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As one of the most promising secondary batteries in large-scale energy storage, sodium ion batteries
(SIBs) have attracted wide attention due to the abundant raw materials and low cost. Layered transition
metal oxides are one kind of popular cathode material candidates because of its easy synthesis and large
theoretical specific capacity. Yet, the most common P2 and O3 phases show distinct structural
characteristics respectively. O3 phase can serve as a sodium reservoir, but it usually suffers from serious
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Keywordff ) phase transition and sluggish kinetics. For the P2 phase, it allows the fast sodium ion migration in the
z"d}‘l”;“ ion batteries bulk and the structure can maintain stable, but it is lack of sodium, showing a great negative effect on
athodes

Coulombic efficiency in full cell. Thus, single phase structure almost cannot achieve satisfied
comprehensive sodium storage performances. Under these circumstances, exploiting novel multiphase
cathodes showing synergetic effect may give solution to these problems. In this review, we summarize
the recent development of multiphase layered transition metal oxide cathodes of SIBs, analyze the
mechanism and prospect the future potential research directions.
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1. Introduction

So far, lithium ion batteries have occupied the majority global
rechargeable battery market owning to the high energy density,
high output voltage and low self-discharging [1,2]. However, as
lithium demand increasing, the sustainable of lithium resources
shows up as a concern and the price of lithium is rising fast. Hence,
searching a substitute for lithium has become a crucial job of
exploring sustainable secondary batteries as well as green energy
utilization [3-9]. Na and Li have similar physicochemical proper-
ties as Na is right under Li in the periodic table. Na resources are of
rich reserves (the fourth richest metal element in the earth’s crust)
and Na is compatible with the negative aluminum current
collectors. In addition, sodium ion batteries and lithium ion
batteries work quite in the same way (Fig. 1a): The voltage is
generated between the two electrodes (cathode and anode), metal
ions (Na*) move forth and back between the two electrodes during
charging and discharging, so it is also called a “rocking-chair”
battery [10,11]. In spite of this, in the sodiation and desodiation
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process, because the size of Na* is larger than Li*, the electrode
materials, especially cathodes materials, suffer from irreversible
structural changes. Therefore, it is still a great challenge to develop
cathodes with excellent electrochemical properties.

Up to now, a variety of cathodes for sodium ion batteries have
been proposed, such as layered transition metal oxides, poly-
anionic compounds, Prussian blue compounds and organic
compounds [12-20]. Sodium-containing transition metal layered
oxides are a very important class among them, which can be
presented by Na,TMO, (0<x<1, TM=Mn, Fe, Co, Cr, V and
corresponding compound of them). The layered structure is
composed of MOg octahedrons with shared edges, in which Na*
are located between MOg sheets. Delmas first named it by
describing the different chemical environment of Na* between
layers. O indicates Na* are located in octahedral coordination
environment, P indicates Na* are located in trigonal prism
coordination environment. The number of 3 or 2 describes the
number of transition metal layers in the repeated stacking unit.
Na,TMO, mainly contains four types 03, P3, 02, P2 (Figs. 1b-e)
[21]. When Na* located in the octahedral sites in O type materials,
Na* need to enter the tetrahedral site gap temporarily and then
enter the adjacent octahedral site during migration (Fig. 1f) [22]. P
type materials have an open diffusion channel. During migration,

1001-8417/© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig.1. (a) The working principle of a Na-ion battery system. The classification of transition meta layered oxides (NaxTMO,) crystal structures schematic the for (b) 03-type, (c)
P3-type, (d) 02-type and (e) P2-type stacking. The Na* migration pathways in the O- and P-type frameworks for (f) the indirect Na* migration pathways with the tetrahedral
site gap in O-type frameworks and (g) the direct Na* migration pathways in P-type frameworks. Reproduced with permission [11]. Copyright 2016, the Royal Society of

Chemistry.

Na" only need to pass through the rectangular surface and directly
enter the adjacent trigonal prismatic site (Fig. 1g) [23].

In the past few years, single phase layered cathodes have been
studied widely [24-32]. Single phases always maintain their
inherent advantages and disadvantages. For example, although O3
phases have a high content of sodium, phase transitions are easy to
occur, causing the low kinetics [33-35]. P2 phases possess stable
structure and fast Na* migration, but the sodium content is
insufficient, restricting the utilization in full batteries [36-38].
Under this situation, exploiting novel multiphase cathodes which
have synergetic effect is an effective way. Multiphase cathodes
combine the advantages of different single-phase cathodes and
overcome their disadvantages. In this review, we focus on the
recent progress about multiphase transition metal layered oxide
cathode materials and prospect the future research direction.

2. Single-phase materials

Layered oxide materials for sodium-ion battery cathodes have
been widely researched, especially transition metal layered oxides.
Mostly due to the facile preparation and high theoretical capacity.
Among them, P2 and O3 phases are most reported, and the P3
phase is investigated as well.

2.1. P2-type materials

As the nomenclature proposed by Delmas et al., P is on behalf
of the Na* in the prismatic site. In P phases, Na* share faces with
the neighbor sites, so they can directly diffuse into the adjacent
site through a rectangular face which brings better rate perfor-
mance. The capacities of P2 phases are usually high, like
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Fig. 2. (a) Cycling performance of Nag sMnO, for different voltage range; voltage range: () 3.8-2.0V; (@) 3.0-2.0 V. Reproduced with permission [29]. Copyright 2002, the
Royal Society of Chemistry. (b) Galvanostatic charge and discharge voltage curves of 03-NaNig sMng s xTixO, cathodes with different x value (x=0, 0.1, 0.2, 0.3, 0.4 and 0.5) at
0.05 C (1C=240mA/g) between 2.0V and 4.0 V. Reproduced with permission [33]. Copyright 2017, the Wiley-VCH. (c) Cycling performance of P3-type materials at 0.5C.
Reproduced with permission [49]. Copyright 2018, Elsevier.
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Fig. 3. (a) Galvanostatic charge and discharge voltage curves of the P2+03 composite NaggsLio1sMno.71Nip21C00.0802+5 in the voltage window of 1.5-4.5V at 0.1 C
(1C=100mA/g). Reproduced with permission [22]. Copyright 2015, Wiley-VCH. (b) The cycling performance and Coulombic efficiency of the P2+03 composite
Nag g6Lio.18Mng 71Nip21C000802+5 at 0.5 C rate. Reproduced with permission [22]. Copyright 2015, Wiley-VCH. (c) XRD patterns of Na,[Nig >Fex_o4Mny 3]0, with different Na
content (0.7 < x < 1.0), and the phase evolution for different Na contents is shown in the right side. Reproduced with permission [52]. Copyright 2017, American Chemical
Society. (d) In situ XRD patterns of the Nag 7g[Nip 2Fep 38Mng 42]02 (x =0.78) cathode obtained during the first charge/discharge at 0.1 C rate in the voltage window of 2.5-4.0V.

Reproduced with permission [52]. Copyright 2017, American Chemical Society.

NaggMnO, cathode delivers around 150mAh/g for the first
discharge at 2.0-3.8V, yet the capacity fades quickly after the
first few cycles as shown in Fig. 2a [29]. Even narrowing the
voltage range to 2.0-3.0V cannot help. Except for NagsMnO,, P2-
Nay3[Fe;2Mny2]0, cathode also delivers a high capacity of
190mAh/g [32]. Compared to 03-Na[Fe;>2Mn;2]0, which only
delivers 100-110mAh/g, P2 phase performs better in capacity
aspect. However, the cyclability of P2-Nay3[Fe;;2Mn,3]O, materi-
al is also not good.

Besides, when P2 phase charged above 4.2V, for most P2 phase
materials, phase transformation takes place that brings about
structural change problems [28,36,39,40]. In that case, structure
collapses easily and the capacity fades fast. Elements substitution
is used to solve this problem by inhibiting the phase transforma-
tion. For example, Li-substituted P2-Nao_8Li0_12Ni0_22MHO_6602 can
suppress the P2-02 phase transition even at ~ 4.2V [28], and P2-
Nag g7Nig>2Mgo1Mng 7,0, changed the irreversible P2-02 to revers-
ible P2-OP4 phase transition [41].

2.2. 03-type materials

There is another problem with P-type phase that P-type phases
are deficient with sodium content, so the first charge capacity is
low and first Coulombic efficiency is far from 100%, which arises
troubles when building full cells. 03 phases are free from those
troubles. O3 phase is a sodium-ion reservoir [42], but since sodium
ion has been located in octahedral site, it must diffuse into the
tetrahedral interval first then into the adjacent octahedral site.
That needs to overcome a larger energy barrier than P2 phases.
Many reports on binary or multivariant O3 phases have been
reported with high capacity. 03-Na[Lig osMng 50Nig 30CU0.10Mgo.05]
0, is synthesized and exhibits a reversible capacity of 1772 mAh/g
[43]. Most O3 phases suffer from phase transition problems. Guo’s
group design a series of Ti-substituted NaNipsMng s xTixO0>

cathodes [33]. When x=0, the charge/discharge curve of
NaNips5Mnps0, material involves a few voltage plateaus and
steps, indicating multiple phase transformations. When x > 0 the
curves become smoother (Fig. 2b), but the capacities of around
120 mA h/g are still ideal enough. In addition, the majority of O3
phases are air and moisture sensitive.

2.3. P3-type materials

Besides P2 and O3 type materials, P3-type materials have been
researched as well. P3 phase has the same direct diffusion pathway
as P2 phase. Not like P2 and O3 type materials, the P3 type
materials performances are not as well as the others, and it is often
investigated in anionic redox or Li" intercalation [44-47].
Electrochemical performances of P3-NayNigsMngs0, (x=0.50,
0.67) was reported [48]. When the voltage window is 2.0-4.5V,
both materials express high capacities about 170 mA h/g, but the
cyclicity is awful. After narrowing the voltage window to 2.0-4.0V,
the capacity retention was improved at an expense of capacity.
Although the cyclicity is not ideal, the rate performance is great
due to the direct diffusion characteristic of P3 phase. Recently,
Wang et al. have reported a non-metallic elements doped P3-type
N30'55Mno_75Ni0.2502 and N30.65MH0'75N10V25F0_101'9 cathode mate-
rials [49]. The F doped material suppresses the P3-O1 phase
transition and delivers a higher capacity of 163.7 mAh/g, but the
cyclicity for both materials is poor, as shown in Fig. 2c. In general,
the performances of P3-type cathode are not optimal, but we can
still utilize the advantage of its excellent rate performance in
biphase or multiphase materials.

Single phase materials have their unique advantages and
disadvantages, if we apply them to form a multiphase material,
through the synergetic effect, the advantages may be magnified,
and the disadvantages may be neutralized. The new multiphase
material may reveal excellent properties.
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3. Biphase materials

Now that single phase materials have their inherent advantages
and disadvantages, it is natural to consider combining them
together to gain advantages and overcome disadvantages. It is also
found that some synergetic effects have been produced when
combine different phases together.

3.1. P2/03 biphase

P2 phase and O3 phase have their advantages respectively. It is
natural to combine the two phases together to take advantage of
synergetic effect. High performance cathode materials with
biphasic P2 and O3 phases have been reported recently.

Guo et al. introduced O3 phase into lithium-substituted P2-
majority phase forming a P2+03 layered oxide composite
Nag geLip.18Mng.71Nig21C090302+5 Which appears excellent perfor-
mance [22]. When cycled between 1.5-4.5V, it delivers a high
capacity of 200 mA h/g as well as a good capacity retention of 84%
for 50 cycles at 0.2 C and 75% for 150 cycles at a 0.5 C as shown in
Figs. 3a and b. It is notable that with the average operating voltage
of 3.2V, the cell reaches 640 Wh/kg for energy density. The c axis of
the biphasic material is larger than the pure P2 phase that is
beneficial to Na* diffusion.

A P2/03 biphase composite Nagg7Mng 55Nig25Tig2-xLixO2 ma-
terial was synthesized by Li substitution for Ti [50]. Li element
mainly enters the TM site to keep the P2 phase, and a small amount
of Li enters Na sites to form O3 phase. Li substitution generate
some defects to hold charge balance, improve electronic conduc-
tivity and diffusion coefficient. As a result, the rate performance,
cycling stability are all improved. Meanwhile, the average work
voltage is lifted. So, considering the Li substitution as a modifying
method is a new way to study novel sodium ion battery cathodes.

Xu et al. reported a P2/03 material with a triphasic P2/03/01
material, wewilldiscusslater [51].Qiand coworkers use the low cost
Mn and Fe elements prepared a series of Nay[Nig 2Fex.04Mn>_x]0>
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materials by a traditional solid state reaction [52]. The X-ray
diffraction (XRD) pattern with different x value is displayed in the
Fig.3c.In this case, it can be observed that when sodium content x is
higher than 0.8, 03 structure tends to form,and when x < 0.8, 03/P2
composite appears. The capacity and retention vary with the x value.
In addition, the full cell with the x=0.78 cathode still delivers a
reversible capacity of 86 mAh/g with a relatively high energy
density. FromtheinsituXRD pattern(Fig.3d), we canseethe P2 phase
only experience a solid-solution process, but the O3 phase suffers
from a phase transition. But the pattern recovers in the end,
manifesting the structure transformation is fully reversible, which
illustrates the excellent capacity retention.

P2/03-Nay3Lig1sMng gFeg 20, material was also been produced
[53].Asthe authoremphasized, this material shows a higher capacity
of 125mAh/g than the single P2-phase NaggsLig17Mngg4Nig2102
reported by Kim et al. [54]. Changes of the parameters of the 03
phase is not detected via ex situ XRD, suggesting the O3 phase is not
active. In addition, no OP4 phase is discovered in the charged
condition, so the O3 phase may inhibit the gliding of the main phase.

Later, P2/03-Nag 5(Lip10F€0.45Mng45)0, with the same ele-
ment composition but different stoichiometric ratio was
reported as well [55]. In fact, the biphase material is synthesized
by doping Li into pristine pure P2 phase Nags(FegsMngs)0,
material. When Li content is more than 0.1, the O3 phase
becomes the main phase instead of P2. The author tried different
Li contents including 0, 0.05, 0.1, 0.2. Among them, the
composition of Nags(Ligi0Feo.45Mng45)0, with 03 dominant
phase achieves the best performance. It delivers 146.2 mAh/g for
the first discharge, the rate capability and capacity retention are
promoted too.

The electrochemical performances of P2/O3 biphase materials
have been improved compared with either pure P2 phase or pure
03 phase. There are two possibilities, the P2 and O3 phase in the
mixed material works together to provide capacity and the
advantages of different phases are magnified, or the O3 phase in
the biphase material remains inactive that stabilized the lattice.
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Fig. 4. (a) Rietveld refinement XRD pattern of the Nag 5C0¢ sMng 50,. The black (red) line represents the experimental (calculated) data, the green and orange bars represent
Bragg positions and difference curve is the blue line. Reproduced with permission [58]. Copyright 2015, the Royal Society of Chemistry. (b) XRD patterns for the obtained
precursor and calcined materials in different temperatures. Reproduced with permission [60]. Copyright 2018, Elsevier. (¢) XRD pattern of Nag 75Cug 27Zng 0sMng 670>. The
inset shows different magnification SEM images. Reproduced with permission [61]. Copyright 2019, Wiley-VCH. (d) ABF image of the P2/P3-Nag 75Cug.27Zn0 06sMng 6702
composite; the red rectangle represents P3-type zone and the orange rectangle represents P2-type zone. Reproduced with permission [61]. Copyright 2019, Wiley-VCH.
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3.2. P2/P3 biphase

Cathodes materials with P2 and P3 phases that both have an
open diffusion pathway have also been synthesized.

Nag 45Nig22C0011Mng 60> material was produced by a solid-
state reaction [56]. When the temperature of the final step is
800 °C, the material is pure P2 phase. But when it comes to 750 °C, a
mixture of the same P2 phase and P3 phase is synthesized. Overall,
the biphasic material performs well in both capacity and
reversibility than the pure P2 phase material. When changing
the electrolyte from organic carbonate to ionic liquid-based that
leading to a better performance, the biphasic material delivers over
200mAh/g.

Later the same group reported NayNig>,C0011Mng 50> material,
which used the same solid-state reaction way [57]. When the
sintered temperature is 750 °C, a biphasic material with P2 and P3
phases was synthesized. The discharge capacity of the 1% cycle is
146.8 mA h/g, the capacity retention from 1% to 200" cycle is 56.7%.

In addition, Zhou et al. presented Nag gsC0g5Mngs0, material
that is a mixture of major P3 and P2 phases (P3: 76.05%, P2: 23.95%)
[58]. The calculated XRD patterns are shown in Fig. 4a. It delivers
the capacity of 156.1 mAh/g at 1 C. Its electrochemical perfor-
mance is better than the pure P3-phase NaggsC0g.5Mngs0,.
According to the ex situ XRD, phase transition is not observed.
And the electrochemical impedance spectroscopy (EIS) result
shows that the biphase material displays much smaller R (the
charge-transfer resistance corresponds to the semicircle diameter
in the high-frequency region) values than the pure P3 phase, which
indicates easier (de)intercalation for Na*.

0.76 0.84
Initial Na: Co Ratio ¢ya.co

@ Single Phase sample
@ P2+0'3sample
@ P'3+0'3 sample
© P2+P'3sample
® 03+0'3sample
@ P'3+P2+0'3 sample

Estimated single
phase region

More recently, Nag e2Mng gsNig.17C00.1702 with P3/P2 composite
material has been synthesized [59]. The sintered temperature is a
little higher than the pure P3 phase, and the c axil became larger.
The integration of P3/P2 phases enhance the capacity and cycling
stability of the P3 phase, and when there is a substitution of Li, a
third phase 0’3 appears. The new triphase material performs even
better than the P3/P2 integration material, we will introduce later.

Latterly, Na()jLiO‘OGMgQ'OGNiO‘zzMn0'6702 material with 46.7% P2
and 53.3% P3 phase was reported [60]. Pure P2 phase prefers to
form in higher temperature and P3 phase prefers to form in lower
temperature, the XRD structures for the prepared precursor and
calcined materials in different temperatures is shown in Fig. 4b.
The biphase material was synthesized using an intermediate
temperature between pure P2 and P3 to gain both P2 and P3 phase.
The biphase structure can be verified by XRD, high resolution
transmission electron microscopy and selected area electron
diffraction. The cathode delivers a reversible capacity of 119 mA
h/g, good capacity retention that maintains 97.2% after 50 cycles
and good rate performance. The cathode works in full battery as
well. According to the in situ XRD result, during charging and
discharging, the material experiences a process from P2/P3 phase
to P2/P3/OP4 phase and then change back. The intermediate OP4
phase reducing the structure stress compared with direct P2/P3-
02/P"3 transformation.

Yan et al. designed a low-cost hydrostable biphase material
Nag 75Cug 27Zng 0sMngg70,. Zn substitution induced the inter-
growth of P2 and P3 phases that verified by refined XRD pattern
(Fig. 4c) [61]. The P3 phase distributes on the surface, and the P2
phase is in the inner side, the phase boundary can be seen clearly
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Fig. 5. (a) The phase diagram of Na,CoO,, X axis is the precursor Na:Co ratio ¢na:co, Y axis is the sintering temperature. Most bipahse samples contain Co30, component.
Reproduced with permission [63]. Copyright 2014, American Chemical Society. (b) The collected in situ XRD patterns of layered-tunnel composite cathode cell during the first
and second charge/discharge between 1.5V and 4.3V at 0.1 C. Reproduced with permission [68]. Copyright 2018, Wiley-VCH. (c) GITT profile of LS-NFM (biphase) and NFM
(undoped single phase) cathodes as a function of voltage. Reproduced with permission [70]. Copyright 2018, American Chemical Society.
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on the TEM image (Fig. 4d). The valance variation of Cu and Mn is
different. Cu redox participates in both P2 and P3 phases, while Mn
redox only happens in P2 phase. The biphase material performs
better than the undoped pure P2 material in rate performance and
cycling stability. It even maintains the structure and electrochem-
ical performance after soaked in water. In situ synchrotron XRD
measurements imply that when charged to 3.8V, a new phase
forms at the expense of P2 phase. The new phase is different from
OP4 or Z phase, so called it P2(,ew) phase. This suggests that the
highly disordered phase formation at high voltage is inhibited.
Moreover, the interface of the biphase is still clear after first charge
and discharge process as the ABF-STEM images showed, indicating
the good cycling stability of the biphase material. Overall, a
biphase material was synthesized by substitution of Zn, leading to
the rate and cycling performance upgrade as well as humidity
resistance.

The P2/P3 biphase performances are also better than the single
phase due to the two phases operate at the same time and reduce
the structure stress additionally.

3.3. Other biphasic materials

Except the two classes biphasic material as above mentioned,
other material with different structures were also been
reported. (03+0’3)-NagsMn,,Fe 2,0, was synthesized using
an auto-combustion method then calcined at 1000°C, and
exhibits a capacity of 135mAh/g [62]. Ceder’s group reported
the influence of different synthesis conditions using a solid-
state method including temperature and sodium content on
structures of the layered phases of Na,CoO, [63]. The structures
were examined by XRD analysis. Then the group designed a
phase diagram of Na,CoO, in the temperature range of 450°C-
750°C in air and for the ratios of Na and Co varying from 0.60 to
1.05 as shown in Fig. 5a. Biphasic materials even triphasic
material were obtained.

Except for the combination of two layered oxide phases,
NaxNij6C01/6Mny/30, that has a P2-type material as a main
material with a little spinel phase material was prepared [64].
When x = 0.67, the material is a pure P2 phase. When x=0.35, 0.5, a
small amount of spinel phase with the space group Fd-3m
appears. The ionic conductivity of the material is larger than the
electronic conductivity, making the electronic conductivity
becomes a determining factor. At the same time, the electronic
conductivity that influences electrochemical performance of the
mixed phase is 2 orders of magnitude higher than the pure P2
phase bringing improved rate performance. Through the SEM
images (Fig. 6), we observe that the morphology differences are
obvious. The size of primary particles of the mixed phase
(200-500nm) is much smaller than the pure P2 phase
(1~3m), and the shape of P2 phase is flake-like while the
mixed phase is not. It is possible that the appearance of spinel
phase inhibits the agglomeration and holds back the formation of
flake-shape primary particles.

Among layered oxides, the P2-Nap ;MnO, with high theoretical
capacity and low cost and toxicity is an ideal candidate. But the
Jahn-Teller effect of the Mn(IIl) causes capacity degradation [65],
and the 2D migrating pathway also restrict the rate performance to
some extent [66]. Yet the tunnel-type material Nag 44MnO, has the
unique 3D structure that brings excellent stability and rate
performance. But its theoretical capacity is comparatively small
[67]. Guo’s group combined the two phases together to a
stoichiometric NagegMnO, composition [68]. The composite
material delivers a surprisingly high capacity of 198.2mAh/g,
which is larger than either single layered or tunnel electrode. The
average voltage is also elevated, so the energy density is apparently
improved. In situ XRD was also conducted to find out the

Fig. 6. SEM images of the P2/spinel intergrowth Na,Ni, 6C0;sMn;/30, samples: (a—
¢) x=0.35, (d-f) x=0.50, and (g-i) x=0.67. Copied with permission [64]. Copyright
2016, the Electrochemical Society.

mechanism, as shown in Fig. 5b. The (140) and (340) peaks of
the tunnel phase just shifted during the charge-discharge process.
Nevertheless, the broad OP4 peak near the (002) peak appeared.
Although there is a transition process, the composite recovered
after 2 cycles. In summary, the biphase material integrated the
advantages of the layered oxide and tunnel phase, synergetic effect
played a positive role between them.

For O3 type materials, Na(NixFe,Mn,)O, is a kind of promising
material [69]. The Fe, Mn elements is abundant and nontoxic, and
Ni may have a positive effect on improving operating voltage.
Nevertheless, the problems including cycling stability and the
phase transition at high voltage need to be solved. Under this
situation, Deng and coworkers introduced an O3/spinel inter-
growth material Nag g7Lip25Nig.4Feg2Mng402+5 with substitution
of Li [70]. The discharge capacity, capacity retention and
Coulombic efficiency are all raised than the unsubstituted
NaNig 4Feq >Mng 40, material. Over the GITT results (Fig. 5¢), the
biphase material exhibits a faster Na* diffusion coefficient. The
promoted diffusivity possibly because the 3D pathways in the
spinel phase provide direct diffusion channel for Na* that shorten
the diffusion distance between layered and spinel components. At
the same time, the plateau above 4V of the voltage profile and the
redox couples of the X-ray absorption spectroscopy (XAS) results
present good reversibility, these presumably are associated with
the biphasic structure.

From the three examples as above proposed, the spinel/tunnel
phase may play a constructive role on accelerating ionic
transformation in some occasion, due to its particular 3D pathway.
Combining spinel/tunnel phase to modify available layered oxide
materials is a fresh method in promoting the performances of the
sodium ion battery cathodes.

Some presented the mechanism that made the biphasic
materials cells performs better clearly, there still exists synergetic
effect in the biphasic materials looking forward to being digged.
Also, it is hard to make a specific stoichiometric ratio biphasic
material. In general, the appearance of biphasic material is mostly a
coincidence. However, choosing a middle content and adjusting
various temperature could help a lot.
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4. Triphase materials

The same as biphasic materials, some multiphasic materials
compose of only a series of layered oxide materials, but there are
also other components type like spinel type material, etc. This
makes better diversification of the multiphase materials.

4.1. Layered oxides multiphase

Lee’s group has an investigation on the effect of Li substitution
in NaNig sMng 50, material, and a series multiple layered materials
Na;_4LixNig5sMng50,+5 appear [71]. The composition of phases
varies with the value of x, as shown in the XRD pattern (Fig. 7a).
High-resolution TEM images (Fig. 7b) straight reveal the topotactic
intergrowth of the P2 and O3 (including Na-03, Na-0’'3) phases.
The capacity and rate performance increased after Li substitution.
It is probably related to the P2/03 intergrowth. After first charge-
discharge process, the material transforms into P2/P3 composite,
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that explains the high rate performance. The hetero-epitaxy
structure keeps the P3 phase stable in the mixed composite thus
lowering the strain energy at the P2/P3 interface. Synergetic effect
in there has played an important role.

Keller's group reported NayxMnyNi,Feq;Mgo10, materials
consist of single P2 phase, O3 phase and a mixture of P3/P2/03
phase [72]. According to Rietveld refinement calculated param-
eters, the c axil value of P2 in the mixed phase is lower than the
pure P2 on account of the higher sodium content leading to
weaker repulsion of adjacent oxygen layers, and the c axil value of
03 in the mix is higher than the pure O3 for the same theory.
Meanwhile the voltammogram (Fig. 7c) of the mixed phase have
features in common. Overall, the mixed phase reveals higher
capacity than P2, better cyclability than O3 and always delivers
highest specific capacities among them in different rate. This
mixed material has a synergetic effect that combines the
advantages of various phases and achieve better electrochemical
performances.
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Fig.7. (a) XRD patterns of Na;_xLixNip sMng 502.5 when Li content varies from 0 to 1 and the major phases evolution as a function of Li content is summed up by color switches
in the right. Reproduced with permission [71]. Copyright 2014, Wiley-VCH. (b) High-resolution TEM images that show the P2 and O3 lattices intergrowth stacking in different
magnitude. Reproduced with permission [71]. Copyright 2014, Wiley-VCH. (c) Cyclic voltammogram profile of P3/P2/03-material for different cycle. Reproduced with
permission [72]. Copyright 2015, Wiley-VCH. (d) In operando synchrotron HEXRD patterns of the P2/03/01-material electrode collected during the first charge/discharge
cycle at 0.1 C in the voltage window of 2.0-4.4 V. Reproduced with permission [51]. Copyright 2017, the Royal Society of Chemistry. (e) On the process of in situ heating the
microstrain analysis of the P2 phase in the products. Reproduced with permission [51]. Copyright 2017, the Royal Society of Chemistry. (f) The left figure is the STEM-HADDF
image that directly shows the zigzag phase boundary; scale bar, 1 nm. The middle figure is the magnified image of the blue rectangle that displays the layered stacking; scale
bar, 0.5 nm. The right figure is the magnified image of the red rectangle that displays the spinel-like stacking; scale bar, 0.5 nm. Reproduced with permission [77]. Copyright

2017, the authors.
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In 2017, Xu et al. reported triphasic P2/01/03 material, biphasic
P2/03 material and pure P2 phase material, all denoted as
NayNiq;3C01,3Mny;30, [51]. The biphase material also performs
better than the pure P2 phase, but the triphase is even better.
Triphase material embodies the best electrochemical performance.
It delivers 142.8 mAh/g for the initial discharge capacity, appears a
high first Coulombic efficiency of 95% along with a high capacity
retention of 93% up to 50 cycles at 15mA/g. And the rate
performance of the triphase material is greatly enhanced. To find
more, in operando synchrotron HEXRD (Fig. 7d) was conducted. It
can be seen that the P2 diffraction peaks just shift even charged to a
high voltage of 4.4V, and no P2-02 transition is discovered, which
means the P2-02 transition at high voltage is inhibited.
Meanwhile, the 01/03 structure experiences a reversible change
during charge-discharge process. However, the transition of the
biphase and pure P2 phase material is not reversible. During the
research, the author found that the biphase material exhibits a
sudden capacity degradation for the original few cycles but then
stabilizes. This mainly due to the O3-P3 transition exists an energy
barrier. The P2/03 material cannot change back but become P2/P3
biphase after the first few cycles. Yet, the new P2/P3 biphase may
be a heteroepitaxial structure and thus lessen the microstrain for
the interface of P2/P3 the same as reported by Lee’s group.
Furthermore, part of the O1 phase diffraction peaks in the triphase
material disappeared after cycling for 100 cycles, implying that the
P2/01/03 structure may convert to P2/03 bit by bit after deep
cycling, and then it behaves the same as P2/03 biphase material as
previously mentioned. The triphase material is not a mechanical
mixture, it is a series of intergrowth structures with topotactic
layers, that may reduce the interfacial microstrain. So interfacial
microstrain analysis was conducted (Fig. 7e). It is obvious that the
triphase structure (at high temperature) interface microstrain is
the lowest, and even when it is charged to 4.4V to form the P2/03
structure, the microstrain is still low. This research not only

synthesized new biphase and triphase material with good
electrochemical performances, but also explore the mechanism
of the multiphase material, which hinder the P2-02 transition and
promote the 01/03 structure stability. In addition, they focus on
the interfacial microstrain simultaneously, which is a new
perspective to solve problems.

As mentioned above, Nagg,Lig18MnggsNig17C00170, with P3/
P2/0’3 three phases composite was synthesized [59]. In fact, the
0’3 phase is a Li-O’3 structure. The first charge capacity of the
triphase material is the highest and the cycling stability as well as
the rate performance are enhanced. The author explains that the
synergetic effect can activate more sodium sites and when charge
to high voltage, partial Li" may participate in the reaction.

The mechanism was investigated more in this part. It is verified
that hetero-epitaxy structure exists in triphase materials and thus
diminish the interface microstrain, so it is induced that the same
mechanism occurs in biphase materials as well. The combination
of different phases manifests their merits respectively.

4.2. Layered oxides/spinel multiphase materials

Some multiphase materials contain layered oxide structure and
spinel like structure. The spinel phase accelerated the electron
transport, thus improving the electrochemical performance.

Recently, many efforts have been made about layered manga-
nese-based oxides, because it is low-cost and environmentally
friendly [27,73,74]. But there also exists many problems, for
example, it is sensitive to air and moisture, and the disproportion-
ation of the Mn(Ill) is seriously detrimental [75,76]. Guo and
coworkers introduced an environmentally stable interface of
layered oxide cathodes NaMnggTig1Nig;0, [77]. In the core of
the material, it is composed of P2 and 0’3 biphase structure. The Ti
(Ill) concentrated on the particle surface and is a spinel-like
covering with atomic-scale thickness, it can be seen in the TEM

Table 1

The stoichiometric ratio, phase composition, 1°* discharge capacity, capacity retention and energy density of the biphase and multiphase materials mentioned in articles.
Material Phase 1°t discharge capacity (mAh/g)  Capacity retention Energy density Refs.

(Wh/kg)
Nag s6Lio18Mnp 71 Nig21C00,0802+5s P2 +03 (mainly P2) 200 (10mA/g, 1.5-4.5V) 84% (50 cycles at 20 mA/g) 640 [22]
Nag 67Mng 55Nig 25Tig 2-xLixO2 P2 +03 (mainly P2) 158 (12mA/g, 1.5-4.2V) 84% (50 cycles at 24 mA/g) Unknown [50]
(x=0.1,0.2)

Nay[Nig2Fex 04Mny 2 x]02 P2+03 (mainly 03) > 80 (0.1C, 2.5-4.0V) 93.2% (100 cycles at 0.1 C) Unknown [52]

Nay3Lio1sMng gFep 202
Nag 5(Lig10Fe0.45Mng 45)02

P2 +03 (mainly P2)
P2 +03 (mainly 03)

125 (C/10, 1.5-4.2 V)

Nag.45Nio.22C00.11Mno,602 P2+P3 225 (12mA/g, 1.5-4.6 V)
NaxNig.22C00.11Mno 6602 P2+P3 146.8 (12mA/g, 21-4.3V)
Nag.66C00.5Mno 505 P2+P3 156.1 (1C, 1.5-4.3V)

(23.95%:76.05%)

P2 +P3 (46.7%:53.3%)
P2 +P3 (mainly P2)
03+0'3

Nag 7Lio.06M8o0.06Nio.22Mng 6702

Nao.78Cuo.27ZN0.06Mng.6702 84 (1C, 2.5-4.1V)

146.2 (20mA/g, 1.5-4.0V)

129 (23.8 mA/g, 2.0-4.4V)

69.6% (100 cycles at C/10) 350 [53]

Nag sMnpFeq 20,

NayNi;6C0o1/6Mnz30,
(x=0.35,0.5)

Nag MnO,

Nag g7Lio 25Nio.aFep 2Mno 40245

Naj_LixNiosMng 502+ 5

Na,MnyNi,Feg1Mgo102

NayNiy3Co13Mny 30,

Nag 62LixMng 66Nio 17001702

NaMnTigNig ;02

Nag 5[Nip.2C00.15Mng 65]02

P2+spinel (mainly P2)

P2+tunnel (7:3)
03+spinel (94%:6%)
03+P2+Li-03

P2 +P3+03

P2 +03+01

P2+03

x=0.18

P3+P2+0’3 (mainly
P3)

x=0

P3+P2
P2+0'3+spinel
(mainly P2)

P2 +P3+spinel

135 (C/100, 1.5-3.8V)

x=0.5, 145 (75 mA/g, 2.0-4.5V)
x=0.35

119

198.2 (40 mA/g, 1.5-4.3V)

112 (100 mA/g, 2.0-4.2V)

~ 140 (15mA/g, 2-4.05V)

148 (36 mA/g, 2.0-4.3V)

142.8 (15mA/g, 2.0-4.4V)
121.2

224 (20mA/g, 1.5-4.5V)
221

186 (20mA/g, 1.5-4.2V)

177.6 (0.1C, 1.5-4.0V)

92.5% (30 cycles at 20mA/g) Unknown [55]
80% (100 cycles at 12 mA/g) About 550 [56]
56.7% (200 cycles at mainly 12 mA/g) Unknown [57]
91% (100 cycles at 10 C) Unknown [58]
97.2% (50 cycles at 23.8 mA/g) Unknown [60]
85% (200 cycles at 1 C) Unknown [61]
Unknown Unknown [62]
60% (100 cycles at 30 mA/g) for both x=0.5, 487 [64]
x=0.35, 388

85.1% (100 cycles at 200mA/g) 520.4 [68]
86% (100 cycles at 100 mA/g) Unknown [70]
Unknown Unknown [71]
91.3% (50 cycles at 180 mA/g except for the Unknown [72]
1% cycle)

93% (50 cycles at 15mA/g) > 400 [51]
88% Unknown

78% (50 cycles at 40 mA/g) Unknown [59]
57.50% Unknown

81% (500 cycles at 1000 mA/g) 576 [77]
87.6% (100 cycles at 0.1 C) Unknown [78]
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pattern (Fig. 7f). The concentrated Ti spinel layer can protect the
material from humid environment. After exposed to moist air for 3
days, the material still maintains its original structure (in contrast,
H,0 inserted the NaMnO, structure). The disproportionation of the
Mn(III) has also been reduced since the spinel phase blocked the
contact with air/electrolyte. According to the impedance spectra,
the R of the triphase material is smaller, indicating the charge
transfer on the surface is increased. This may be because the
spinel-like structure exists 3D channels for sodium migration.
Combined all the structural advantages, the electrochemical
performance is fine. It delivers 186 mAh/g at 0.1 C. A good
capacity retention of 81% is achieved after 500 cycles at 5 C
(1000 mA/g), and the Coulombic efficiency for the entire course is
~98%.

Later, Hou and coworkers designed a stable layered P2/P3 and
spinel intergrowth nanocomposite material Nags[Niga-
Coo15Mnges5]0, [78]. It delivers 177.6 mAh/g at 0.1 C, and the
retention is 87.6% after 100 cycles at 0.1 C. Through ex situ XRD test,
phase transition cannot be discovered. It is interesting that the
(311) diffraction peak of the spinel phase shifted, indicating the Na*
can de/intercalation in the phase. The spinel phase has a 3D Na*
diffusion pathway and this may improve the kinetics of Na*
diffusion for the triphasic material. Besides, the full cell of the
cathode and hard carbon also performs well, demonstrating it is a
promising cathode candidate for sodium ion batteries.

The synergetic effect plays an important role in the multiphase
materials with layered oxides and spinel phase, they show special
properties. One kind of mechanism is that spinel phase is active
during the electrochemical process, and spinel phase has a 3D
pathway that improves the kinetics of Na* diffusion. And the
synergetic effect plays among the various structures. The other
mechanism is when the spinel phase is not electrochemically
active, then it is protective for the layered oxides.

In general, the occurrence of biphase and multiphase most
comes from accident. Yet their properties are outstanding. When
synthesizing, people always use a middle chemical composition
and middle temperature in-between different pure phases with a
lot of efforts. All the biphase or multiphase materials mentioned in
this article are summarized in the Table 1, listing their
stoichiometric ratio, phase composition, 1% discharge capacity,
capacity retention and energy density if it is mentioned.

5. Conclusion

In summary, we have reviewed the recent progress of
multiphase cathode materials of SIBs. Although different phase
materials have been deeply investigated, the research of multi-
phase materials have not been well discussed. Combining the
advantages of different classic types of layered transition metal
oxides including P2, O3 and P3 phases, satisfying comprehensive
sodium storage performances can be achieved for multiphase
cathode materials with the synergetic effect of multiphase. The
synergetic effect can be contributed to O phase serving as a sodium
reservoir and P phase allowing the fast sodium ion migration in the
bulk. In detail, the phase interface stress of the heteroepitaxial
structure of the multiphase cathodes suppress the phase
transformation during charging-discharging. The introducing of
other phases, such as layered phase and spinel-like phase, could
serve as a 3D pathway to facilitate ion transportation, namely
accelerating sodium ion diffusion coefficient. Furthermore, the
aggregation of inactive phase component in the surface of the
materials plays a protective role from the attacking of water and
carbon dioxide in the atmosphere to reduce the transportation and
storage costs. However, there are still many challenges to be
addressed in developing layered multiphase materials, such as
unpredictable synthesis conditions and insufficient understanding

of the mechanism. For the future study in layered multiphase
cathode materials, the exploration of controllable and precise
synthesis and the providing of visual and in-depth evidences in
mechanism are pivotal. For the synthesis, single phase materials
prefer to form on specific component, calcination temperature and
atmosphere while the multiphase materials usually form in a
middle condition that is still uncertain. For the mechanism insight,
more diverse characterizations, such as X-ray absorption fine
structure, in situ TEM, density functional theory and so on, are
further required. And the future work should also pay attention to
the air or moisture stable multiphase materials, which would make
a great progress on the industrialization of layered transition metal
oxide cathodes. There are still many interesting works need our
further exploration in layered multiphase cathode materials to
push the industrialization of SIBs.Declaration of competing
interest
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