/3[Ni1/3Mn2/3]O2 cathodes are depicted in
Fig. 3(b) and (c) respectively, with cycle numbers labeled on in-
dividual curves. The uncoated Na2/3[Ni1/3Mn2/3]O2 sample shows
three potential plateaus at 3.3–3.4, 3.7 and 4.2 V in its first de-
sodiation process corresponding to the Na content of 2/3, 1/2 and
1/3, respectively. On the other hand, the Al2O3-Na2/3[Ni1/3Mn2/3]O2

shows a slope from 3.3 to 3.7 V and a plateau at 4.2 V. For the
charge curves of the 2nd, 10th, 50th and 300th cycle, all plateaus
of the uncoated Na2/3[Ni1/3Mn2/3]O2 decay rapidly with increasing
cycle number. However, for the Al2O3-Na2/3[Ni1/3Mn2/3]O2 cath-
ode, the charge capacity decay mainly happens on the high po-
tential plateau at 4.2 V, which implies the P2-O2 phase transition
only occurs in the region of 0r x r1/3 for the Na2/3�x[Ni1/3Mn2/

3]O2 cathode [28]. For all discharge curves of both samples, two
major potential plateaus at 4.1 and 3.7 V were observed for both
cathodes. However, in contrast to the uncoated Na2/3[Ni1/3Mn2/3]
O2, the discharge plateaus of the Al2O3-Na2/3[Ni1/3Mn2/3]O2 evolve
to slopes, which indicates that the Na ion transition in the Al2O3-
Na2/3[Ni1/3Mn2/3]O2 is more inclined to a solid solution diffusion
mode. Similar to the charge curves, the discharge plateaus of the
uncoated Na2/3[Ni1/3Mn2/3]O2 were shortened as the cycle number
increased, but the Al2O3-Na2/3[Ni1/3Mn2/3]O2 showed a much
smaller capacity decay owing to the Al2O3 surface coating.

In the rate capability test (Fig. 3(d)), the capacities of the two
electrodes decay in the first 60 cycles from 0.1 C to 5 C charge/
discharge rate. The uncoated Na2/3[Ni1/3Mn2/3]O2 sample shows a
larger fading rate than the Al2O3-Na2/3[Ni1/3Mn2/3]O2 sample,
which reaches a good agreement with the cycling performance
presented in Fig. 3(a). However, the capacity of the Al2O3-Na2/
3[Ni1/3Mn2/3]O2 was stabilized after 60 cycles, and the cathode can
deliver average capacities of 140.2, 132.4, 116.9, and 65.3 mA h/g at
0.1, 0.5, 1 and 3 C rate. At 5 C charge/discharge rate, the capacity of
the Al2O3 coated sample decays to almost zero; on the other hand,
the uncoated Na2/3[Ni1/3Mn2/3]O2 cathode can deliver around
20 mA h/g capacity, which suggests that the Al2O3 coating in-
creases the electronic resistance and further enlarges the polar-
ization of the material. The capacity of the Al2O3-Na2/3[Ni1/3Mn2/3]
O2 was stabilized at �130 mA h/g at 0.1 C after 110 cycles,
meanwhile the capacity of the uncoated Na2/3[Ni1/3Mn2/3]O2

sample continued to decay.
To understand the role of the Al2O3 surface coating during Na-

ion transport, electrochemical impedance spectra (EIS) were ob-
tained to analyze and compare the reaction resistances of the two
electrodes. EIS tests were performed on fresh cells and cells first
charged to 4.3 V with a 10-h rest. The Nyquist plots of the cells
under different conditions are shown in Fig. S2a and b respectively
with enlarged high frequency regions inserted. In Fig. S2a, for the
fresh Na2/3[Ni1/3Mn2/3]O2/Na cell, the impedance spectra is typi-
cally composed of one semicircle in the high frequency region and
a straight slopping line at low frequencies, corresponding to the
Na ion charge transfer impedance and diffusion resistance. Com-
pared to the uncoated Na2/3[Ni1/3Mn2/3]O2/Na fresh cell, the im-
pedance spectra of Al2O3-Na2/3[Ni1/3Mn2/3]O2 fresh cell shows
another semicircle at medium-frequencies between the first
semicircle and the diffusion sloping line, which could be attributed
to the charge transfer impedance of the Al2O3 layer coated on
Na2/3[Ni1/3Mn2/3]O2 particles. Moreover, in the high frequency
region inserted in Fig. S2a, the Al2O3-Na2/3[Ni1/3Mn2/3]O2 presents
a slightly larger impedance at the intersection point between the
spectra and ZRe axis, which corresponds to a larger contact
resistance. In Fig. S2b, for cells firstly charged to 4.3 V, both of the
cells show Nyquist plots containing a semicircle and a diffusion
tail, but with smaller contact and charge transfer resistance



Fig. 4. (a) SEM image of after-cycling Na2/3[Ni1/3Mn2/3]O2 electrode with the exfoliation and carbon black areas marked. (b) STEM of an after-cycling Na2/3[Ni1/3Mn2/3]O2

particle. (c) TEM image of an after-cycling Na2/3[Ni1/3Mn2/3]O2 particle. (d) Enlarged TEM image of the area marked in (c). (e) High-resolution TEM image of the exfoliation
opening in (d). (f) The SAED pattern of the area marked in (c).
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compared to the as-prepared cells.
The sodiation and de-sodiation processes of as-prepared Na2/

3[Ni1/3Mn2/3]O2 and Al2O3-Na2/3[Ni1/3Mn2/3]O2 cathodes were also
characterized using cyclic voltammetry (CV), as shown in Fig. 4
(e) and (f). For the uncoated Na2/3[Ni1/3Mn2/3]O2 sample, four
peaks at 3.3, 3.6, 4.1 and 4.5 V were observed in the first and
subsequent de-sodiation processes. The peak at 4.5 V in the de-
sodiation curves can be mainly assigned to the side reactions at
high voltage such as electrolyte decomposition and surface cor-
rosion of the material [30]. One sharp peak at 3.9 V with fast decay
and another two peak at 3.3 and 3.5 V were observed in the
subsequent sodiation processes. In Fig. 4(f), the Al2O3-Na2/3[Ni1/
3Mn2/3]O2 sample shows a very different curve for the first de-
sodiation process with three peaks located at 3.6 and 4.1 V, in-
dicating a different SEI formation mechanism on the Al2O3 surface
[31]. Compared to the uncoated Na2/3[Ni1/3Mn2/3]O2 sample,
Al2O3-Na2/3[Ni1/3Mn2/3]O2 shows similar peak positions in the
following cycles but with broader peak features except the peaks
at 3.3 V, which becomes to a small shoulder. The peak at 4.4 V was
suppressed for the Al2O3-Na2/3[Ni1/3Mn2/3]O2 sample, indicating
that the Al2O3 coating can effectively mitigate side reactions at
high voltage.

To gain insight into the capacity fading mechanism of Na2/3[Ni1/
3Mn2/3]O2, SEM and TEM images were collected after 300 cycles. In
the after-cycling SEM image of the uncoated Na2/3[Ni1/3Mn2/3]O2

electrode shown in Fig. 4(a) and Fig. S3, several semitransparent
layers with clear hexagonal shape were observed, which were
identified as the exfoliated layers from the Na2/3[Ni1/3Mn2/3]O2

single particle. This exfoliation phenomenon can also be confirmed
from the after-cycling scanning transmission electron microscope
(STEM) image in Fig. 4(b), which shows one Na2/3[Ni1/3Mn2/3]O2

single crystal particle exfoliated into 3 pieces. More details about
the exfoliation can be found in the after-cycling TEM image of the
Na2/3[Ni1/3Mn2/3]O2. In Fig. 4(c) and its enlarged view (Fig. 4(d)), a
very obvious exfoliation opening can be clearly observed. Fur-
thermore, in the high-resolution TEM image (Fig. 4(e)), the ex-
foliation opening can be defined to be along the (002) plane di-
rection, which is the Na ion storage space and also the major
transfer channel described in Fig. 2(h).

The exfoliation phenomena observed above also agrees well
with the changes in the XRD pattern of the after-cycling Na2/3[Ni1/
3Mn2/3]O2 electrode: in Fig. 5(b) and its enlarged view from 15° to
17° (Fig. 5(a)), the (002) lattice peak shows an obvious shift to the
left from 15.8° to 15.3°, suggesting the (002) lattice space was
expanded during cycling, and further proves that exfoliation
should be a consequence of the lattice space expansion. Compared
to the single crystal SAED pattern of the as-prepared sample, the
SAED pattern of the after-cycling Na2/3[Ni1/3Mn2/3]O2 indicates a
phase transition during cycling within the high voltage window,
which may be due to the introduction of the O2 stacks [19]. Part of
this crystal structure change can also be detected from the XRD
pattern of the after-cycling Na2/3[Ni1/3Mn2/3]O2 electrode in Fig. 5
(a) and (b) where almost all peaks show phase separation besides
the shifted (002) peak. This implies that the phase separation
occurs during cycling and part of this transition is irreversible and
harmful to the crystal structure stability. Since the P2-O2 trans-
formation requires no bond breaking between oxygen and tran-
sition metal, and also considering the O2 phase has a larger



Fig. 5. The XRD pattern of the as-prepared Na2/3[Ni1/3Mn2/3]O2, after-cycling Na2/3[Ni1/3Mn2/3]O2 and after-cycling Al2O3-Na2/3[Ni1/3Mn2/3]O2. (a) is the enlarged view of
(b) from 15° to 17°.
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volume change (more than 20%) than the P2 phase during sodia-
tion/de-sodiation, it is reasonable to believe that the exfoliation
occurred during the Na-ion intercalation in the high voltage re-
gion. Besides the insertion and extraction of Na ions, the exfolia-
tion also possibly involves side reactions such as surface oxidation
at high voltage, since the exfoliation was observed starting from
the surface of the bulk material. Once the exfoliation happens, the
P2-O2 phase transition loop will be broken permanently and part
of the Na ion storage space will be eliminated. The exfoliation is
definitely harmful for a cathode material that aims for stable
electrochemical performance.

In hope of investigating how the Al2O3 coating can improve the
cycling stability of the cathode material, SEM and TEM images
with the SAED pattern of the after-cycling Al2O3-Na2/3[Ni1/3Mn2/3]
O2 electrode are also collected. In the SEM image of after-cycling
Al2O3-Na2/3[Ni1/3Mn2/3]O2 electrode (Fig. 6(a)), several active ma-
terial particles are embedded in the electrode without any sign of
exfoliation. In the high-resolution TEM image of the after-cycling
Al2O3-Na2/3[Ni1/3Mn2/3]O2 (Fig. 6(b)), part of the Al2O3 coating is
peeled off from the particles, which may be due to the large vo-
lume change of the O2 phase during Na ion storage and release.
Fig. 6. (a) The SEM image of the after-cycling Al2O3-Na2/3[Ni1/3Mn2/3]O2 electrode. (b) Th
(c) The SAED pattern of the after-cycling Al2O3-Na2/3[Ni1/3Mn2/3]O2 particle.
However, no exfoliation opening was found in the TEM image,
which proved that the Al2O3 coating efficiently protected the
Na2/3[Ni1/3Mn2/3]O2 crystal structure by suppressing the exfoliation.
From the SAED pattern in Fig. 6(c), only a slight phase transition is
detected for the after-cycling Al2O3-Na2/3[Ni1/3Mn2/3]O2 compared
to the uncoated sample. The morphology difference between the
after-cycling samples with and without surface coating can also be
observed from their XRD patterns. In Fig. 5(a), the shift of the (002)
peak is only �0.1° for the after-cycling Al2O3-Na2/3[Ni1/3Mn2/3]O2

compared to the as-prepared Na2/3[Ni1/3Mn2/3]O2, which is much
smaller than the shift of the after-cycling Na2/3[Ni1/3Mn2/3]O2

without surface coating (�0.5°). In Fig. 5(b), no obvious peak
separation was detected from the XRD pattern of the after-cycling
Al2O3-Na2/3[Ni1/3Mn2/3]O2 sample. The difference of the XRD data of
those two after-cycling samples suggests that the Al2O3 surface
coating can efficiently suppress the phase separation and avoid the
crystal structure damage introduced by the phase transition during
long-term cycling.

In order to examwhether Mn element reduction and dissolution
at high potential is part of the reason for the capacity fading, we
also collected the EDX data from the dried Na metal counter
e high-resolution TEM image of an after-cycling Al2O3-Na2/3[Ni1/3Mn2/3]O2 particle.
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electrode and the surface of the separator facing to the Na metal
from the after-cycling cells without any washing. However, from the
EDX point element analysis in several locations (Fig. S4), no Mn
element signals were detected. This result suggests that Mn dis-
solution is not the main reason that leads to the capacity decay in
our case.

Our results demonstrate that the exfoliation of the Na2/3
[Ni1/3Mn2/3]O2 involves both a crystal phase transition and volume
expansion of the O2 phase. Thus, we believe that external mechanical
support is necessary in order to stabilize the crystal structure and
enhance the electrochemical performance. The above experimental
data revealed that the Al2O3 coating prevents the mechanical de-
gradation of Na2/3[Ni1/3Mn2/3]O2 and also explains the electro-
chemical cycling stability improvement of the Al2O3-Na2/3[Ni1/3
Mn2/3]O2 sample. It is clear that the Al2O3 surface coating cannot only
reduce the side reaction at high voltage, but can also give mechanical
support to help the bulk material to maintain its layered structure,
which can increase the reversibility of the P2-O2-P2 phase transition
loop during charge/discharge process. This Al2O3 surface coating
unlocks the stable cycling performance of P2-Na2/3[Ni1/3Mn2/3]O2

within high voltage window and releases the high energy density of
this layered structure cathode material for Na-ion batteries. Other
surface coating methods or scaffold matrices may also improve the
performance of the layered structure cathode for Na-ion batteries
based on the exfoliation induced decay mechanism discovered in this
paper and will be studied in the future.
4. Conclusions

In summary, we first investigated the capacity decay mechan-
ism of the layered structure P2-Na2/3[Ni1/3Mn2/3]O2, and the ex-
foliation phenomena associated with the phase transition was
analyzed. Furthermore, the cycling stability of the Na2/3[Ni1/3Mn2/

3]O2 cathode in the high voltage range was significantly enhanced
and the exfoliation was efficiently suppressed by a thin layer of
Al2O3 surface coating, which demonstrated that the Al2O3 coating
can provide superior protection to this P2 type layered structure
material. The stable high voltage Al2O3-Na2/3[Ni1/3Mn2/3]O2 re-
presents a new strategy for the development of inexpensive and
high power/energy Na-based energy storage applications.
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