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Abstract: A layered composite with P2 and O3 integration is
proposed toward a sodium-ion battery with high energy density
and long cycle life. The integration of P2 and O3 structures in
this layered oxide is clearly characterized by XRD refinement,
SAED and HAADF and ABF-STEM at atomic resolution.
The biphase synergy in this layered P2 + O3 composite is well
established during the electrochemical reaction. This layered
composite can deliver a high reversible capacity with the largest
energy density of 640 mAh g¢1, and it also presents good
capacity retention over 150 times of sodium extraction and
insertion.

Rechargeable sodium-ion batteries (SIBs) are regarded as
a promising candidate for the next generation energy storage
devices owing to the enormous supply of sodium. SIBs with
similar chemical storage mechanism represent the most
appealing alternative to their lithium-ion counterparts, and
are expected to be low-cost and chemically sustainable. Many
efforts have been made in search for electrode materials to
improve sodium storage performance. Layered oxide com-
pounds, polyanion compounds, and other electrode materials
have been extensively investigated.[1] In particular, layered
sodium oxide NaxMO2 (M is a transition metal) with
reversible deintercalation and intercalation has aroused
interest over recent years. Several NaxMO2 polytypes with
O3, P2, and P3 structures can be obtained by chemical solid-
state synthesis. According to the nomenclature proposed by
Delmas et al. , symbols of O or P denote the octahedral or
prismatic environment for Na sites, and symbols of 2 or 3
indicates the minimum number of transition metal layers in
the repeating cell unit.[2]

Among these layered sodium oxides, the P2 structure
seems more attractive as a candidate for high-rate electrodes.

Sodium ions can diffuse directly between two facing-sharing
trigonal prismatic sites in the sodium layer (Supporting
Information, Scheme S1), leading to better rate performance,
which is consistent with the results of first-principle calcu-
lations.[3] When P2-type compounds serve as cathode, how-
ever, over-extraction of sodium at high voltage causes
structural changes,[4] preventing full sodium reinsertion
upon discharge and seriously limiting the reversible cycles.
Based on the advanced in situ SXRD technique, Meng and
co-workers reported that partial Li doping in
a Na0.8Li0.12Ni0.22Mn0.66O2 electrode could well inhibit the
frequently observed P2–O2 phase transformation and retain
a hexagonal P2-stacked structure even when the electrode is
charged to 4.4 V.[5] Therefore, partial lithium substitution is an
effective method to greatly enhance the structural stability of
P2-type compounds.[6]

In comparison, the O3 phase (for example, Na/M = 1) is
a sufficient sodium-ion reservoir, and can supply enough
sodium, especially in full cells.[7] Many recent reports on
binary or multinary O3-type compounds also show their high
reversible capacity exceeding 150 mAh g¢1,[8] which surpass
other rivals as cathode of SIBs. In the same voltage range, the
O3 phase shows much more reversible capacity than its P2
polytype in the NaxMnO2 system,[9] which is the same in
NaxVO2 system.[10] However, intervention of intermediate
sites in the sodium migration needs to overcome a high energy
barrier for O3-type structure (Supporting Information,
Scheme S1),[11] and inevitable complex phase transition and
weak kinetics performance will directly influence the electro-
chemical properties.[8b,12] It is also found that the substituted
lithium ions cannot suppress the O3–P’3 phase transition
during electrochemical process in the high capacity O3-type
Na0.95Li0.15Ni0.15Mn0.55Co0.1O2 cathode materials.[8c]
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Recently, Johnson et al. successfully introduced muti-
phase (P2, O’3, and P3) into O3-type NaNi0.5Mn0.5O2 materi-
als.[6b] Due to the multiphaseÏs superiority, it well promote the
smooth diffusion of sodium toward high power cathode.[6b]

However, the O3–P3 phase transition in the O3-majority
materials dominates during the cycling process, thus resulting
in the weak cycling performance of 20 cycles and limited
reversible capacity of 140 mAh g¢1. On basis of the above-
mentioned ideas, we propose a novel design principle, namely
integrating minor O3 into lithium-substituted P2-majority
layered materials toward a large-capacity cathode material
with an excellent rate and cycling performance.

Herein, O3 integration into lithium-substituted P2-major-
ity in the P2 + O3 layered oxide composite
(Na0.66Li0.18Mn0.71Ni0.21Co0.08O2+d, hereafter denoted as P2 +

O3 NaLiMNC composite) is implemented through co-pre-
cipitation and subsequent solid-state reaction, and the
biphase synergy in this layered P2 + O3 composite is well-
established during the electrochemical reaction. The half cell
of P2 + O3 NaLiMNC composite and sodium metal shows
a large discharge capacity of 200 mAh g¢1 at a 0.1C rate, and
the highest energy density of 640 Whkg¢1 to our knowledge.
It can provide a capacity of 134 mAhg¢1 at a discharge rate of
1C (100 mAg¢1), which is related to enhanced rate capability.
After 50 desodiation and sodiation processes at a 0.2C rate,
capacity retention of 84% is achieved, showing good cycle
stability. The superior sodium storage performance of layered
P2 + O3 composite makes it promising candidate for large-
scale energy storage devices.

The P2 compound (see the Supporting Information),
which can be compared against, is characterized by powder X-
ray diffraction (XRD) and scanning electron microscopy
(SEM) in Figure S1. The XRD pattern in Figure S1a shows
the purity of the P2 structure with space group P63/mmc, and
the lattice parameters are refined to be a = b = 2.8809(1) è,
c = 11.0668(2) è, and V = 79.546(5) è3 with convergence
factor s R-factors (11.80%) and c2 (2.432) value using the
GSAS + EXPGUI suite[13] (Detailed crystallographic data on
refined P2-type are listed in the Supporting Information,
Table S1). The P2 crystal structure is shown in Figure S1b, and
SEM images in Figure S1c reveal that the particle size of the
P2 NaLiMNC compound is in the range of 0.5–2 mm. The
XRD pattern of P2 + O3 NaLiMNC composite is shown in
Figure 1a, and it indicates that most of the diffraction lines
can be well indexed to a hexagonal lattice with space group
P63/mmc, which is isostructural with the P2-type (JCPDS: 27-
0751), and two other weak diffraction lines locating at 18.888
and 44.788, which is assigned to O3-type structure (JCPDS: 09-
0063) with space group R3̄m. Rietveld refinement of the XRD
pattern successfully gave reasonably low R-factors (4.45%)
and c2 (1.426) value based on P2 and O3 models.[13] P2 phase
was fitted for lattice parameters of a = b = 2.8721(1) è, c =

11.1663(2) è and V= 79.771(4) è3, and O3 phase was refined
as lattice parameters of a = b = 2.8548(9) è, c = 14.186(1) è
and V= 100.13(5) è3. The calculated XRD patterns are in
good agreement with the experimental data, which is also
validated by the enlarged diffraction lines with angle area 30–
5088 in the inset of Figure1 a. The detailed refinement results
are shown in the Supporting Information, Table S2. Note that

there is a major difference between c = 11.0668(2) è in the P2
NaLiMNC compound and c = 11.1663(2) è of the P2 phase in
the composite, indicating that the P2 major phase in
composite has enlarged interlayer spacing and can supply
open space for sodium-ion migration. This characteristic
could be beneficial for activating more sodium ions and
accelerating sodium-ion diffusion speed in P2 phase of this
composite. The detailed electrochemical properties of the
P2 + O3 NaLiMNC composite and the P2 NaLiMNC com-
pound will be discussed in the following section.

Figure 1b shows the crystal schematic of layered P2 (left)
and O3 (right) structures. P2 and O3 are used to describe the
ABBA and ABCABC stacking of oxygen layer respectively
in Figure 1b, and both of them are characterized by MO6

edge-sharing octahedral units forming (MO2)n sheets, can
easily host sodium or lithium atoms, which occupy trigonal
prismatic sites for P2 or octahedral sites for O3. Figure 1c
shows (SEM) images with different magnification of P2 + O3
NaLiMNC composite samples, and it is evident that P2 + O3
composite samples have the similar particle size with the P2
compound in left of Figure 1c). Otherwise, some of P2 + O3
composite particles clearly display a sheet-like morphology in

Figure 1. a) XRD patterns of P2 + O3 NaLiMNC composite and Riet-
veld refinement. The inset shows the enlarged diffraction area between
3088 and 5088. b) The layered structures P2 (left) and O3 (right). c) SEM
images of P2 + O3 NaLiMNC composite samples; red dotted lines
show a sheet-like morphology of the P2 + O3 NaLiMNC composite.
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right of Figure 1c, composed by lamellar stacking of the
synthetic nanosheets (circled with red dotted lines). Energy
dispersive spectroscopy (EDS) mapping is carried out in the
white rectangle frame are exhibited in Figure 2. It can be
clearly seen that the sodium, manganese, nickel, cobalt, and
oxygen elements distributed in the particle uniformly. The
lithium element is difficult to detect in P2 + O3 NaLiMNC
composite owing to its weak X-ray scattering energy and low
content.

The separated O3 and P2 phases of the composite samples
with an intergrowth interfaces are revealed for the scanning
area electron diffraction (SAED) and scanning transmission
electron microscopy (STEM) in Figure 3. The typical particle
we chose for observations is shown in the Supporting
Information, Figure S3. Figure 3a,b indicates the SAED
patterns of the O3 phase and P2 phase, respectively. The
bright spots of the O3 phase projected along the [010]
direction in Figure 3a corresponds to a typical diffraction
pattern for an O3-structure lattice. The bright spots projected

along [100] direction in Figure 3b can be assigned to
characteristic reflections originating from a P2-structure
lattice. The simulated stacking sequences along c-axis crys-
tallographic direction, indexed as typical reflections originat-
ing from layered O3-type and P2-type structure, perfectly
match the experimental data (see also the Supporting
Information, Figure S4).

The local structure of the P2 + O3 NaLiMNC composite
was analyzed with atomic resolution by high-angle annular
dark field (HAADF) and annular bright field (ABF)-STEM.
Figure 3c,d shows representative HAADF-STEM and ABF-
STEM images the nearby interface of P2- and O3-type phases
respectively, indicating coherent orientation relationship by
intergrowth of nanoscale domains. The bright-dot contrast in
HAADF-STEM images (Figure 3c) and the dark-dot con-
trast in ABF-STEM images (Figure 3d) reveal the transition-
metal (Mn, Ni and Co) atom column positions. The dark-dot
contrast with the interlayer positions in ABF-STEM images
(Figure 3d) corresponds to the alkali-metal Na/Li and oxygen
atom column positions in these two layered structures. As
shown in Figure 3e–h, the high resolution STEM images
enlarged from blue and red frames of Figure 3c,d reveal the
detailed atomic arrangements with regard to different O3 and
P2 stacks respectively, and the atomic models of these two
structures are inserted for ease of comparison. ABF-STEM
observation of octahedral MO2 (M = Mn/Ni/Co) are highly
consistent with the structural model, as highlighted by green
shade. The alkali metal atoms are clamped by layered MO2.
Specially, every two layers of MO2 are mirror symmetric
structurally and the head-to-head stacking model is observed
for P2 phase, which is distinctly different with the layer
distance of each O column in O3 phase. Furthermore, the
corresponding fast Fourier transformation (FFT) images was
shown in the inset of Figure 3g, indicative of a hexagonal
lattice.

The coexistence between P2 and O3 phases is clearly
characterized from macro to micro scale by the refined XRD,

Figure 3. The SAED patterns of the P2 + O3 NaLiMNC composite: a) O3-type structure and b) P2-type structure; The STEM images: c) HADDF
and d) ABF images of P2 + O3 NaLiMNC composite; the blue and red rectangle represent O3 structure and P2 structure areas. The enlarged
images corresponding to the rectangle areas are shown in (e), (f), (g), and (h).

Figure 2. The EDS maps of P2 + O3 NaLiMNC composite samples,
demonstrating an even distribution of sodium, manganese, nickel,
cobalt, and oxygen elements in sample particles.
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SEM, EDS maps, SAED, and STEM characterizations. The
diphase integration is confirmed at atomic resolution, and this
atomic-scale integration engineering would open up the
modulation of the physical and chemical properties in layered
P2 + O3 composite. The O3-structure integration and the
enlarged P2 structure would have a profound impact on the
electrochemical performance, just as LiMO2 and Li2MnO3-
like phases in the lithium-rich materials interplay.[14] The O3
phase can supply more sodium ions while the enlarged
layered spacing of P2 phase is beneficial for easy diffusion of
sodium ions upon charging process. Furthermore, Li-ion local
chemical environment is unable to be captured by our current
characterization. Johnson et al. and Meng et al. have inves-
tigated the lithium local environment of lithium-substituted
P2 layered materials in detail using Li NMR spectroscro-
py.[3a, 5] They found that most of lithium ions are present in the
transition metal layer and partial lithium ions can be observed
in the Na layer.

The electrochemical performances of the P2 + O3
NaLiMNC composite and P2 NaLiMNC compound in
sodium half cells were evaluated with the voltage region of
1.5–4.5 V. Figure S2 (Supporting Information) shows the
electrochemical properties of the P2 NaLiMNC compound,
and only a reversible discharge capacity of 125 mAh g¢1 was
obtained, which performs
equally with many other lay-
ered oxide solid solutions.[15]

Not surprisingly, it showed
good rate capability and
stable cycling performance
owing to the direct sodium
diffusion and the structural
stability of Li-substituted P2
structure. Figure 4a illustrates
the typical charge–discharge
profiles of a half-cell with the
same voltage range of 1.5–
4.5 V. It can be clearly seen
that the initial discharge
curves fully coincide with
others, and a very large rever-
sible discharge capacity of
200 mAhg¢1 was obtained in
the first cycle and subsequent
cycles (Figure 4a; Supporting
Information, Figure S5 a) at
a charge–discharge rate of
0.1C. Meanwhile, the cyclic
voltammogram (CV) curves
are shown in the Supporting
Information, Figure S5b. The
CV curves show good consis-
tency and reversibility in the
subsequent cycles except for
the initial activation process.
Multiple redox peaks can be
observed in the whole voltage
range of 1.5–4.5 V. The low-
voltage redox peak at about

2.0 V is probable associated with the redox process of
manganese, the middle redox peaks in the region of about
2-3.9 V may be attributed to the redox couple of cobalt and
the low valence state nickel, and the high-voltage redox peak
above 4 V possibly corresponds to the redox reaction of the
high valence state nickel.[16] On basis of its average voltage of
3.2 V, the energy density is calculated as 640 Whkg¢1, a value
that far surpasses that of other reported sodium battery
cathodes and the commercial lithium battery cathodes, such
as LiFePO4 (about 530 Whkg¢1 versus Li) and LiMn2O4

(about 450 Whkg¢1).[17] To the best of our knowledge, this
material exhibits the highest energy density in all of the
reported positive electrode materials for SIBs. It is clear that
a high reversible capacity with the largest energy density is
obtained through P2 and O3 interface engineering, which
plays double roles in the enhanced electrochemical proper-
ties. O3 phase itself is a more sufficient sodium-ion reservoir,
and enlargement of P2 layered spacing is beneficial for easy
diffusion of sodium, would activate more sodium ions in the
electrochemical reaction. Given that no additional sodium
ions are supplied from the anode of the sodium full cells, the
voltage is cut off in the region of 2–4.5 V (Supporting
Information, Figure S6). It can be seen that this layered
composite provides a reversible capacity of 143 mAh g¢1 with

Figure 4. The electrochemical performance of the P2 + O3 NaLiMNC composite. a) The typical charge–
discharge profiles between 1.5 and 4.5 V at a 0.1C rate (1C rate corresponding to 100 mAg¢1). b) The rate
capability at different rates of 0.2C, 0.5C, 1C, 2C, and 5C. c) The charge–discharge profiles in different
2nd, 10th, 20th, 30th, 40th, and 50th cycles with a rate of 0.2C. d) The cycling performance with coulombic
efficiency at a 0.2C rate. e) The cycling performance with coulombic efficiency at a 0.5C rate.
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2–4.5 V at 0.2C rate, and the high coincidence of the charge–
discharge profiles except for the initial charge activation
indicates good reversibility.

Rate capabilities of the P2 + O3 NaLiMNC composite/Na
cells at rates of 0.2C, 0.5 C, 1C, 2C, and 5C are examined and
shown in Figure 4b. The rate capability varies from
185 mAhg¢1 at a 0.2C discharge rate to 134 mAh g¢1 at a 1C
discharge rate. Even with the a high rate of 5C (500 mAg¢1),
the sodium half-cell consisting of the P2 + O3 composite
cathode and sodium metal still supply an acceptable rever-
sible capacity of 69 mAh g¢1. Furthermore, the almost com-
plete recovery of discharge capacity when returning to the
0.2C rate, gives a further evidence for the structural stability
of electrode materials. It is generally considered that the fast
sodium migration can be achieved between trigonal prismatic
sites in P2-majority composite during the entire range of the
charge–discharge process.

The cycling performance and the corresponding coulom-
bic efficiency are firstly tested with a rate of 0.2 C and shown
in Figure 4d, and the corresponding charge–discharge profile
at different cycles are displayed in Figure 4c. The half-cell
offers 84 % capacity retention for 50 desodiation and
sodiation processes, and the large capacity, the enhanced
cycle life, and well-defined voltage plateau match well those
expected by a structurally optimized, lithium-substituted P2
majority with high structural stability. Note that other layered
materials can even deliver a large capacity approaching
200 mAhg¢1, but limited cycles of 20 or 30 times desodiation
and sodiation with about 70 % capacity retention are obtained
in the current development stage of sodium battery cath-
odes.[1n,4a] To further study the long-term cycling performance,
the sodium half-cell is evaluated for 150 cycles at a 0.5C rate
(Figure 4e). In the deep charging and discharging status,
a good capacity retention of 75 % is measured even after 150
cycles of sodium ion extraction and insertion. High coulombic
efficiency is regarded as an important feature for the potential
of practical application. For this material, the coulombic
efficency in the whole cycling process is about close to 98.5%
except for the initial cycle and a few special cycles, which is
suitable to serve as a sodium cathode in practical applications.

In summary, a novel layered composite material with P2 +

O3 structural integration is synthesized through co-precip-
itation and subsequent solid-state reaction. The novel P2 +

O3 NaLiMNC composite material as cathode of SIBs shows
excellent electrochemical performance, and in particular
presents a large discharge capacity (200 mAh g¢1), good rate
capability (a large discharge capacity of 134 mAhg¢1 at a high
rate of 1C), and good cycling stability (84 % capacity
retention after 50 cycles at 0.2C rate and 75% capacity
retention after 150 cycles at a 0.5C rate), which is superior to
other layered materials. With the average voltage of 3.2 V, the
energy density of this material is calculated as approximately
640 Whkg¢1, which is the largest value of all the reported
positive electrode materials for SIBs, and is comparable to the
state-of-the-art lithium-ion batteries. The superior sodium
storage performance of layered P2 + O3 composite makes it
promising candidate for large-scale energy storage devices.
This strategy of P2 and O3 integration expand a deeper
understanding the structure–electrochemical property rela-

tionships, and also provide new avenues for designing cathode
materials with superior comprehensive performance. Further
work on the interplay mechanism and optimal distributions
between O3 and P2 phases in the composite structure is under
investigation.

Keywords: layered structures · composite materials ·
NaxMO2 polytypes · sodium-ion cathodes
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