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Biphasic layered cathodes represent a strategic advancement in
overcoming the inherent limitations of single-phase materials
by synergistically integrating distinct phase characteristics.
Among these, the P2/O3 biphasic cathode stands out due to its
integration of the rapid diffusion kinetics of the P2 phase with
the high capacity of the O3 phase, resulting in superior battery
performance. Given the critical role of phase ratio in determin-
ing the performance of biphasic cathodes, this work systemati-
cally examines the influence of synthesis methods, sintering

temperatures, and sodium and dopant compositions on phase
modulation. A comprehensive analysis of the kinetic and
thermodynamic properties of the P2/O3 cathode is conducted,
with findings correlated to electrochemical data to elucidate
how thermodynamic stability and efficient diffusion kinetics
contribute to enhanced functionality. Finally, a brief overview of
other biphasic cathodes is provided, comparing their distinctive
properties relative to those of the P2/O3 system.

1. Introduction

Lithium-ion batteries (LIBs) have played a crucial role as an
energy source for various essential devices in our lives,
particularly contributing to the rapid growth of the electric
vehicle market.[1] However, as the electric vehicle market
continues to expand, the demand for LIBs has increased, and
the depletion of metal resources, including lithium, is driving
up costs. In the long term, this trend may hinder the potential
application of LIBs in large-scale energy storage and could lead
to market stagnation.

To address the limitations of LIBs, extensive research is
being conducted on next-generation batteries such as sodium-
ion batteries (SIBs), lithium metal batteries, and all-solid-state
batteries. Among these, SIBs offer significant cost advantages
over LIBs. This is partly due to the lower cost of cathode
materials and the potential to replace the expensive copper
(Cu) foils used in anode current collectors with cheaper
aluminum (Al) foils, leading to an overall cost reduction of at
least 10% compared to LIBs.[2] Moreover, the intercalation
chemistry of sodium is quite similar to that of lithium, enabling
the use of similar compounds for both systems.

However, Na+ ions (1.02 Å) are larger than Li+ ions (0.76 Å),
which impacts phase stability, transport properties, and inter-
phase formation. Additionally, sodium is heavier than lithium
(23 gmol� 1 vs. 6.9 gmol� 1) and has a higher standard electrode
potential (-2.71 V vs. SHE compared to -3.02 V for lithium),
resulting in lower energy density for SIBs.[3] Other challenges,
such as poor stability, low ionic conductivity, and capacity

degradation due to structural instability at high voltages,
remain key issues for further improvement in SIB system.

Given the importance of cathodes in enhancing the energy
density of SIBs to levels comparable with those of LIBs, various
types of cathode materials have been systematically investi-
gated, including polyanionic compounds, Prussian blue analogs,
layered oxides, and organic-based materials. Among them,
transition metal (TM)-based layered oxides (NaxTMO2, where
TM=Fe, Mn, Ni, Co, etc.) have emerged as the most promising
candidates for SIB cathodes due to their superior specific
capacity, relatively simple preparation methods, and reference
to the successful application of LiTMO2 in LIB systems.[4]

According to previous studies, based on the Na sites
(prismatic or octahedral) and the stacking sequence of the O
layers (ABBA or ABCABC), NaxTMO2 generally forms P2 (Na/TM
<0.8, prismatic, ABBA) or O3 (Na/TM >0.8, octahedral, ABCABC)
structures.[5–8] P2-type oxides typically exhibit higher Na-ion
conductivity and better structural stability compared to their O3
counterparts, contributing to improved power density and
cycling performance.[9] However, both P2 and O3 NaxTMO2

structures undergo significant and irreversible phase transitions
in high-voltage regions, leading to a loss of structural stability
and reduced cycling performance.[10–12] In contrast, biphasic
materials can combine the advantages of both structures,
offering multifunctional benefits and significantly enhancing
electrochemical performance compared to single-phase
materials.[13–15] In addition to P2/O3 biphasic oxides, NaxTMO2

cathode materials with P2/P3, P3/O3, P2/O’3, O3/spinel, P2/O3/
O1, P2/O’3/spinel binary or ternary phases have been reported
recently.[16–19, 84, 85]

In this review, we examine the synthesis and design of the
P2/O3 biphasic cathode, a representative biphasic material, and
aim to analyze in detail why it delivers superior battery
performance compared to single-phase cathodes by examining
differences in kinetics, thermodynamics, and electrochemical
characteristics through various analytical methods. Additionally,
we compare the P2/O3 biphasic cathode with other biphasic
systems such as P2/P3, P3/O3, and P2/O’3, assessing which
demonstrates better performance, and suggest prospects and
directions for biphasic cathode research.
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2. P2/O3 Biphasic Cathode

2.1. P2/O3 Composite Synthesis

The formation mechanisms of the biphasic layered structure
have been scarcely discussed so far, and the mechanisms
during sodiation/desodiation within this structure remain
unclear. Synthesizing P2/O3 biphasic cathode materials presents
additional complexity compared to single-phase materials. As
optimal phase formation is essential for achieving high battery
performance, a comprehensive understanding of these under-
lying mechanisms is crucial. This synthesis process is governed
by three key controllable factors: the synthesis method, the
sodium and dopant composition, and the sintering condition.
In the following section, we provide a detailed overview of how
each of these factors influences phase formation.

When synthesizing P2/O3 biphasic cathode materials, differ-
ent synthesis processes are used to control phase formation
and their own unique structures. Structural modification
strategies have long been employed to enhance performance
in both LIBs and SIBs.[89, 90] For example, Jianling et al. proposed
a high-performance lithium-rich cathode featuring a dual
gradient of aluminum and oxygen vacancies, as well as a
heterogeneous structure, achieved through aluminum solution
treatment.[25] Typically, the solid-state method is commonly
employed, but by utilizing a coating process, a hierarchical
structure can be formed where the surface possesses a P2
phase and the bulk interior an O3 phase.[32, 88] This structure is
utilized to overcome the poor air stability of O3-type materials,
which generally react with moist air to form NaOH and
Na2CO3.

[26] After surface coating through a wet chemistry
process followed by high-temperature calcination, a material
with a heterostructure consisting of a P2 surface and an O3
bulk is formed, as illustrated in Figure 1a. Consequently, the
enhanced Na storage performance of the heterostructured
cathode is related to the synergistic effect of the biphasic

structure, in which the O3 phase core provides a sufficient initial
Na reservoir, while the P2-type structure acts as a robust
protective layer.[20] Raghvendra et al. synthesized biphasic
materials by using both the solid-state method (Bi doping) and
wet chemical coating (Bi2O3 coating).

[27] The former enlarges the
interlayer spacing, while the latter provides ionic conducting
channels and protects the particles from electrolyte contact.

The content of various transition metals and sodium is one
of the key factors determining the phase of cathode materials
in SIBs. While layered oxide cathodes (NaxTMO2) generally form
a P2 phase at low sodium content and an O3 phase at high
sodium content, exceptions exist, underscoring the need for a
more precise system to predict phase formation. For P2/O3
biphasic cathodes, especially in materials with complex compo-
sitions, it is often challenging to predict the structure and the
phase ratio between the two phases. Therefore, recent studies
have introduced concepts such as “cationic potential” and
“radial potential,” which can be used to predict the key
interactions and stacking sequences of layered materials. This
approach is crucial in the pursuit of forming the desired phase.
Figure 1b provides a schematic representation of the predicted
phase formation for various cathode materials based on their
calculated cationic potentials. In general, the P2/O3 biphasic
cathode is observed to form near the boundary(y=0.4065x+

1.572) between regions where P2 and O3 phases are typically
formed. The cationic potential is calculated using the following
equation:

Fcation ¼
FTM FNa

FO

In layered oxides like NaTMO2, the average ionic potential of
the transition metals (FTM) plays a significant role, where the
content of TM, charge number, and radius are crucial factors. As
the cationic potential increases, the stronger TM electron cloud
extension and interlayer electrostatic repulsion lead to the
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formation of the P2-type structure, with more covalent TM� O
bonds and an increased d(O-Na-O) distance.

[21] In addition to the
cationic potential, Maughan et al. expanded and refined the
new concept of “radial potential” to design biphasic O3/P2

hybrid materials and compare the use of ionic radius and
cationic potential as predictors.[22] The radial potential is defined
by the following equation:

Figure 1. (a) Schematic of the synthesis of the O3/P2 heterostructure cathode material. Reproduced with permission from ref [20]. Copyright 2022, Elsevier. (b)
Cationic potential of representative P2- and O3-type Na-ion layered oxides. Reproduced with permission from ref [21]. Copyright 2022, Elsevier. (c) Plot of P2
content against radial potential. Reproduced with permission from ref [22]. Copyright 2023, Springer Nature. (d) Phase transition P2 to O3 with increasing Ti
content. Reproduced with permission from ref [23]. Copyright 2022, Elsevier. (e) Phase evolution during solid-state synthesis of P2/O3 biphasic material
monitored by in situ XRD. Reproduced with permission from ref [24]. Copyright 2022, Elsevier. (f) P2(002) and O3(003) peak intensity variations during the
cooling process monitored by XRD patterns. Reproduced with permission from ref [88]. Copyright 2024, American Chemical Society. (g) Phase transition with
different quenching time after sintering. Reproduced with permission from ref [24]. Copyright 2022, Elsevier.
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Radial Potential ¼
Average TM radius * Weighted Na potential

Weighted oxygen potential

This concept focuses on using the average ionic radius of
the TM layer to predict how small changes in the composition
of the Na and TM layers influence the O3/P2 ratio, allowing for
control over the P2 content. As shown in Figure 1c, materials
with lower radial potential tend to form a higher proportion of
the P2 phase. An example of applying these two concepts can
be seen in Figure 1d. In Ni- and Mn-based cathode materials,
replacing Mn with Ti and increasing the Ti content leads to a
higher proportion of the O3 phase.[91] This is because Ti has a
lower average ionic potential compared to Mn, leading to
increased formation of the O3 phase with higher Ti content.
The effects of various doping elements will be discussed in
detail in the following section. Not only titanium but also Li and
Cu promote the formation of the O3 phase, while B contributes
to P2 phase formation.[28–31] Therefore, careful selection of
dopants is crucial for controlling phase formation.

Lastly, phase formation can be controlled by adjusting the
sintering conditions, including temperature, heating/cooling
rate, and atmosphere. As shown in Figure 1e, NCFM materials
begin forming the P3 phase at 773 K. With increasing temper-
ature, the O3 phase emerges, leading to the coexistence of
both phases at 1073 K. At 1123 K, the P2 phase starts to form,
and after maintaining the material at 1123 K for 60 minutes, the
P2/O3 phases can be observed. Pengfei et al. investigated the
formation of the P2/O3 biphasic structure in the high-entropy
Na0.7Mn0.4Ni0.3Cu0.1Fe0.1Ti0.1O1.95F0.1 cathode material during the
sintering process by adjusting the temperature.[45] Unlike the
NCFM biphasic cathode, phase formation in this case followed
the sequence P3 - P2 - O3, with the P2/O3 biphasic structure
forming between 750 °C and 900 °C. Interestingly, as the
temperature rose above 900 °C, the proportion of the P2 phase
increased again. These findings highlight the importance of
understanding the specific temperature ranges and phase
transformation profiles for each material during the synthesis
process.

While the heating process dictates the initiation and
transition of various phases, the cooling process, particularly
the cooling rate, plays a decisive role in the final phase
composition. Although detailed conditions are often not
disclosed for biphasic materials in the literature, it is generally
observed that slower cooling rates favor the formation of a
single phase, whereas faster cooling rates tend to result in the
coexistence of P2 and O3 phases within the material. As
illustrated in Figure 1f, during a natural cooling process
involving a rapid temperature drop from 950 °C to 450 °C, the
P2 peak intensity increases, whereas the O3 peak intensity
decreases. This indicates a continuous phase transformation
within the material, leading to a sharp increase in the
proportion of the P2 phase, from 46.0% to 63.6%. Furthermore,
extending the quenching time with much slower rate, consis-
tent with Figure 1f, increases the proportion of the P2 phase in
the P2/O3 biphasic cathode and, when prolonged excessively,
leads to the formation of an extreme P2/O3 ratio (Figure 1g).

Atmospheric control during the synthesis process provides
yet another pathway for optimizing phase formation. Yihang
et al. demonstrated that by adjusting the duration or rate of Ar
flushing to balance the Ar and O2 atmosphere, the proportion
of the P2 phase within the material can be effectively
controlled.[87] This approach not only enhances the stability of
the desired phase but also improves the reversibility and
kinetics of the anionic redox process. Overall, these findings
highlight the intricate interplay of temperature, cooling rate,
and atmosphere in determining phase composition. By carefully
optimizing these parameters, it is possible to tailor the
structural and electrochemical properties of biphasic cathode
materials to meet specific performance requirements.

2.2. Thermodynamics

Understanding the thermodynamic properties of cathode
materials is crucial, as these characteristics directly influence
structural evolution and electrochemical performance.[36] During
the charge and discharge process, sodium ions migrate within
cathode materials, leading to structural changes as the material
forms the most thermodynamically stable phase. However,
when charged to high voltages, typical single-phase sodium
layered oxides often undergo irreversible phase transitions,
such as O3hex.� O3’mon.� P3hex.� P3’mon.� P3’’hex, and frequently fail
to recover their original phase during discharge.[37, 38]

In contrast, P2/O3 biphasic cathodes are known to reversibly
recover phases by forming intermediate phases such as OP4
and OP2. The P2/O3 biphasic cathode may undergo distinct
phase transitions influenced by factors such as the composition
and content of sodium and transition metals, and the applied
voltage range during cycling, all of which affect the material‘s
phase transition mechanism. Lianzheng et al. demonstrated
that the distinct phase transitions in P2/O3 biphasic materials,
along with the suppression of volumetric changes and
manganese dissolution compared to single-phase counterparts,
are primarily attributed to the “interlocking effect” at the P2/O3
phase boundary (Figure 2a). This effect implies that the P2
phase acts as a structural pillar, stabilizing the framework and
mitigating stress during the O3� P3 phase transition. Therefore,
achieving an optimal balance of P2 and O3 phases is crucial for
ensuring stable performance, as it enables the material to
maintain its structural integrity during phase transitions.
However, the ideal P2/O3 ratio varies depending on the
material, and no universal standard has been established to
date. As shown in Table 1, materials with various P2/O3 ratios
have been extensively studied, highlighting the diversity in
potential phase compositions. Moreover, even for materials
with the same overall composition, significant performance
variations can arise depending on the P2/O3 ratio. To mitigate
such issues and avoid performance degradation, once the
material composition is determined, optimizing the sintering
conditions – such as temperature, atmosphere, and cooling rate
– can enable precise control over the P2/O3 ratio, as discussed
in Section 2.1.
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Optimized phase ratios not only enhance the material‘s
ability to efficiently manage sodium extraction but also

contribute to mitigating structural instabilities. As sodium ions
are continuously extracted, the P2 and P3 structures mutually

Figure 2. (a) Interlocking mechanism of P2/O3 biphasic cathode during the charging. Reproduced with permission from ref [23]. Copyright 2022, Elsevier. (b)
Volume change of Ti doped P2/O3 biphasic cathode compared with single phase materials after the charging process. Reproduced with permission from ref
[23]. Copyright 2022, Elsevier. (c) SEM & TEM images of P2/O3 biphasic cathode(right) and single-phase cathode(left) after long cycles. Reproduced with
permission from ref [20], [34]. Copyright 2021 & 2022, Elsevier. (d) The Fe/Mn relative contents and the deduced Mn/Fe ratio detected by XRF test after 100
cycles. Reproduced with permission from ref [34]. Copyright 2021, Elsevier. (e) Phase transition of biphasic cathodes with varying P2/O3 ratios monitored by
in-situ XRD contour map. Reproduced with permission from ref [33]. Copyright 2024, Wiley-VCH. (f) The average formation energy of different phases for P2/
O3 biphasic cathodes. Reproduced with permission from ref [33]. Copyright 2024, Wiley-VCH.
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hinder phase transitions, with the adjacent transition metal
slabs in the P2 phase remaining stationary. This interaction
generates stress opposite to the gliding direction at the phase
boundary, preventing TMO2 slab displacement in the P3 phase.
As a result, even under significant sodium extraction, the
material retains structural stability with minimal phase trans-
formation.

As shown in Figure 2b, after multiple charge/discharge
cycles, the P2 single-phase material experienced a significant
volume change of 23.3%, whereas the P2 phase within the P2/
O3 biphasic material exhibited a much lower volume change of
only 8.7%. This can be attributed to the relatively low formation
energy and stable structural evolution of the P2/O3 biphasic
cathode, which collectively contribute to minimizing volumetric
changes. Severe volume fluctuations are directly linked to crack
formation and Mn dissolution, both of which degrade perform-
ance. Crack formation can be observed through SEM and TEM
images, where SEM provides direct visualization of morpholog-
ical changes, while TEM, combined with SAED patterns, offers
detailed structural insights. As shown in Figure 2c, cracks
develop in single-phase materials after prolonged cycling,
whereas the P2/O3 biphasic cathode retains well-defined lattice
fringes without crack formation. Manganese (Mn), a crucial
element in cathode materials due to its ability to enhance
structural stability, is consistently incorporated into the P2/O3
biphasic structure. Despite this, Mn-based P2 materials suffer
from Mn dissolution during extended cycling, which negatively
impacts cycle life. To overcome this issue, significant research
has focused on suppressing Mn dissolution.[42, 43] The P2/O3
biphasic structure effectively mitigates this issue by maintaining
phase stability over extended cycling, thereby minimizing
structural deformation and volumetric changes. For instance, Li-
and Ti-co-doped P2/O3 materials have demonstrated a high
Mn/Fe molar ratio of 90.5%, indicating reduced Mn dissolution
and improved structural integrity (Figure 2d).

Based on comparative analysis of in-situ XRD data, it has
been observed that the phase stability and structural integrity
of biphasic materials are further influenced by the applied
voltage range. Specifically, setting the cut-off voltage to a
relatively low value of 4 V or narrowing the voltage range

promotes the formation of a P2/P3 phase at the end of the
charge.[29, 38, 51] In contrast, applying a cut-off voltage above
4.2 V induces the formation of OP4/P3 or OP4/OP2 biphasic
structures at the end of the charge.[28, 39, 40, 45] Importantly, all
biphasic materials were found to revert to their original phases
reversibly during the discharge process. Notably, even at a high
voltage of 4.5 V, when the P2 phase constitutes approximately
90% within the P2/O3 structure, phase transitions P2/O3 - P2 -
P2/O3 can occur without forming an intermediate OP4 (or Z)
phase.[41]

Under the assumption that the original phase is reversibly
recovered during the discharge process, it might seem intuitive
to infer that more extensive phase changes would extract more
sodium ions, thereby enhancing capacity. However, this infer-
ence is invalid. As shown in Figure 2e, at the end of the
charging process, nearly at 4.5 V, Na0.76 biphasic cell(37.8% P2)
forms OP4/P3 structure, while Na0.80 biphasic cell(14.3% P2)
forms OP4/OP2 phase. By suppressing the P3–OP2 phase
transition, the Na0.76 biphasic cell demonstrates a higher
capacity of 115 mAhg� 1 compared to the 85 mAhg� 1 exhibited
by the Na0.80 cell.

[33] First-principles calculations comparing the
formation energy of the phases in the deeply sodiated state
show that Na0.76 energetically prefers the P2/P3 phases, whereas
Na0.80 favors the OP4/OP2 phases, explaining the observed
differences in phase transitions (Figure 2f). The P2 phase within
the P2/O3 biphasic cathode plays a critical role in stabilizing the
material structure and suppressing slab gliding in the P3 phase
under deep desodiation. Thus, the P2/O3 ratio is a key factor in
maintaining structural stability and enhancing capacity. Further-
more, rather than comparing within P2/O3 materials, DFT
calculations reveal that the average formation energy of the P2/
O3 biphasic structure is lower than that of its single-phase
counterparts (P2 and O3), making the biphasic structure more
thermodynamically favorable.[31] Conversely, the migration en-
ergy of oxygen in P2/O3 materials is significantly higher
compared to single-phase analogs, resulting in restricted oxy-
gen migration due to the complex structure. This restriction
facilitates reversible anionic activity within the biphasic
system.[31]

Table 1. Electrochemical properties of the P2/O3 biphasic layered oxide cathode for SIBs.

Cathode materials P2/O3 ratio Reversible capacity Capacity retention Ref.

P2/O3-Na7/9Ni2/9Mn4/9Fe1/9Mg1/9Li1/9O2 P2(47.6%), O3(52.4%) 170.5 mAhg� 1/0.1 C/2.0–4.4 V 87.3%/100cycles/1 C [46]

P2/O3-Na1.01Ni0.49Mn0.53B0.019O2 P2(24.53%), O3(75.47%) 119.4 mAhg� 1/0.1 C/2.0–4.0 V 85.2%/1000cycles/5 C [38]

P2/O3-Na0.85Ni0.34Mn0.33Ti0.33O2 P2(24.8%), O3(75.2%) 126.6 mAhg� 1/0.1 C/2.2–4.4 V 80.6%/200cycles/1 C [23]

P2/O3-Na0.7Ni0.2Cu0.1Fe0.2Mn0.5O2–δ P2(55.9%), O3(39.3%) 115 mAhg� 1/12 mAg� 1/2.4–4.2 V 84%/500 cycles/240 mAg� 1 [24]

P2/O3-Na0.7Mn0.4Ni0.3Cu0.1Fe0.1Ti0.1O1.95F0.1 P2(23%), O3(77%) 133.7 mAhg� 1/20 mAg� 1/2.0–4.3 V 88.9%/200 cycles/200 mAg� 1 [45]

P2/O3-Na0.76Cu0.1Co0.1Ni0.25Mn0.4Ti0.15O2 P2(40%), O3(60%) 142.9 mAhg� 1/0.1 C/2.0–4.5 V 85.6%/200cycles/1 C [33]

P2/O3-Na0.8Ni0.23Fe0.34Mn0.43O2 P2(10.1%), O3(89.9%) 146.4 mAhg� 1/0.1 C/2.0–4.0 V 93.1%/200cycles/1 C [86]

P2/O3-NaLi1/3Mn2/3O2 P2(27%), O3(73%) 226 mAhg� 1/0.05 C/1.5 V–4.5 V 84.37%/100cycles/1 C [87]

P2/O3 � Na0.8Li0.03Mg0.05Ni0.28Fe0.05Mn0.54Ti0.05O2 P2(28.9%), O3(71.1%) 146 mAhg� 1/0.1 C/2.2–4.4 V 85.5%/100cycles/1 C [88]

P2-Na2/3MnO2–coated O3-NaNi0.5Mn0.5O2 P2(5%), O3(95%) 119.4 mAhg� 1/0.1 C/2.0–4.0 V 85.2%/1000cycles/5 C [20]
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In conclusion, the P2/O3 biphasic structure offers enhanced
structural stability, reduced Mn dissolution, and reliable rever-
sible phase transitions, thereby significantly improving electro-
chemical performance and cycle longevity compared to single-
phase materials.

2.3. Kinetics

In sodium-ion batteries, Na+ diffusion kinetics are critical as
they directly influence the rate capability and overall perform-
ance of the battery. In contrast to P2-layered oxide materials,
O3-type materials exhibit two distinct sodium-ion diffusion
pathways depending on the location of Na vacancies: the
dumbbell hop and the tetrahedral hop (Figure 3a). Although
the dumbbell hop might intuitively seem to require lower

activation energy (Ea) due to the direct migration of sodium
ions into a vacancy, it is actually energetically unfavorable.[44]

This is because the sodium ions encounter significant interfer-
ence from oxygen interactions along the migration path,
resulting in higher activation energy and slower kinetics
compared to the tetrahedral hop.[82, 83] Using NEB calculations
(Figure 3b), differences in diffusion pathways and formation
energies between single-phase materials (P2 and O3) and co-
doped P2/O3 biphasic materials were identified. The P2 phase
within the co-doped P2/O3 biphasic cathode shows similar
crystal parameters to the pristine Na0.7MnO2 P2 phase, resulting
in a comparable energy barrier. However, for pristine O3-
NaMn0.5Ni0.5O2, doping causes an expansion of the c-lattice
parameter and the Na interlayer, leading to a shift in the
diffusion pathway towards the more energetically favorable
tetrahedral hop. Consequently, when the P2 and O3 phases

Figure 3. (a) Diffusion paths of O3-type material considering two mechanisms: dumbbell hop and tetrahedral hop. (b) Migration energy barriers for Na-ion
diffusion using NEB calculations Reproduced with permission from ref [45]. Copyright 2023, Elsevier. (c) CV profiles of P2/O3-NMT3 between 2.2 and 4.4 V at
different scan rates. Reproduced with permission from ref [23]. Copyright 2022, Elsevier. (d) Ratio of the pseudo-capacitive and diffusion-controlled capacities
of P2/O3-NMT3 electrode at different scan rates. Reproduced with permission from ref [23]. Copyright 2022, Elsevier. (e) Voltage profile and calculated DNaþ

values based on GITT measurements. Reproduced with permission from ref [20]. Copyright 2022, Elsevier. (f) Charge transfer resistance of NM, NMFM, and
NMFML cathodes before and after 200 cycles. Reproduced with permission from ref [46]. Copyright 2022, Wiley-VCH.
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coexist, the O3 phase adopts the energetically preferred
tetrahedral hopping pathway.

In addition to modeling and computational predictions of
kinetics, various experimental techniques such as cyclic voltam-
metry (CV), galvanostatic intermittent titration technique (GITT),
and electrochemical impedance spectroscopy (EIS) were em-
ployed to demonstrate the superior kinetics of the P2/O3
biphasic cathode. As shown in Figure 3c, CV at different scan
rates was conducted to investigate the Na+ diffusion kinetics.
By fitting the oxidation peaks of the CV data and applying the
Randles–Sevcik equation, i=avb (where i and v represent the
current and scan rate), the diffusion- and capacitive-controlled
capacities were calculated. The average value of the parameter
b for P2/O3-NMT3 was determined to be 0.8798, which is higher
than the value for P2-NM (0.7455). Furthermore, as the scan rate
increased, the capacitive contribution rose steadily, reaching up
to 99% (Figure 3d). These results indicate that the P2/O3
material exhibits a higher capacitive contribution and superior
Na+ diffusion kinetics in the Na+ storage mechanism compared
to the P2-NM material.

GITT measurements were performed to evaluate the Na+

diffusion coefficient (DNaþ ) at quasi-equilibrium potentials,
providing insight into how the heterostructure influences cell
performance. The average DNaþ of the O3@5%P2 cathode
(1.13×10� 10 cm2s� 1) is approximately twice that of the O3-
NNMO (5.29×10� 11 cm2s� 1) and P2-NMO (4.65×10� 11 cm2s� 1)
cathodes, highlighting the superior reaction kinetics of the
heterostructured material (Figure 3e). This enhanced Na+

diffusion coefficient is attributed to the P2-NMO coating, which
provides smooth Na-ion diffusion pathways. Furthermore, even
conventional biphasic cathodes without a specific heterostruc-
ture exhibit smoother voltage profiles, lower polarization, and
higher diffusion coefficients compared to single-phase
cathodes.[47–49]

Charge transfer resistance (Rct) obtained through EIS is
associated with the efficiency of electron and ion transfer
between the cathode and electrolyte.[50] A lower Rct signifies
improved electrochemical performance and faster charge/
discharge kinetics, making it a crucial parameter for evaluating
the diffusion kinetics of P2/O3 materials. As shown in Figure 3f,
the P2/O3-NMFML exhibits a lower Rct compared to the P2-NM
in its pristine state, and this discrepancy becomes more
pronounced after 200 cycles. This improvement can be
attributed to the co-doping of Fe, Li, and Mg in the NM
material, which facilitates the formation of a robust cathode-
electrolyte interphase (CEI), resulting in enhanced electrochem-
ical kinetics and faster Na+ conductivity. The improved ionic
dynamics of NMFML can be credited to its smooth phase
transitions and stable crystal structure, where multi-element co-
dopants suppress long-range cation ordering and maintain
electrostatic equilibrium during deep desodiation.

2.4. Electrochemical Analysis

In the previous section, we discussed the superior diffusion
kinetics and thermodynamic stability exhibited by the P2/O3

biphasic cathode compared to single-phase materials such as
P2 and O3. Electrochemical tests on P2/O3 biphasic half-cells
provide a comprehensive evaluation of their enhanced perform-
ance, including key metrics such as capacity, rate capability, and
long-term cycling stability. This section aims to provide a
comparative analysis of the electrochemical performance of P2/
O3 biphasic cells against single-phase cells, leveraging the
thermodynamic and kinetic characteristics previously discussed.

Table 1 highlights that, unlike Ni, Mn-based layered oxide
cathodes with a single P2 or O3 phase, P2/O3 biphasic cathodes
exhibit superior battery performance, characterized by higher
reversible capacity and excellent capacity retention even at
high C-rates.[3, 23, 36] Particularly when operating at voltages
exceeding 4.2 V, O3-based cathodes display high initial capacity
but suffer from significant fading, while P2-based cathodes
exhibit better retention but lower initial capacity. In contrast,
P2/O3 biphasic cathodes effectively combine the advantages of
both phases, delivering stable capacity and exceptional rate
capability under high-voltage conditions.

The phase transition behavior in P2/O3 biphasic materials is
critically dependent on the ratio of the P2 phase, as mentioned
earlier. For example, the P2/O3 biphasic cathode cell with an
optimized P2/O3 ratio (Na0.76) exhibits thermodynamically stable
phase transitions, leading to superior long-term cycling stability,
especially at elevated voltages. In contrast, a P2/O3 biphasic
cathode cell with suboptimal ratio, such as Na0.80, demonstrates
notably lower capacity retention at high voltages (around 4.5 V)
compared to the single-phase O3 (Na0.84) and P2 (Na0.62) cells
(Figure 4a). This highlights the pivotal role that sodium content
and phase ratio play in determining the electrochemical
performance and stability of P2/O3 biphasic materials. More-
over, both the sodium content and choice of dopants
significantly influence the cyclability of the cell. As shown in
Figure 4b, an NMFML Na half-cell demonstrates the highest
reversible capacity and excellent capacity retention (87.3% after
100 cycles at 1 C).

The introduction of electroactive Fe reduces the Mn
content, while electrochemically inactive Mg disrupts in-plane
ordering, thereby enhancing structural stability.[52, 54] Further-
more, low-valent Li contributes to structural stability by
facilitating Mn oxidation through charge compensation, which
also increases Na content, thereby improving reversible
capacity.[53] This co-doping strategy demonstrates a synergistic
effect, yielding better structural integrity and enhanced electro-
chemical performance compared to single-element doping.
Rate capability tests also show that the performance of the P2/
O3 biphasic cell surpasses that of single-phase cells (Figure 4c).
Notably, Na7/9Ni2/9Mn4/9Fe1/9Mg1/9Li1/9O2 (NMFML) outperforms
Na2/3Ni2/9Mn5/9Fe1/9Mg1/9O2 (NMFM), primarily due to the strong
Li� O bonding, which prevents structural collapse, and promotes
the formation of a robust cathode-electrolyte interphase that
reduces impedance and improves diffusion kinetics.

Doping with high-valent transition metals further enhances
the performance of P2/O3 biphasic cathodes compared to
single-phase cells. As seen in Figure 4d, the GCD profile of the
P2/O3 biphasic cell differs markedly from that of single-phase
cells. The P2-NaNM electrode exhibits distinct plateaus associ-
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ated with Na+/vacancy ordering and phase transitions, while
the P2/O3-NaNMS electrode displays smoother curves, indicat-
ing a solid-solution reaction without severe phase transitions
during the charge/discharge process. Furthermore, the O3-
NaNS material, due to its high midpoint voltage, exhibits lower
specific capacity and energy density compared to the P2/O3-
NaNMS. This behavior is attributed to Sn’s role in suppressing
the gliding of transition metal layers and effectively modulating
the hybridization between the orbitals of oxygen and transition
metal atoms.

Even within the same voltage range, the presence of anion
redox activity varies depending on the dopant used. For
example, during charge/discharge cycles between 1.5 V and
4.2 V, only the P2/O3-NLFMTO electrode utilizes O2� /O� redox
couples at higher potentials, resulting in increased capacity
(Figure 4e). Additionally, its cycling stability over 100 cycles
significantly surpasses that of other cells (Figure 4f). This
superior performance is attributed to the substitution of Mn
with Ti, which forms strong Mn� O� Ti� O� Fe bonds that

suppress Jahn-Teller distortion and mitigate structural degrada-
tion.

In conclusion, P2/O3 biphasic cathodes successfully inte-
grate the complementary advantages of P2 and O3 phases,
offering a balance between structural stability, capacity reten-
tion, and rate capability under a wide range of operating
conditions.

3. Other Biphasic Cathodes

Recent research has increasingly concentrated on the P2/O3
biphasic cathode, which has attracted considerable interest.
However, several biphasic cathode systems, including P2/P3,
P3/O3, P2/P’2, and P2/O’3, are also actively being investigated.
Additionally, studies have explored biphasic cathodes that
combine layered oxides (P2 and O3) with other structures like
tunnel or spinel. For instance, Zhuang-chun et al. developed a
high energy density layered-tunnel Na2/3Mn8/9Ti1/9O2 material

Figure 4. (a) Capacity retention rate of NaxCu0.1Co0.1Ni0.25Mn0.4Ti0.15O2 cathodes with different sodium content under different voltage ranges. Reproduced with
permission from ref [33]. Copyright 2024, Wiley-VCH. (b) Cycling stability of half cells featuring different multicomponent cathodes. Reproduced with
permission from ref [46]. Copyright 2022, Wiley-VCH. (c) Rate capability at different current rates from 0.1 to 10 C. Reproduced with permission from ref [46].
Copyright 2022, Wiley-VCH. (d) Galvanostatic charge/discharge (GCD) curves vs. specific capacity of P2/O3-NaNMS compared with P2-NaNM, O3-NaNS at 0.1 C.
Reproduced with permission from ref [51]. Copyright 2022, Wiley-VCH. (e) The 1st and 2nd charge-discharge curves at 0.1 C within the voltage range of 1.5–
4.2 V, and (f) the cycling performance at 1 C within the voltage range of 2.0–4.2 V for NFMO, NLFMO, NFMTO, and NLFMTO. Reproduced with permission from
ref [34]. Copyright 2021, Elsevier.
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utilizing a dual-function strategy, which exhibited notable
moisture stability and enhanced cycling performance.[55] Sim-
ilarly, Sai et al. reported a Mn-rich layered-spinel composite
stabilized through Mo doping, effectively alleviating the P2-P2’’
phase transition at higher voltages.[56] While this review
primarily focuses on the P2/O3 system, we also present a brief
overview of other biphasic cathodes. In the following section,
we discuss how these systems differ from the well-studied P2/
O3 cathode.

3.1. P2/P3 Biphasic Cathode

The P3 structure differs from the P2 phase by exhibiting an
ABCABC stacking sequence (Figure 5a). Thermodynamically, the

P3 structure stabilizes at sintering temperatures below 800 °C,
while the P2 phase becomes favorable at temperatures above
this threshold.[60] P3-type cathodes generally demonstrate
superior rate performance compared to the P2 structure,
despite possessing lower crystal symmetry.[58, 61, 62] This advant-
age stems from the P3 structure‘s relatively wider interlayer
spacing and more flexible ion diffusion pathways, leading to a
higher diffusion coefficient.[63] However, the P3 materials also
undergo irreversible P3–P’’3 phase transitions during the cycle.
Various strategies have been investigated to address this issue,
including the introduction of vacancies in the transition metal
(TM) layer.[64] One promising approach involves forming P2/P3
or P3/O3 biphasic cathodes through ion substitution. Zichao
et al. developed a hydrostable Zn-doped P2@P3 biphasic
structure using a simple sol-gel method, which demonstrated

Figure 5. (a) Layered structures of P2 (left) and P3 (right). Reproduced with permission from ref [57]. Copyright 2018, American Chemical Society. (b) HRTEM
images, as well as SAED pattern of P2/P3-NLNMM and superstructure reflections are indicated by red stars. Reproduced with permission from ref [58].
Copyright 2018, Elsevier. (c) In-situ XRD patterns collected during the 1st cycle of of P2/P3-NLMNM cathode under a 0.1 C-rate. Reproduced with permission
from ref [58]. Copyright 2018, Elsevier. (d) Charging/discharging of P2/P3- and P2/O3- biphasic cathodes. Reproduced with permission from ref [59]. Copyright
2024, Elsevier and Science Press. (e) EIS and (f) GITT curves of P2-, P2/P3-, P2/O3-, and P2/P3/O3 cathode materials. Reproduced with permission from ref [59].
Copyright 2024, Elsevier and Science Press.
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improved structural stability and humidity resistance.[65] In
Section 3.1, we discuss P2/P3 biphasic cathodes, followed by an
analysis of P3/O3 biphasic cathodes in Section 3.2.

Figure 5b illustrates high-resolution transmission electron
microscopy (HRTEM) data, revealing interplanar spacings of
2.13 Å for the P3 phase and 2.28 Å for the P2 phase,
corresponding to the P3(104) and P2(012) crystal planes with
distinct lattice fringes. Additionally, the selected area electron
diffraction (SAED) pattern confirms the polycrystalline nature of
the sample, consistent with the HRTEM observations. Bright
diffraction spots along the [010] direction correspond to
characteristic reflections of the P3 layered structure, while those
along the [100] direction are attributed to the diffraction
pattern of the P2 phase.

As indicated by the in-situ XRD data in Figure 5c, the P2/P3
structure maintains stability up to a charging voltage of 4.2 V.
Beyond this point (4.21 V), the P2 phase transforms into the
OP4 phase. Similar to the behavior observed in P2/O3 biphasic
cathode, the formation of the OP4 intermediate phase alleviates
structural stress through sliding layers, facilitated by the
stabilizing effects of Li and Mg, compared to the direct P2/P3 to
O2/P’3 phase transition. The highly reversible nature of this
phase transformation significantly enhances structural stability
during prolonged cycling.

In some cases, P2/P3 materials exhibit better performance
than P2/O3 biphasic materials. For example, Feifei et al.
developed a synthetic hybrid P2/P3-Na0.75Ni0.25Mn0.75O2 material,
which combines the benefits of both P2 and P3 structures while
overcoming their respective limitations, resulting in remarkable
electrochemical performance.[59] As shown in Figure 5d, the
initial specific discharge capacities of P2/P3-Na0.75-700 and
Na0.895-800 were 142.6 and 147.0 mAhg� 1, with initial Coulombic
efficiencies of 98.72% and 76.28%, respectively. Although P2/
O3-Na0.895-800 exhibits a higher initial specific discharge
capacity, it suffers from rapid capacity decay due to the limited
presence of the O3 phase on its surface. While the O3 phase
contributes to the material’s capacity, it also induces detrimen-
tal phase transitions that accelerate capacity degradation.

From a kinetic perspective, EIS and GITT analyses show that
the P2/P3 biphasic cathode outperforms the other multiphase
materials including P2/O3 biphasic cathode in both diffusion
coefficient and impedance. P2/P3-Na0.75-700 consistently exhib-
its the lowest RCEI and Rct, reflecting its superior Na+ transfer
rate and high efficiency in sustaining rapid Na+ transport
throughout extended cycling.[59] After 100 cycles, the charge
transfer impedance of P2/O3-Na0.895-800 shows a notable
increase (Figure 5e). Additionally, Figure 5f highlights that the
average Na+ diffusion coefficient of P2/P3-Na0.75-700
(5.89×10� 10 cm2s� 1) is much higher than that of P2/O3-Na0.895-
800 (1.13×10� 10 cm2s� 1). This clearly shows that the Na+ trans-
port kinetics of P2/O3-Na0.895-800 are inferior, particularly in the
high-voltage region where irreversible phase transitions occur
and the reduced layer spacing hinders Na+ diffusion. Therefore,
as mentioned in Section 2.4, synthesizing biphasic cathodes,
including P2/O3 systems, with an appropriate phase ratio is
crucial to optimizing performance.

3.2. P3/O3 Biphasic Cathode

P3/O3 riveting structure effectively mitigates the rigid failure
caused by phase transition. Meanwhile, O3/P3 phases provide
the main storage sites for Na+ as skeletons and the existence of
P3 phase provides a better diffusion pathway for ion
transport.[66] Additionally, the P3 phase structurally resembles
the O3 phase, allowing the O3 phase to easily transform into
the P3 phase through a simple sliding of the TMO2 layer, and
vice versa.[68–71] It means that P3/O3 biphasic cathodes undergo
reversible phase transition during cycling. The P3/O3 structure
can be formed through doping with various elements.

As depicted in the schematic diagram of the molybdenum-
doped crystal structure in the combined mode (Figure 6a), a
gradual transition from the O3 phase to the P3 phase is
observed while maintaining a well-defined crystal structure
between the two phases. TEM image clearly shows the regions
corresponding to the P3 phase, O3 phase, and the boundary
between these two phases (Figure 6b). Measurements of the
crystal plane spacing corresponding to the (003) lattice plane
indicate values of 5.57 nm, 5.43 nm, and 5.52 nm for the P3, O3,
and boundary regions, respectively. This suggests that while the
boundary exhibits a complex crystal structure, it tends to
resemble the P3 phase structurally. However, the stability of the
P3/O3 structure is contingent on thermodynamic favorability.
For instance, Aniruddh et al. reported that Ni-doped P3/O3
NFNM cathodes demonstrated superior sodium storage per-
formance by maintaining a stable P3 phase at high voltages,
attributed to enhanced hole conductivity, thereby outperform-
ing the P3/O3 NFM material.[72] The structural evolution of the
stable P3/O3 biphasic half-cell can be monitored by the in-situ
XRD data presented in Figure 6c.

At lower voltages (<4.0 V), P3/O3 structure undergoes an
O3-P3 phase transition as with other O3 phase materials.
However, at higher voltages (4.0–4.25 V), simultaneous O3-P3
and P3-Hex.O3’ phase transitions occur, with smaller volumetric
changes during Na+ deintercalation compared to pure O3
materials. Even after the first cycle, the P3/O3 structure exhibits
reversible phase transitions without severe degradation. This
stable phase transition behavior is closely related to the
formation energy of each phase. DFT calculation confirms that
the total DFT calculation confirms that the total energy of O3-
type Na2/3Ni1/3Mn2/3-xTixO2 changes as the Ti content increases
(Figure 6d). Notably only at x=1/3 does the O3 phase exhibit
thermodynamic energy comparable to that of the P3 counter-
part, which explains the possibility to form the stable P3/O3
structure. Additionally, over 1000 cycles, the P3/O3 biphasic
material(x=1/3) demonstrates superior capacity retention of
78%, outperforming the single-phase P3 material with lower Ti
content (Figure 6e).

Beyond Ti or Mo single-element doping, superior low-
temperature performance can also be achieved in P3/O3
structures through LiF incorporation. Heramba et al. demon-
strated that even at subzero temperatures (� 20 °C), capacity
retention reached 94% of the initial value. This performance
was attributed to enhanced structural stability, reduced Jahn-
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Teller distortions, and improved Na+ kinetics, facilitating Na+

transport across a wide range of temperatures.[73]

3.3. Biphasic Cathode with Distorted Phase: P’2 or O’3

Biphasic cathode systems incorporating distorted phases such
as P’2 and O’3 have demonstrated significant performance
enhancements, particularly when coexisting with conventional
structures like P2 or O3. These distorted phases, derived from
NaMnO2 (NMO) materials under specific conditions, exhibit
monoclinic symmetries – C2/c for P’2 and C2/m for O’3
(Figure 7a) – in contrast to the hexagonal symmetries of their
parent phases, P2 [P63/mmc] and O3 [R3m]. This structural
distortion, primarily resulting from slab sliding within the crystal

lattice, introduces unique electrochemical behaviors that are
advantageous for sodium-ion batteries.

The P’2 and O’3 phases share structural similarities with P2
and O3, respectively, but differ significantly in their sodium ion
coordination environments. In the P’2 phase, sodium ions are
off-centered within trigonal prisms, altering the Mn–Na dis-
tances and impacting electrostatic interactions.[75] Conversely, in
the P2 phase, sodium ions are centrally aligned within the
prisms, resulting in different dynamics. These distinctions
influence electrochemical performance and cycling stability,
making the P’2 phase particularly valuable for enhancing
material performance in biphasic configurations.

The synergistic effects observed in biphasic cathodes such
as P2/O’3 systems highlight the complementary roles of each
phase. The P2 phase offers rapid ion kinetics, while the O’3

Figure 6. (a) Schematic diagram of O3 and P3 phase structures, (b) HRTEM image of O3/P3 biphasic structures and corresponding line profile, (c) Structure
evolutions by 2D maps and potential profiles of in-situ XRD spectra collected during the 1st and 2nd charge–discharge in the voltage range of 1.5–4.25 V of
P3/O3 biphasic cathode. Reproduced with permission from ref [66]. Copyright 2024, Elsevier. (d) The calculated total energies of a series of Ti-substituted P3/
O3 cathodes with different Ti content. (e) Specific capacity with Coulombic efficiency of three cathodes during 1000 cycles at 1 C. Reproduced with permission
from ref [67]. Copyright 2021, Wiley-VCH.
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phase provides higher capacity, resulting in improved overall
performance.[76–78] Strategies to optimize these systems include
adjusting sodium content to tailor the P2/O’3 phase ratio and
doping with transition metals like Cu and Zn, enhancing
electrochemical properties.[74,79] In these systems, sodium ions
reside in trigonal prismatic sites within the P2 structure and
octahedral sites in the O’3 structure, facilitating efficient
diffusion pathways and contributing to enhanced capacity and
reversibility. Notably, biphasic P2/O’3 cathodes exhibit superior
long-term cycling performance compared to single-phase
materials. For instance, the P2/O’3 Na0.6[Mn0.5Co0.25Sb0.25]O2
(NMCSO) cathode retains a high capacity of 98 mAhg� 1 even
after extended cycling at high rates, significantly outperforming
single-phase counterparts.[74] Structural analysis reveals that the
P2 phase buffers volume fluctuations within the O’3 phase,
thereby enhancing its structural stability and reducing lattice
parameter changes during charge–discharge cycles.

The P’2/P3 system similarly demonstrates notable advan-
tages in terms of electrochemical performance and structural
robustness. Compared to single-phase P2 materials (Figure 7b),
the P’2/P3 configuration exhibits higher initial capacity and
superior capacity retention over extended cycles. For example,
the P’2/P3-NMNLO electrode retains 88.1 mAhg� 1 after 500
cycles with a retention rate of 92.3%, significantly surpassing

the performance of single-phase P2-NMNLO (Figure 7e). Cyclic
voltammetry tests indicate reduced polarization and enhanced
reversibility in P’2/P3-NMNLO (Figure 7c), as evidenced by
smaller potential shifts and more stable oxidation/reduction
peaks compared to P2-NMNLO (Figure 7f). This behavior reflects
more complete utilization of Ni redox activity and improved
sodium-ion mobility within the biphasic structure. In-situ XRD
analyses of P’2/P3-NMNLO reveal a reversible phase transition
sequence with minimal volume change compared with P2-
NMNLO (Figure 7d), highlighting its structural stability and
resistance to microcrack formation (Figure 7g). This stability
mitigates mechanical strain at the P’2/P3 interface, contributing
to enhanced cycling and rate capabilities. Additionally, the P3
phase compensates for sodium deficiencies in the P’2 structure,
further enhancing overall performance.

These findings underscore the potential of biphasic cath-
odes incorporating distorted phases like P’2 and O’3 to achieve
high capacity, structural robustness, and superior electrochem-
ical dynamics, offering promising avenues for the development
of advanced sodium-ion battery cathodes.

4. Summary and Outlook

Numerous studies have demonstrated that P2/O3 biphasic
cathodes offer superior performance in both kinetic and
thermodynamic aspects compared to single-phase materials.
This enhanced performance arises from the synergistic combi-
nation of the fast ionic diffusion properties of the P2 phase and
the high capacity of the O3 phase. However, synthesizing
biphasic materials with better performance than single-phase
counterparts is challenging, as it requires optimizing factors
such as Na and TM content, synthesis methods, and sintering
conditions. Specifically, the synthesis process plays a critical role
in forming unique P2/O3 structures. To achieve the desired
phase formation, Na and TM compositions must be carefully
adjusted, and phase behavior can be predicted using concepts
like cationic and radial potentials. Additionally, fine-tuning
sintering parameters, including temperature, cooling rate, and
atmosphere, is essential for optimizing phase stability and
electrochemical performance. For example, appropriate
quenching time (cooling rate) and precise atmospheric control
have been shown to improve electrochemical performance by
promoting a balanced P2/O3 ratio.

If the P2/O3 ratio is not appropriately balanced, the
performance may degrade compared to single-phase materials.
Mengting et al. proposed a structural evolution strategy involv-
ing Li+ substitution, transitioning from biphasic to monophase
Na0.766+xLixNi0.33 � xMn0.5Fe0.1Ti0.07O2 to enhance battery
performance.[80] Nevertheless, if the P2 and O3 phases can be
synthesized in an optimal ratio, and challenges such as complex
electrochemical phase transitions and high-rate performance
are effectively addressed, biphasic cathodes hold significant
potential to outperform single-phase materials.

Beyond the P2/O3 system, other biphasic cathodes in
sodium-ion batteries, such as P2/P3, P3/O3, and P2/O’3
structures, have also shown promising performance. However,

Figure 7. (a) Schematic illustration of the P’2, O’3 layered structure. (b)
Charge and discharge curve, (c) CV curves at different scan rate, (d) In-situ
XRD characterization of P2-NMNLO. Reproduced with permission from ref
[81]. Copyright 2024, American Chemical Society. (e) Charge and discharge
curve, (f) CV curves at different scan rate, (g) In-situ XRD characterization of
P’2/P3-NMNLO. Reproduced with permission from ref [81]. Copyright 2024,
American Chemical Society.
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these systems remain less extensively investigated due to the
stringent synthesis conditions they require. Future research
should focus on exploring these alternative biphasic structures,
as well as the development of multiphase cathode materials,
including ternary-phase systems. Such advancements could
unlock new pathways to further enhance battery performance,
addressing key challenges such as capacity retention, structural
stability, and rate capability. Ultimately, the continued explora-
tion of biphasic and multiphase cathode materials holds
significant promise for the advancement of next-generation
sodium-ion batteries.
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