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Layered transition metal oxides (NaxTMO2) possess attractive features such as large specific capacity, high

ionic conductivity, and a scalable synthesis process, making them a promising cathode candidate for

sodium-ion batteries (SIBs). However, NaxTMO2 suffer from multiple phase transitions and Na+/vacancy

ordering upon Na+ insertion/extraction, which is detrimental to their electrochemical performance.

Herein, we developed a novel cathode material that exhibits an abnormal P2-type structure at

a stoichiometric content of Na up to 1. The cathode material delivers a reversible capacity of

108 mA h g−1 at 0.2C and 97 mA h g−1 at 2C, retaining a capacity retention of 76.15% after 200 cycles

within 2.0–4.3 V. In situ diffraction studies demonstrated that this material exhibits an absolute solid-

solution reaction with a low volume change of 0.8% during cycling. This near-zero-strain characteristic

enables a highly stabilized crystal structure for Na+ storage, contributing to a significant improvement in

battery performance. Overall, this work presents a simple yet effective approach to realizing high Na

content in P2-type layered oxides, offering new opportunities for high-performance SIB cathode materials.
Introduction

The utilization of renewable energy resources, such as solar or
wind is becoming increasingly crucial to alleviate energy crises
and environmental pollution. However, their intermittent
characteristics need to be addressed by developing advanced
large-scale energy storage systems (EESs).1,2 Rechargeable
lithium-ion batteries (LIBs) have been successfully commer-
cialized, supplying power for 3C electronic products and electric
vehicles. However, due to the high cost of LIBs resulting from
limited lithium resources, their application in next-generation
EESs is not considered an economically viable option. Conse-
quently, sodium-ion batteries (SIBs), which share similar
working mechanisms and cell congurations to LIBs but utilize
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abundant and low-cost sodium resources, present a potential
solution for EESs.3–8

To improve the comprehensive performance of SIBs,
substantial efforts have been dedicated to key materials, espe-
cially cathode materials. There are various categories of cathode
materials, including layered oxides, Prussian blue analogs,
polyanionic compounds and organic frameworks.9–12 Among
these cathode candidates, layered transition metal oxides
(NaxTMO2, where 0 < x < 1 and TM represents a 3d transition
metal) have garnered considerable interest due to their excel-
lent ionic conductive ability, high theoretical capacity and
environmental benignity.13–16 The development of NaxTMO2

resembles that of LIB cathode materials, such as ternary
materials (Li[NixCoyMnz]O2). Most of the modication strate-
gies and manufacturing technologies of LIB cathode materials
can be adapted for NaxTMO2, making them more feasible for
industrial production compared to other SIB cathode
materials.17–19 In general, NaxTMO2 can be categorized as O3-,
O2-, P3- and P2-type. The letters “O” and “P” refer to the occu-
pation of Na+ at octahedral and prismatic sites, while the
numbers “2” and “3” signify the oxygen stacking sequence.20–23

Determined by their chemical composition and synthesis
conditions, NaxTMO2 exhibit a range of structural features and
electrochemical intercalation chemistry. O3-NaxTMO2 (0.8 # x
# 1) deliver a high Na storage capacity due to the Na-rich
composition of the host structure, but their narrow octahedral
© 2024 The Author(s). Published by the Royal Society of Chemistry
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diffusion channels are unfavorable for Na+ kinetics.24–26

Furthermore, O3-NaxTMO2 generally undergo complex irre-
versible phase transitions during charging/discharging, such as
O3-O30-P3-P30-P300, making them difficult to achieve good cycle
performance. In contrast, P2-NaxTMO2 (x # 0.7) exhibit better
rate capability owing to their more open prismatic transport
and lower energy barrier for Na+ migration, but lower sodium
content in the structure is extremely unfavorable for obtaining
a decent capacity.27–32 Additionally, once charged to high volt-
ages, transition metal layers tend to slide and initiate Na+/
vacancy ordering arrangements as well as phase transitions
from P2 to O2 or OP4 since little sodium remains in the primary
structure.33–35 Frequent phase transitions during cycling lead to
continuous volume variations and huge lattice strain accumu-
lation, resulting in rapid structural degradation.36–40 Therefore,
it remains uncertain to achieve a high sodium content in P2-
NaxTMO2 to suppress Na+/vacancy ordering and phase transi-
tion, thus realizing an absolute solid-solution reaction mecha-
nism for Na+ storage performance.

Inspired by the classical cathode material LiNi1/3Co1/3Mn1/

3O2 for LIBs, an analogous composition of NaNi1/3Co1/3Mn1/3O2

(denoted as NaNCM) was synthesized by thermal polymeriza-
tion combined with high-temperature calcination and applied
as a cathode material for SIBs. The NaNCM cathode material
was well indexed to a composite structure with P2 and P3
phases, and its formation process concerning detailed dynamic
structural evolution was revealed by in situ high-energy X-ray
diffraction. However, in situ charge and discharge XRD indi-
cated that P2/P3-NaNCM underwent a complex phase evolution
process of P2/P3-P2/P300-P2/P3-P20/P300 during cycling, resulting
in rapid capacity decay and poor rate performance. In addition
to this, electrochemically inactive Mg2+ was carefully incorpo-
rated into P2/P3-NaNCM, and it was found that the P2/P3
composite structure was transformed into a pure P2 single-
phase structure, while the Na content remained at a high stoi-
chiometric value of 1. The high Na content in the obtained P2-
NaNi2/9Mg1/9Co1/3Mn1/3O2 (P2-NaNMCM) could provide suffi-
cient reservoir for Na (de)intercalation without compromising
specic capacity, while maintaining a P2-type structure for fast
Na+ diffusion. As a result, P2-NaNMCM exhibited superior rate
capability (89.8% capacity retention at 2C vs. 0.2C) and cycle
stability (76.15% capacity retention at 1C for 200 cycles) over
a wide voltage range of 2.0–4.3 V. The improved performance
could be attributed to its high Na content and P2 structure
which lead to a phase-transition-free process except for only
0.8% volume variation, thus resulting in high structural
stability. These ndings afford a promising strategy for
achieving high Na content in P2-type layered cathode materials
to fabricate high-performance SIBs.

Results and discussion

To gain in-depth structural information of the as-synthesized
NaNi1/3Co1/3Mn1/3O2 (NaNCM) cathode material, in situ high-
energy X-ray diffraction (HE-XRD) was carried out to investi-
gate its formation process. The nal product went through three
stages: amorphous, P3, and P2/P3, as shown in Fig. 1a and S1.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
When the temperature is below 300 °C, amorphous peaks can
be observed. As the temperature increases, (003), (006), (012),
(104), (015), (107), and (108) characteristic diffraction peaks
gradually appear, which are ascribed to the P3 phase.41–43 When
the temperature is up to 610 °C, (002), (004), (100), (012), (103),
(106), and (110) characteristic peaks of the P2 phase emerge.44

The detailed structural evolution followed by changing
temperature is displayed in Fig. 1b and S2 (ESI†). The crystal
structure of NaNCM was studied by powder XRD with Rietveld
renement (Fig. 1c), which could be ascribed to the hexagonal
P2 phase with a P63/mmc space group and the hexagonal P3
phase with an R3m space group, indicating the successful
fabrication of the P2/P3 composite structure.45–47 The specic
structural information and lattice parameters of the P2 phase (a
= 2.844(2) Å, c= 11.070(6) Å, and V= 77.561(2) Å3) and P3 phase
(a = 2.868(2) Å, c = 16.514(6) Å, and V = 117.658(1) Å3) are
available in Table S1 (ESI†), which shows a mass ratio of about 3
to 7. The low Rp and Rwp values also illustrate a good agreement
between the experimental and calculated patterns, making the
calculated results of the crystallographic parameters from the
Rietveld renement more convincing. The morphology of P2/
P3-NaNCM was observed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As shown
in Fig. 1d, e and S3 (ESI†), P2/P3-NaNCM is chunk-like and
uniformly dispersed. The elaborate crystalline facet informa-
tion was detected by high-resolution TEM (HR-TEM) in Fig. 1f.
The interplanar lattice distances of 0.235 nm and 0.228 nm are
assigned separately to P3 (012) and P2 (012) as shown in Fig. 1g,
h and S4 (ESI†).48–50 The HR-TEM images correspond to the XRD
results and together conrm the presence of a combination of
P2 and P3 structures in NaNCM. The distributed elements in
P2/P3-NaNCM were analyzed using energy dispersive spectros-
copy (EDS), which showed that Na, Ni, Co and Mn were
uniformly distributed in the material (Fig. 1i and S5, ESI†).
Besides, inductively coupled plasma mass spectrometry (ICP-
MS) was used to analyze the chemical composition of P2/P3-
NaNCM, as listed in Table S2.† Based on the results of the
advanced techniques described above, it can be proven that P2
and P3 composite structures were indeed obtained.

The electrochemical performance of P2/P3-NaNCM was
investigated within 2.0–4.3 V. The galvanostatic charge–
discharge (GCD) curve of P2/P3-NaNCM (Fig. 2a) exhibits
multiple voltage plateaus corresponding to its cyclic voltam-
metry (CV) curve as shown in Fig. 2b, which also reected
complex redox reactions and structural rearrangements. It is
worth noting that P2/P3-NaNCM could deliver a reversible
specic capacity of 125.1 mA h g−1 equivalent to 386.1 W h kg−1

at 0.2C (Fig. 2c), which makes it a possible commercial cathode
candidate for SIBs. To further illustrate the dynamic phase
transition of P2/P3-NaNCM, the structural changes during Na+

(de)intercalation were observed by in situ charge–discharge XRD
within 2.0–4.3 V. Pristine P2/P3-NaNCM can be distinguished
based on the characteristic peaks of both the P2 and P3 phases.
The P2 phase is characterized by distinctive peaks at (002),
(004), (100), (012), (103), and (104), while the P3 phase is
recognized by a characteristic peak at (015).51 These specic
peak positions identify the presence of P2/P3-NaNCM and
Chem. Sci., 2024, 15, 5192–5200 | 5193
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Fig. 1 Structure characterization of the P2/P3-NaNCM cathodematerial. (a) In situ high-energy XRD patterns of the as-synthesized precursor of
the P2/P3-NaNCM cathode material during calcination at different temperatures and (b) corresponding contour maps (bird's eye view) showing
the evolution of the main characteristic diffraction peaks. (c) Rietveld refinement of the XRD pattern. (d) SEM image. (e) TEM image. (f) HR-TEM
image. (g and h) Enlarged HR-TEM images of P3 and P2 phases, respectively. (i) EDS mapping.
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distinguish it from Al foil. Fig. 2d demonstrates that the P2/P3-
NaNCM cathode undergoes irreversible multiphase transitions.
With the extraction of Na+, the (002) and (004) peaks associated
with the c parameter consistently continue to shi to low
angles, indicating an increased interlayer distance caused by
repulsion between adjacent oxygen layers. In contrast, the (100)
and (012) peaks related to a/b parameters showed opposite
behaviors, which could be ascribed to the reduction of TM–O
distance as a result of charge compensation.52,53 In the subse-
quent extraction process, the (003)/(104) peaks of P300 appeared,
while the (015) peak of P3 disappeared, indicating a phase
transition from P3 to P300. Upon the embedding of Na+, the (015)
peak of P3 reappeared, accompanied by the disappearance of
the (003)/(104) peaks of P300, indicating a phase transition from
P300 back to P3. Additionally, during the subsequent embedding
process, the (002) peaks of P20 appeared, indicating the pres-
ence of a phase transition from the P2 to the P20 phase. These
observations were further supported by the intensity contour
maps shown in Fig. 2e and S6 (ESI†). The variation in specic
5194 | Chem. Sci., 2024, 15, 5192–5200
cell parameters (a/b, c and V) of P2/P3-NaNCM was obtained by
rening the in situ XRD results at different charge/discharge
states as shown in Fig. 2f. The a/b and c parameters were
varied in opposite ways upon Na+ insertion/extraction, with
maximum changes of 2.4% and 4.6% for the P2 phase (4.5%
and 4.5% for the P3 phase), respectively. The change in the V
parameter was calculated to be 1.3% for the P2 phase (4.5% for
the P3 phase), indicating that the structural reversibility of the
P2 phase is relatively higher than that of the P3 phase.54–56

Fig. 2g reveals the changes in lattice strain and stress of P2/P3-
NaNCM during the initial cycling, showing that lattice strain
increases with the extraction of Na+ and reaches a maximum
(DS = 0.04 GPa) at the end of charging, while it decreases with
the insertion of Na+ and returns to the initial value at the end of
discharging. The entire structural evolution process is illus-
trated in Fig. 2h, revealing a complex irreversible phase transi-
tion (P2/P3-P2/P300–P2/P3-P20/P300) in the voltage range of 2.0–
4.3 V. Furthermore, in situ XRD measurements conducted at
different charge/discharge states conrmed the structural
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Electrochemical performance of the P2/P3-NaNCM cathode material in a half-cell system. (a) GCD versus specific capacity at 0.2C for
different cycles. (b) CV curves at 0.1 mV s−1. (c) GCD versus specific energy at 0.2C for different cycles. (d) In situ charge and discharge XRD
patterns, and (e) corresponding evolution of the main characteristic diffraction peaks. (f) Change in lattice parameters, and (g) change in strain
during the initial cycle. (h) Schematic illustration of the crystal structural evolution process during the first charging/discharging at 0.1C.
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evolution (Fig. S7, ESI†). The observed structural changes reect
complex electrochemical behaviors that may cause severe
capacity degradation, thus hampering the long-term cycling
performance of P2/P3-NaNCM.

Mitigating multiphase transitions is crucial for enhancing
comprehensive electrochemical performance for cathode
materials. Therefore, a Mg substitution strategy was adapted to
endow P2/P3-NaNCM with a stabilized structure for absolute
© 2024 The Author(s). Published by the Royal Society of Chemistry
solid-solution reactions. By partially replacing 1/9 Ni with Mg in
P2/P3-NaNCM, a new cathode material (NaNMCM) with a pure
P2 structure is generated, which is identied by XRD. The
Rietveld renement results of P2-NaNMCM are shown in
Fig. 3a, and lattice parameters (a = 2.846(7) Å, c = 11.091(3) Å,
and V= 77.841(2) Å3) are available in Table S3 (ESI†). The results
show that Mg substitution leads to a structural transformation
from the composite P2/P3 structure to a pure P2 structure (Fig
Chem. Sci., 2024, 15, 5192–5200 | 5195
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Fig. 3 Structure characterization of the P2-NaNMCMcathodematerial. (a) Rietveld refinement of the XRD pattern. (b) SEM image. (c) TEM image.
(d) HR-TEM image. (e) Enlarged HR-TEM image of the P2 phase. (f) The line profile from the selected area. Electrochemical performance of the
P2-NaNMCM cathode material in the half-cell system. (g) GCD versus specific capacity at 0.2C for different cycles. (h) CV curves at 0.1 mV s−1. (i)
GCD versus specific energy at 0.2C for different cycles.
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S8, ESI†), while the initial sodium content remains at 1. It is
noteworthy that such a high Na content in the P2-type structure
has not been reported so far.57 SEM and TEM images show that
the P2-NaNMCM material still exhibits a chunk-like
morphology with a smooth surface aer Mg incorporation
(Fig. 3b, c and S9, ESI†). The HR-TEM images and line prole of
P2-NaNMCM are separately shown in Fig. 3d–f and S10 (ESI†),
and the spacing between the neighboring transition metal
atoms was observed to be 0.228 nm by the fast Fourier trans-
form corresponding to the (012) crystal plane of the P2 phase.58

The EDS and ICP-MS results also conrmed that element Mg
has been successfully incorporated into the P2-NaNMCM
cathode material (Fig. S11, S12 and Table S4, ESI†).

To investigate the effect of Mg introduction on electro-
chemical performance of P2-NaNMCM, GCD and CV tests were
performed as shown in Fig. 3g and h, respectively. It is clear that
multiple plateaus in the GCD curve of P2-NaNMCM disappear,
corresponding to its relatively smooth CV curve, thus showing
a complete solid-solution reaction behavior. Although a portion
of the active Ni element involved in redox reactions has been
replaced, P2-NaNMCM still displays a high specic capacity of
108.0 mA h g−1 and energy density 339.9 W h kg−1 at 0.2C
(Fig. 3i) and maintains a very good consistency in the rst ve
cycles. The substantial increase in reversibility further supports
the conclusion that the substitution of Mg not only achieves
structural modulation from the P2/P3 composite structure to
5196 | Chem. Sci., 2024, 15, 5192–5200
a pure P2 structure but also plays a crucial role in enhancing
electrochemical properties.

The comparison of the electrochemical performance of P2/P3-
NaNCM and P2-NaNMCM cathode materials was assessed in the
voltage window of 2.0–4.3 V vs. Na/Na+ in a half-cell system. The
CV curves in Fig. 4a at different sweep speeds are highly consis-
tent with the GCD curves in Fig. 4b, which proves that the P2/P3-
NaNCM cathode material experiences complex phase transitions
in agreement with the in situ XRD results. The rate performance
of P2/P3-NaNCM is revealed in Fig. 4c, showing a rapid capacity
degradation without Mg substitution. As shown in Fig. 4d and e,
a stark contrast can be seen in that P2-NaNMCM exhibits
smoother GCD and CV curves, which implies a more simple and
reversible capacity contribution process. Beneting from the
large spacing of prismatic sites in the P2 structure for fast Na+

diffusion, the P2-NaNMCM cathode shows excellent rate perfor-
mance (Fig. 4f). Even tested at 2C, a capacity retention of 89.8%
(vs. 0.2C) is obtained for P2-NaNMCM, which is higher than that
of P2/P3-NaNCM. The comparison of capacity retention at
different rates corresponding to 0.2C is shown in Fig. S13 (ESI†),
and detailed charging and discharging specic capacities are
recorded in Table S5 (ESI†). The calculated specic energy
density of P2-NaNMCM electrodes is approaching 301.5 W h
kg−1, while that of P2/P3-NaNCM electrodes is estimated to be
only 269.7 W h kg−1 at 2C (Fig. S14 and Table S6, ESI†). The cycle
performance in Fig. 4g revealed that P2-NaNMCM possesses
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of electrochemical properties of P2/P3-NaNCM and P2-NaNMCM cathode materials in the half-cell system. (a and d) CV
curves at different scan rates. (b and e) GCD versus specific capacity. (c and f) Rate performance at different rates. (g) Cycling performance at 1C
after rate tests.
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higher stability than P2/P3-NaNCM, showing a capacity retention
of 76.15% aer 200 cycles. The capacity retention of P2/P3-
NaNCM is slightly higher at the beginning of the cycling
process; this may be due to some irreversible capacity stimulated
by side reactions at the interface between the cathode material
and the electrolyte (Fig. S15, ESI†).59,60 At the same time, complex
phase transitions lead to large volume changes and lattice
stresses, which destabilize the cathode/electrolyte interface and
generate more side reactions.61 The accumulation of unfavorable
side reactions can further hinder Na+ transport and trigger
structural collapse of the material from the surface to the inte-
rior, leading a poor cycling stability.

Since the electrochemical properties of P2-NaNMCM are
superior to those of P2/P3-NaNCM, in situ XRD measurements
were performed to better understand the enhancement mech-
anism as shown in Fig. 5a, and the evolution of the different
peaks during the initial cycling is shown in Fig. 5b, S16 and S17
(ESI†) as contour plots. The charging process causes the (002)
and (004) diffraction peaks to gradually move towards lower
angles, expanding the interlayer distance along the c-axis, which
is attributed to an increase in electrostatic attraction between
adjacent oxygen layers. Simultaneously, the (100) and (012)
diffraction peaks are shied to a higher angle, which suggests
that the ionic radii of the high-valent transition metal ions
formed during charging become smaller, leading to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
contraction of the a–b plane. Then, all of these peaks return to
their original positions during discharging and no new peaks
can be detected, suggesting an absolute solid-solution reaction
over a wide voltage range of 2.0–4.3 V. The variation in cell
parameters of P2-NaNMCM is shown in Fig. 5c, and the change
in a/b, c and V parameters is separately calculated only to be
1.6%, 3.7% and 0.8%, which are lower than those of P2/P3-
NaNCM. This ultra-low volume change of P2-NaNMCM within
2.0–4.3 V can be characterized as a “zero strain” state (DV <
1%),62,63 which is smaller than that of previously reported
cathode materials including Na0.76Ca0.05[Ni0.23,0.08Mn0.69]O2

(4.1%),64 Na0.75Ca0.04-[Li0.1Ni0.2Mn0.67]O2 (1.7%),65 and Na0.85-
Li0.12Ni0.22Mn0.66 O2 (1.7%).66 The change in lattice strain of P2-
NaNMCM is displayed in Fig. 5d, and it is worth noting that
a strain value of about 0.03 GPa exists at the initial stage of
charging, which could be ascribed to its high Na content
inducing strong Na+–Na+ electrostatic repulsions within Na
layers. The calculated strain change (DS = 0.027 GPa) of P2-
NaNMCM is also lower than that of P2/P3-NaNCM, which
further conrms its near-zero-strain characteristics. The
dynamic crystal structure evolution of P2-NaNMCM is illus-
trated in Fig. 5e. Since a large amount of Na+ can be retained in
the host structure, serving as a pillar to suppress the gliding of
transitionmetal layers, its P2 structure is well preserved without
any phase transition except for a negligible volume variation
Chem. Sci., 2024, 15, 5192–5200 | 5197

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06878a


Fig. 5 (a) In situ charge and discharge XRD pattern, and (b) corresponding evolution of the main characteristic diffraction peaks. (c) Change in
lattice parameters, and (d) change in strain during the initial cycle. (e) Schematic illustration of the crystal structural evolution process of the P2-
NaNMCM cathode material during the first charging/discharging at 0.1C.
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during the entire charging and discharging process. These
results show that rational elemental substitution with Mg can
induce the formation of abnormal P2 structures with high Na
content, achieving desired electrochemical performance.
Conclusions

In summary, we have developed a high-Na-content P2-NaNi2/
9Mg1/9Co1/3Mn1/3O2 (P2-NaNMCM) cathode material by partial
replacement of 1/9 Ni with Mg. The substitution of Mg induces
a unique structural transformation from a composite P2/P3
structure to a pure P2 structure at a high stoichiometric
content of Na up to 1. Such a high Na content in the P2 structure
can not only enhance rate performance by providing sufficient
prismatic channels for rapid Na+ migration, but also improve
5198 | Chem. Sci., 2024, 15, 5192–5200
structural stability via allowing more Na+ to reside in the host
structure when charging to high cut-off voltages, which is
conducive to suppressing Na+/vacancy ordering and phase
transition. In situ charge and discharge XRD also indicated that
the P2-NaNMCM cathode material experiences an absolute
solid-solution reaction with near-zero-strain upon Na+ extrac-
tion and insertion, resulting in better electrochemical perfor-
mance. The outcomes demonstrated in this work based on
a general strategy could provide valuable insights into the
development of high-performance P2-type layered oxide
cathode materials for SIBs.
Data availability

Essential data are fully provided in the main text and ESI.†
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