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A B S T R A C T

High-voltage cathodes offer increased energy density and rate capacity, which qualifies sodium ion batteries 
(SIBs) for high-power applications. Since, transition metal oxide layered type cathodes are the most promising 
candidates for sodium ion batteries. Recently, metal oxide layered single crystal materials have gained greater 
attention as cathodes because of their high voltage capabilities. Herein, we report a single-crystal layer struc
tured P2-typed Na0.66Ni0.33Mn0.67O2 (P2-NNM) oxide cathode material, synthesized via a high-temperature 
solid-state method for high-voltage sodium-ion battery applications. Microscopic investigations clearly reveal 
the single crystal morphology of the material, and X-ray diffraction pattern confirms the P2 phase with a high 
degree of crystallinity. The observed lattice spacing of the single-crystal material is 0.562 nm. Electrochemical 
studies of the cathode material unveil outstanding specific capacity of 170 and 218 mAh g-1 at 0.1C, when cycled 
up to 4.5 and 5.0 V respectively. These results highlight the importance of developing of high- voltage single- 
crystal layered cathode materials, and open a path way toward high-energy density sodium-ion battery 
applications.

1. Introduction

There is a constant need for sustainable battery systems that can 
store and provide electricity in a clean and sustainable manner. As the 
world warms and moves away from fossil fuels toward electric vehicles 
(EVs) that needs higher safety and endless performances [1]. It is 
anticipated that by 2030, there will be 25 million electric vehicles 
powered by conventional lithium-ion batteries (LIBs) worldwide [2]. 
However, the rapidly increasing demand for lithium resources, coupled 
with their limited and uneven global distribution, has led to rising 
concerns regarding resources availability and cost. The sodium-ion 
batteries (SIBs) on the other hand, are currently being employed for 
huge in electric mobility and large-scale applications due to the growing 
demand for more efficient and affordable way [3–5]. This is due to the 
fact that sodium precursors are less expensive and more common than 
lithium [6–8], and they are also similarly distributed across the Earth's 
crust. Accordingly, similar chemical properties, various lithium-based 
analogue electrode materials have been proposed as cathodes for SIBs. 
As a result, numerous other sodium-based cathode materials, such as 
layered oxides, organic compounds, and polyanionic materials 

(phosphates, pyrophosphates, and mixed polyanions), have been 
extensively investigated [9–11]. Despite these advances, the commer
cialization of SIBs remains hindered by key challenges, particularly 
limited cycle life and relatively low energy density which is need to be 
addressed. The electrochemical performance of SIBs can be enhanced by 
cathode materials. According to recent study the high-voltage cathodes 
provide a better energy density and rate capacity, which makes SIBs 
appropriate for high power applications [12].The layered transition 
metal oxides show outstanding rate performance and cycling stability 
due to their enormous sodium layer spacing, which enhances ion 
transport [13]. However, regardless of these advantages, layered cath
ode materials encounter significant challenges at high voltage opera
tions. For example, conventional P2-type layered transition metal-oxide 
cathode can undergo a P2-O2 phase transition at 4.2 V and above, that 
triggering lattice parameter changes which lead to capacity degradation 
[14]. Accordingly, stabilizing cathode materials during high-voltage 
operations is a key strategy for the development of next-generation so
dium ion batteries. To improve energy density while preserving high- 
voltage stability, previous studies have established a range of func
tional approaches, including elemental doping, modified synthesis 
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methods, and surface coatings. These strategies aim to enhance both the 
electrochemical performance and structural stability of cathode mate
rials to increase the operating voltage [15]. Moreover, additional stra
tegies include tailoring the electrolyte composition with advanced 
additives, introduce inactive element dopants or modifying the cathode 
surface to improve interfacial compatibility during high voltage opera
tion has also been reported as an effective strategy [16–18]. In this 
context self-supported 3D porous structures developed via electrostatic 
spray deposition (ESD) have attracted attention, as they can enhance 
redox activity and enable higher operating voltages with enhanced 
cycling stability [19]. Significantly, the morphology of the cathode 
material can also influence the efficiency of coating and doping strate
gies. Well-organized and highly crystallized structures facilitate 
improved ion diffusion and more stable electrochemical performance at 
high voltage [20]. In recent years, single-crystal structure based NMC 
materials for lithium ion batteries have fascinated widespread attention 
from both industry and academia, owing to their advantages in material 
reliability, cycling performance, thermal stability, and high operating 
voltage compared with conventional NMC materials [21]. However in 
the case of sodium ion batteries only limited reports are available on 
high voltage P2-layered cathode materials [22–28].Although note
worthy progress has been made in recent years toward improving the 
high-voltage stability of sodium cathode materials, significant chal
lenges still persist, particularly in further enhancing the overall cell 
performance.

In this work, we report the design of a high-voltage sodium-ion 
battery cathode, based on a single-crystal P2- type layered transition- 
metal oxide material with improved crystallinity and phase purity. 
The structural and electrochemical properties of the cathode were 
evaluated in half-cell configuration, and the corresponding results are 
discussed.

2. Materials and methods

A two-step solid-state reaction method was employed for the prep
aration of P2-type Na₀.₆₆Ni₀.₃₃Mn₀.₆₇O₂ using stoichiometric amounts of 
acetate-based precursors. Sodium acetate dihydrate Na(CH₃COO)⋅4H₂O 
(Alfa Aesar, 99.95%), nickel acetate tetrahydrate Ni(CH₃COO)₂⋅4H₂O, 
and manganese acetate tetrahydrate Mn(CH₃COO)₂⋅4H₂O (Alfa Aesar, 
98%) were used as received without further purification. In order to 
achieve homogeneous cation distribution and phase-pure single-crystal 
formation, acetate precursors were selected for the synthesis of the P2- 
NNM cathode due to their good solubility and ability to ensure uni
form mixing of metal ions at the molecular level. Upon thermal treat
ment, acetate salts decompose cleanly into their corresponding oxides, 
releasing volatile by-products without leaving residual impurities, 
which facilitates uniform cation distribution and phase purity. [4,7]
Typically, 0.66 g of Na(CH₃COO)⋅4H₂O, 0.33 g of Ni(CH₃COO)₂⋅4H₂O, 
and 0.67 g of Mn(CH₃COO)₂⋅4H₂O were thoroughly mixed using a high- 
energy planetary ball mill (RETSCH PM-100) at 250 rpm for 2 h to 
obtain a homogeneous fine powder and enhance metal ion diffusion.

Subsequently, the mixed powders were calcined at 900 ◦C with a 
heating rate of 3 ◦C min− 1 and maintained for 12 h. After natural cooling 
to room temperature, the obtained oxide powders were ground using an 
agate mortar and pestle to yield the final product. The resulting single- 
crystal P2-type Na₀.₆₆Ni₀.₃₃Mn₀.₆₇O₂ material is hereafter referred to as 
P2-NNM and was used for further material characterization and elec
trochemical measurements. The formation of the single-crystal P2-NNM 
material is primarily governed by the high-temperature calcination and 
precursor homogeneity. The use of stoichiometrically balanced acetate 
precursors, combined with high-energy ball milling, ensures uniform 
elemental distribution prior to calcination. A high calcination temper
ature of 900 ◦C, along with a slow heating rate (3 ◦C min− 1) and pro
longed dwelling time (12h), promotes sufficient atomic diffusion and 
grain growth, thereby suppressing grain boundary formation and fa
voring single-crystal particle evolution. These controlled synthesis 

conditions collectively contribute to the formation of the well- 
crystallized single-crystal layered structure.

2.1. Electrochemical characterization

In an Ar-filled glove box (Laplux 2000), CR2032-type half-cells were 
fabricated using the prepared material as the cathode and sodium metal 
as the anode. The cathode slurry comprised 92 wt% active material (P2- 
NNM), 5 wt% conductive carbon black (Super P, 99%, Alfa Aesar), and 
3 wt% polyvinylidene difluoride (PVDF) binder (Alfa Aesar, 98%).To 
remove volatile components, the slurry was coated onto aluminum (Al) 
foil (16 μm thickness) and dried at 85 ◦C overnight in a vacuum oven. 
The average mass loading of the electrodes was approximately 12 mg 
cm− 2. The electrolyte consisted of 1 M NaPF₆ (sodium hexa
fluorophosphate, Alfa Aesar, 99.95%) dissolved in a mixture of ethylene 
carbonate and propylene carbonate (EC/PC = 1:1, wt%). A polymer 
composite membrane was used as the separator [29].

2.2. Material characterization techniques

Thermogravimetric analysis (TGA) was performed to gain insight 
into the crystallization behavior and to determine the optimal temper
ature for layered structure formation, using a heating rate of 10 ◦C 
min− 1 (PerkinElmer STA-8000). The crystal structure and phase purity 
of the materials were examined by powder X-ray diffraction (XRD) using 
a SmartLab SE X-ray diffractometer (Rigaku, Japan) with Cu Kα radia
tion (λ = 1.540 Å) over a 2θ range of 10–80◦. Rietveld refinement was 
carried out to extract detailed structural parameters. Surface 
morphology and elemental composition were investigated using a 
scanning electron microscope (SEM, Quattro S, Thermo Fisher Scientific, 
USA) equipped with energy-dispersive X-ray spectroscopy (EDS) for 
elemental mapping. The grain size and selected area electron diffraction 
(SAED) patterns were obtained using a high-resolution transmission 
electron microscope (HRTEM, JEOL, Japan). The surface chemical states 
of the constituent elements in the as-prepared material were analyzed by 
X-ray photoelectron spectroscopy (XPS) using an ESCALAB 250Xi 
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with Al Kα 
radiation.The electrochemical impedance technique is executed at a 10 
Hz-10 kHz frequency range. Galvano static cyclic performances were 
analyzed by constant volt & current mode; all the studies were per
formed using an SP-300 Electrochemical analyzer (Bio-Logic, France).

3. Results

3.1. Material characterizations

To elucidate the formation process of the single-crystal material from 
precursor to final product during calcination, thermogravimetric anal
ysis (TGA) was carried out, and the corresponding results are presented 
in Fig. 1(a). An initial weight loss of approximately 20% is observed in 
the temperature range of 80–130 ◦C, accompanied by a prominent 
endothermic peak at around 105 ◦C. This loss is attributed to the 
removal of physically adsorbed water and the release of CO₂. In the 
second stage, within the temperature range of 300–420 ◦C, three mild 
endothermic peaks are observed, corresponding to a cumulative weight 
loss of about 55%. This stage is associated with the decomposition and 
transformation of the acetate precursors into the P2-NNM phase, which 
is completed at approximately 420 ◦C. No significant weight loss is 
detected beyond 420 ◦C up to about 850 ◦C, except for a weak endo
thermic feature, suggesting that this temperature range is critical for the 
complete conversion of the oxide phase into a single-crystal layered 
hexagonal structure [30,31]. A similar thermal behavior has been re
ported for layered lithium nickel–manganese–cobalt oxide (NMC) ma
terials [32]. The total experimental weight loss (~55%) is closely 
matches the theoretical weight loss expected from the acetate precursors 
to the formation of the single-crystal P2-NNM material. The X-ray 
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diffraction (XRD) pattern of the P2-NNM material, shown in Fig. 1(b), 
confirms the formation of a highly crystallized P2-layered structure 
without any detectable impurity phases. All diffraction peaks can be 
well indexed to a hexagonal symmetry with space group P6₃/mmc 
(JCPDS No. 54–0894). Notably, no diffraction peaks corresponding to 
NiMnO₄ or other secondary phases are observed, further verifying the 
high phase purity and single-crystalline nature of the synthesized P2- 
NNM material. Rietveld refinement was carried out to determine the 
structural parameters, yielding lattice constants of a = b = 2.885 Å and 
c = 11.155 Å, with a unit cell volume of 80.4066 Å3. The presence of 
nickel in the transition-metal oxide layer is known to influence the lat
tice parameters and expand the unit cell volume, which is consistent 
with previous reports [33].The surface morphology, actual grain size, 
and lattice fringes of the P2-NNM material were examined using SEM 
and (HR)TEM analyses, with representative images presented in Fig. 2
(a–f). The SEM images reveal well-defined hexagonal particles with a 
dense morphology and no visible porosity, indicating the formation of 
single-crystal particles. This observation is further corroborated by HR- 
TEM images (Fig. 2d,e), which clearly demonstrate the highly ordered 
crystalline nature of the P2-NNM material.The size of single crystal is 
around a few hundred nanometers to a few micrometers, as 200 nm to 5 
μm.

HR-TEM images of the prepared P2-NNM material reveal a well- 
defined single- crystalline nature were evidenced by uniform lattice 
fringes additionally by the interlayer spacing of 0.562 nm, which cor
responds to the (002) diffraction plane of X-ray diffraction pattern 
(Fig. 2(f)) [34]. The elemental mappings of the P2-NNM material are 

shown in Fig. 2(g) where the mapping analysis reveals a homogeneous 
distribution of the constituent elements (Na, Ni, Mn, and O) within the 
layered structure. Furthermore the corresponding EDX-spectrum (Fig. 2
(h)) confirms the presence of all constituent elements, indicating their 
uniform dispersion throughout the single-crystalline P2-NNM material.

The surface chemical states of the elements present in the P2-NNM 
electrode material were investigated using X-ray photoelectron spec
troscopy (XPS), as shown in Fig. 3. Fig. 3(a) displays the Na 1 s spectrum, 
which exhibits a single symmetric peak centered at a binding energy of 
1071.04 eV, confirming the presence of Na in the P2-type layered 
structure [35,36].

The Ni 2p core-level spectrum (Fig. 3(b)) shows two prominent peaks 
located at binding energies of 854.4 and 872.2 eV, corresponding to the 
Ni 2p₃/₂ and Ni 2p₁/₂ spin–orbit components, respectively, along with 
their characteristic satellite features. The presence of these satellite 
peaks is a typical fingerprint of Ni-based layered oxide cathode materials 
and is consistent with previously reported results [51,52].Fig. 3(c) 
presents the Mn 2p spectrum, where the Mn 2p₃/₂ and Mn 2p₁/₂ peaks 
appear at binding energies of 642.3 and 653.7 eV, respectively. These 
binding energy positions are in good agreement with the Mn4+ oxidation 
state commonly observed in layered oxide cathodes [37,38]. The O 1 s 
spectrum shown in Fig. 3(d) exhibits a dominant peak centered at 
approximately 529.5 eV, which can be attributed to lattice oxygen 
associated with metal–oxygen bonds such as Ni–O and Mn–O. A slight 
asymmetry toward higher binding energy suggests the possible contri
bution of surface-related oxygen species [39–44].

Fig. 1. (a) TGA/DTA profiles of the prepared P2-NNM material, illustrating the thermal decomposition of precursors and oxide phase formation. (b) X-ray diffraction 
pattern of the single-crystal P2-NNM material, indexed to a hexagonal P6₃/mmc structure (JCPDS No. 54–0894). (c) Schematic illustration of the P2-type layered 
crystal structure.
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3.2. Electrochemical analytics

Galvanostatic charge-discharge analysis was performed at 0.1C using 
the prepared single- crystal P2-NNM cathode material within two 
different cut-off voltage ranges of 1.5–5.0 V and 1.5–4.5 V. Fig. 4(a), 
when cycled between 1.5 and 5.0 V, the material delivered a high spe
cific discharge capacity of 218 mAh g− 1 at 0.1C. When cycled between 
1.5 and 5.0 V the P2-NNM, exhibited an almost smooth discharge profile 

with noticeable damping in the charge curve upon reaching the upper 
cut-off voltage. This change in the charge curve indicates structural 
deformation in P2-NNM during the charging process. In contrast the 
smooth discharge behavior indicating stabilization of the P2 structure 
due to it's single crystalline nature, which also favors a solid-solution- 
type sodium storage mechanism [45].The high-capacity and wide 
operating voltage window of P2-NNM are attributed to it's single- 
crystral nature and the optimized electrolyte composition (1 M NaPF6 

Fig. 2. Electron microscopic analysis of P2-NNM material. (a–c) SEM images at different magnifications showing the morphology of the P2-NNM particles. (d, e) 
TEM images confirming the single-crystal nature of the particles. (f) HRTEM image displaying clear lattice fringes with an interplanar spacing of 0.562 nm, cor
responding to the (002) plane of the P2 layered structure. (g) SEM image and corresponding EDX elemental mapping of Na, Ni, Mn, and O, indicating homogeneous 
elemental distribution. (h) EDX sum spectrum confirming the elemental composition of the P2-NNM material.
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in EC/PC (1:1 wt%)).This performance is superior to that reported for 
the same material synthesized via different methods and tested in 
alternative electrolytes, such as 1 M NaClO4 dissolved in propylene 
carbonate (PC) with 2 vol% fluoroethylene carbonate (FEC)) [46]. 
Therefore, both the electrolyte.

Composition and synthesis method play critical roles in determining 
the electrochemical performances of this layered material. However, the 
P2-NNM material delivered an average coulombic efficiency (CE) of 
~98% over 50 cycles at different C-rates. Capacity fading mainly occur 
when the cells are operated with a high cut-off voltage of 5.0 V Fig. 1, 2, 
3 and 4(c), which can be attributed to the occurrence of P2–O2 phase 
transformation, electrolyte decomposition, and redox reactions of the 
Mn4+/Mn3+ ionic pair, as well as P2–P2′ phase transformation [9,47].To 
confirm the structural stability of the P2-NNM material after high- 
voltage cycling, X-ray diffraction (XRD) analysis was performed on the 
electrode after cycling at 5.0 V. No noticeable change in the layered 
structure of P2-NNM was observed, indicating that the material remains 
structurally stable and suitable for high-voltage operation. This stability 
is attributed to the beneficial incorporation of Ni, which reinforces O 
(2p)–Mn (3d) hybridization, resulting in reduced Jahn–Teller distortion 
at the MnO₆ octahedral sites, shorter transition-metal–oxygen slabs, and 
wider Na-layer spacing [48]. The enhanced high-voltage stability of the 
single-crystal P2-NNM cathode can be linked to the mitigation of 
Jahn–Teller (J–T) distortion at MnO₆ octahedral sites. In Mn-containing 
layered oxides, the presence of Mn3+ can trigger J–T distortion, leading 
to anisotropic Mn–O bond lengths and local lattice strain during Na+

extraction/insertion, particularly at high states of charge. This accu
mulated strain can promote structural rearrangements, accelerate phase 
transitions, and contribute to capacity fading under high-voltage 

operation. In a single-crystal morphology, the reduced grain-boundary 
density and improved crystallographic coherence help suppress stress 
concentration and crack formation, thereby improving structural toler
ance at high voltage and indirectly reducing the impact of J–T-driven 
distortion. Similar relationships between local structural distortion/ 
strain and high-voltage stability in layered oxide cathodes have been 
discussed in the previous studies [49]. Overall, when the material was 
operated under different voltage ranges, only minor variations in the 
discharge voltage were observed. However, further optimization of the 
electrolyte is required for stable high-voltage operation, which will be 
addressed in future work. The P2-NNM cathode delivered a discharge 
capacity of 170 mAh g− 1 at 0.1C within a potential window of 1.5–4.5 V. 
Notably, P2-NNM exhibited excellent cycling stability, retaining 91% of 
its capacity after 50 cycles Fig. 4(c), along with good rate performance. 
This behavior is attributed to the thermodynamically favorable solid- 
solution reaction mechanism in the P2-NNM material [47,48]. After 
100 cycles (Fig. S1), the electrode still delivered a discharge capacity of 
129 mAh g− 1, demonstrating its structural robustness during prolonged 
cycling. The electrochemical performance achieved in this work is su
perior to that reported for the same material using different electrolytes 
[46]. However, when operated at a high cut-off voltage of 5.0 V, the 
electrolyte undergoes decomposition, resulting in unstable cycling 
behavior and a reduced capacity retention of only 56% after 50 cycles. 
Impedance analysis was performed over a frequency range of 10 kHz to 
10 Hz to examine ionic transport through the cell before and after 
cycling; the corresponding Nyquist plot is shown in Fig. 4(d). The 
semicircle observed in the high-frequency region of the impedance plot 
indicates enhanced Na-ion diffusion capabilities, while the inclined line 
in the low-frequency region represents Na-ion diffusion across cells 

Fig. 3. XPS spectra of the P2-NNM material showing the core-level regions of (a) Na 1 s, (b) Ni 2p₃/₂ and 2p₁/₂, (c) Mn 2p₃/₂ and 2p₁/₂, and (d) O 1 s.
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composed of P2-NNM electrodes [40–43]. The rate capability of the 
material was evaluated at different C-rates ranging from 0.1 to 1.0C, as 
shown in Fig. 4(e). When the operation was resumed from 1.0C back to 
0.1C after successive current rates, the P2-NNM cathode retained a 
discharge capacity of approximately 158 mAh g− 1 with no further 

capacity loss [35,50]. Collectively, these results confirm that the 
developed P2-NNM material, when paired with an optimized electro
lyte, is a promising cathode material for high-voltage and high-capacity 
sodium-ion battery applications.

To further benchmark the electrochemical performance of the 

Fig. 4. (a,b) Charge–discharge curves of the P2-NNM material measured in the voltage ranges of 1.5–5.0 V and 1.5–4.5 V at 0.1C, respectively; (c) cyclic stability of 
P2-NNM at different potential windows; (d) Nyquist plot of the P2-NNM cell before and after cycling within a working voltage of 1.5–4.5 V at 0.1C; and (e) C-rate 
capability of the P2-NNM electrode in the voltage range of 1.5–4.5 V.

Table 1 
Electrochemical performance comparison of P2- layered oxide cathodes for sodium-ion batteries.

S. No. Material composition Structure Voltage window (V) Specific capacity (mAh g-1) Cycling performance Reference

1 Na₀.₆₆Ni₀.₃₃Mn₀.₆₇O2 P2, single crystal 1.5–5.0 218 @ 0.1C 98% Retention after 50 cycles, (4.5 V) This work
2 Na0.67Mn0.44Ni0.06Fe0.43Ti0.07O2 P2, single crystal 1.5–4.5 186 @ 0.1C Capacity retention [3]
3 Na₀.₆₇Ni₀.₃₃Mn₀.₆₇O₂ (Nb-doped) P2, single crystal 1.5–4.5 170 @ 0.1C Enhanced cycle life (100 cycles) [8]
4 Na2/3Ni0.23Al0.1Mn2/3O1.95F0.05 P2 1.5–4.5 142 @ 0.2C Good capacity retention [9]
5 Na0.67Mn0.8Fe0.1Sb0.1O2 P2/O3 1.5–4.3 131 @ 0.1C Remarkable rate capability [29]

P. Kamatchisundaram et al.                                                                                                                                                                                                                  Solid State Ionics 439 (2026) 117176 

6 



present P2-NNM cathode, a comparison with representative P2-type 
layered oxide cathodes reported in the literature is summarized in 
Table 1.

The comparison in Table 1 demonstrates that the electrochemical 
performance of the present P2-NNM cathode is on par with or exceeds 
that of analogous P2-type layered oxide systems reported in the litera
ture, particularly under high-voltage operation, underscoring the ad
vantages of the single-crystal design. The superior electrochemical 
performance of the P2-NNM cathode can be attributed to several syn
ergistic factors. First, the single-crystal morphology effectively mini
mizes grain boundaries, which are commonly associated with crack 
formation and accelerated electrolyte penetration in polycrystalline 
materials. This structural integrity significantly enhances cycling sta
bility, particularly under high-voltage operation. Second, the P2-type 
layered framework provides wide Na+ diffusion channels, enabling 
efficient sodium-ion transport and favorable rate performance. In 
addition, the optimized Ni2+/Ni4+ and Mn3+/Mn4+ redox couples 
contribute to high reversible capacity while suppressing severe Jahn–
Teller distortion at MnO₆ octahedral sites. Furthermore, the compati
bility between the cathode surface and the optimized electrolyte reduces 
parasitic side reactions at elevated voltages, collectively resulting in 
improved capacity retention and electrochemical reversibility.

4. Conclusions

A single-crystal, high-performance P2-type layered Na₀.₆₆Ni₀.₃₃Mn₀. 
₆₇O₂ cathode material was successfully synthesized via a solid-state 
method without detectable NiMnO₄ impurities. This study systemati
cally investigated the electrochemical characteristics of the P2-NNM 
material, demonstrating a high working potential and a specific 
discharge capacity exceeding 200 mAh g− 1 when paired with an opti
mized electrolyte. The single-crystal P2-NNM cathode exhibited excel
lent structural stability during electrochemical cycling. Even when 
operated up to 5.0 V, the material retained its layered structure without 
significant degradation, highlighting the beneficial role of the single- 
crystal morphology in mitigating structural damage. Among the inves
tigated voltage windows, the 1.5–4.5 V range delivered superior cycling 
stability and prolonged lifespan, indicating that both cut-off voltage and 
electrolyte selection play critical roles in determining electrochemical 
performance.In the context of renewable energy storage, sodium-ion 
batteries are increasingly recognized as cost-effective and sustainable 
alternative for large-scale applications. Recent studies have emphasized 
the importance of developing structurally stable and high-performance 
cathode materials to meet the demands of renewable energy integra
tion and grid-scale storage [53–55]. In this regard, the present single- 
crystal P2-NNM cathode offers a promising pathway toward advanced 
sodium-ion battery systems for sustainable energy storage. Although the 
P2-NNM material delivered high capacity at elevated voltages up to 5.0 
V, further optimization of the electrolyte is necessary to enhance cycling 
stability under such high-voltage conditions, particularly for long-term 
operation in both half-cell and full-cell configurations. Overall, the re
sults demonstrate that single-crystal P2-NNM is a promising high- 
voltage cathode material for sodium-ion batteries, offering a viable 
pathway toward improved energy density, durability, and next- 
generation SIB development. These materials meet the increasing 
needs of applications like grid energy storage and electric cars by 
maximizing electrochemical performance, structural stability, and en
ergy eficiency.
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