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A B S T R A C T

P2-type Ni-Mn-based Na-layered cathodes suffer from severely large structural changes, such as the direct P2-O2 
phase transition, occurring during charging to the high voltage region, resulting in the poor power-capability 
with large overpotential, as well as the diminished cycle-performance. In this study, through a combination of 
first-principles calculations and various experiments, we demonstrate that enhanced structural flexibility through 
Co-Al co-substitution provides smooth and continuous structural changes in the P2-type Ni-Mn-based Na-layered 
cathode without the direct phase transition, enabling the highly improved electrochemical performances. P2- 
type Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 delivers a high discharge capacity of approximately ~156.31 mAh g− 1 

and an energy density of ~551.71 Wh kg− 1 at 10 mA g− 1, outperforming P2-type Na0.67[Ni0.35Mn0.65]O2. These 
performance differences are especially pronounced during fast charging/discharging process, highlighting the 
enhanced power-capability and Na+ diffusion kinetics due to improved structural flexibility. Moreover, smooth 
and continuous structural changes enable improved cycle performance, including reduced voltage decay during 
prolonged cycling, for P2-type Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2. These results highlight that introducing struc
tural flexibility is one of the most efficient ways to enhance power-capability and fast-charging/discharging 
performance in P2-type Ni-Mn-based Na-layered cathodes, while also improving cyclability.

1. Introduction

The importance of environmentally friendly energy development is 
on the rise, along with active research in the field of energy storage 
systems [1–3]. Among these, lithium-ion batteries (LIBs) have gained 
prominence as the most promising energy storage solution due to their 
high energy density [4,5]. However, the sharp increase in lithium raw 
material prices and supply shortages has led to price hikes and a 
shortage of LIBs [6–8]. As a result, the development of new, 
cost-effective energy storage solutions has become imperative [9].

Among them, Na-ion batteries (SIBs) are emerging as a next- 

generation energy storage solution that can replace LIBs due to their 
cost-effectiveness, attributed to the abundant Na resources in the earth, 
and the monovalent-ion-based reaction mechanism similar to that of 
LIBs [10–13]. Recently, various cathode materials for SIBs have been 
reported, such as layered oxides, polyanion compounds, [14] Prussian 
blue analogue, [15] etc. Especially, in P2-type Ni-Mn-based Na-layered 
oxide cathodes with Ni contents of 0.3 mol or higher, it is possible to 
achieve high operating voltage and high energy density through the 
redox reaction between Ni²⁺ and Ni⁴⁺ during charge/discharge [16,17]. 
However, when only Ni and Mn are present in the layered structure, the 
interlayer distance in the Na layer is narrow, and due to the ratio of Ni to 
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Mn [18], an ordered arrangement of Na+/vacancy can occur, thus 
requiring significant energy for Na+ de/intercalation at the structure 
[19]. Due to these characteristics, one of the Ni-Mn-based Na-layered 
cathode materials, P2-type Na0.67[Ni0.35Mn0.65]O2 (P2-NM), undergoes 
severe structural changes through a direct P2-O2 phase transition 
without formation of any intermediate phases during charge/discharge, 
which leads to poor cyclability and reduced power-capability, along 
with irreversible capacity loss [20]. Furthermore, the severe structural 
change induced by the direct P2-O2 phase transition results in large 
overpotential during charge/discharge, which leads to highly lowered 
available energy density during fast-discharging process [21,22].

Certainly, while simple metal-doping or -substitution has been 
shown to improve the cyclability of Ni-Mn-based Na-layered cathode 
materials like P2-NM by preventing the direct P2-O2 phase transition, it 
has generally been observed that suppressing the P2-O2 phase transition 
reduces the amount of reversibly usable Na contents in the structure, 
leading to decreased energy density and failing to improve power- 
capability [23,24]. Therefore, in this study, we focused on developing 
a strategy that enhances not only cyclability but also energy density and 
power-capability by introducing the structural flexibility with the 
enhanced ionic/electronic conductivity. It has been reported that the 
density of states (DOS) of O 2p and Co 3d orbitals can overlap in the 
layered oxide materials, enabling the excellent power-capability in 
LiCoO2 [25]. Moreover, substitution of Co ions in the P2-NM structure 
can induce disorder in the ordered arrangement of Na+/vacancy, miti
gating the direct P2-O2 phase transition and resulting in a voltage 
plateau above 4.0 V (vs. Na+/Na) during charge/discharge [26–28]. 
Additionally, upon substitution into the structure, kinetic enhancement 
can lead to improvements in high-rate performance [29]. Furthermore, 
Al ions with fixed oxidation state of +3 do not experience changes in the 
bonding interaction with oxygen anions during charge/discharge, 
thereby enhancing the structural stability [30,31]. Additionally, these 
ions can cause disorder in the ordered arrangement of Na⁺/vacancy, 
further improving the structural stability and cyclability of the layered 
oxide cathodes [32].

Thus, it was expected that the synergy of Co-Al co-substitution in P2- 
NM could successfully provide both high structural stability by pre
venting the direct P2-O2 phase transition and enabling continuous 
structural change with the formation of intermediate phases during 
charge/discharge, as well as enhanced Na+ diffusion kinetics for high 
power-capability. To demonstrate our strategy, we prepared P2-type 
Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 (P2-NCMA) and investigated its 
enhanced electrochemical performances. At a current density of 10 mA 
g− 1 in a voltage range of 2.2–4.35 V (vs. Na+/Na), P2-NCMA exhibited 
the large discharge capacity and discharge energy density of ~156.31 
mAh g− 1 and ~551.71 Wh kg− 1, respectively, which are larger than 
those of P2-NM (~145.60 mAh g− 1 and ~526.98 Wh kg− 1) under the 
same conditions. Even at 1000 mA g− 1, the discharge capacity of P2- 
NCMA was ~132.38 mAh g− 1, whereas P2-NM just deliver the capac
ity of ~94.31 mAh g− 1. More interesting point is that difference of the 
energy density between P2-NCMA and P2-NM at 1000 mA g− 1 was 
~154.60 Wh kg− 1, which is due to the difference in the electrochemical 
behavior at high voltage (>4.1 V vs. Na+/Na) operation. P2-NCMA also 
delivered highly improved cycle-performance compared to P2-NM. 
Through first-principles calculation and operando XRD analyses, it was 
revealed that P2-NCMA experiences the continuous and smooth struc
tural change with formation of intermediate phases during charging/ 
discharging, even in the high voltage region above 4.1 V, whereas clear 
two-phase reaction between P2 and O2 phases occurred in P2-NM under 
same conditions. These results indicate the enhanced power-capability 
and fast charging/discharging performance of P2-NCMA through 
introduction of structural flexibility. These findings were further sup
ported by a comparison of theoretical density of states (DOSs) and Na+

diffusion barrier energies between fully Na+-deintercalated P2-NCMA 
and P2-NM. Additionally, through synchrotron-based X-ray absorption 
near edge structure (XANES) and the extended X-ray absorption fine 

structure (EXAFS) analyses, the reversible redox mechanism and stabi
lization of local environment during charge/discharge processes were 
demonstrated, which provides the insights for understanding the 
improved electrochemical performances.

2. Material and methods

2.1. Synthesis of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2, P2- 
Na0.67[Ni0.35Co0.1Mn0.55]O2 and P2-Na0.67[Ni0.35Mn0.65]O2

P2-Na0.67[Ni0.35CoxMn0.65-x-yAly]O2 [(x, y) = (0, 0), (0.1, 0), (0, 
0.05) and (0.1, 0.05)] compounds was prepared using the solid-state 
method. Na2CO3 (Sigma Aldrich, 99.5 %), Ni(OH)2 (Samchun Chemi
cal, 98 %), CoC2O4 (Alfa Aesar, 98 %), MnCO3 (Alfa Aesar, 99 %) and 
Al2O3 (Alfa Aesar, 99 %) were used as precursors. 5 mol% of Na2CO3 was 
additionally added to compensate for the loss of sodium during calci
nation. The precursors were carefully blended in stoichiometirc ratio 
using a high-energy ball milling apparatus, operating at 400 rpm for 12 
h with silicon-nitride balls. Following the thorough mixing process, the 
resulting uniformly mixed powder was shaped into pellets using a 
pressure machine, then subjected to calcination in an O2 gas atmosphere 
at a temperature of 850 ∘C for 12 h (heating rate of 2.5 ∘C min− 1).

2.2. Materials characterization

The crystal structure of P2-Na0.67[Ni0.35CoxMn0.65-x-yAly]O2 [(x, y) =
(0, 0), (0.1, 0) and (0.1, 0.05)] were examined through X-ray diffraction 
(XRD) using a PANalytical instrument with Mo Kα radiation (wave
length = 0.70932 Å). The data were collected in the 2θ range of 4.61◦ to 
34.32◦ with a 0.013◦ step size. Subsequently, the XRD patterns were 
reevaluated by converting the angles to Cu Kα radiation (wavelength =
1.54178 Å) for comparison with prior research. The XRD refinement 
data were analyzed using the Foolproof Rietveld program. Operando 
XRD patterns were acquired to monitor structural changes during 
charge/discharge at a current density of 20 mA g− 1 within the voltage 
range of 2.2–4.35 V (vs. Na+/Na). These operando XRD patterns were 
collected using an X-ray diffractometer (PANalytical Empyrean) equip
ped with Mo Kα radiation (wavelength = 0.70932 Å). The data were 
collected in the 2θ range of 4.0◦ to 35.0◦ with a step size of 0.013◦ and 
reevaluated by converting the angles to Cu Kα radiation (wavelength =
1.54178 Å). The elemental composition of substances like Na, Ni, Co, Mn 
and Al was analyzed using an inductively coupled plasma atomic 
emission spectrometer (ICP-AES; OPTIMA 8300, Perkin-Elmer). The 
morphology of the materials was examined using a Field emission 
scanning electron microscopy (FE-SEM) (Gemini SEM 560, ZEISS) at 2 
keV, conducted at the National Center for Inter-University Research 
Facilities (NCIRF) affiliated with Seoul National University. Addition
ally. High resolution transmission electron microscopy (HR-TEM) 
image, energy-dispersive X-ray spectroscopy (EDS) mappings and se
lective area electron diffraction (SAED) Pattern were measured by 200 
kV STEM (JEM-ARM300F, JEOL) at the Advanced Facility Center for 
Quantum Technology at the Sungkyunkwan University. Prior to the 
measurements, the samples were dispersed in ethanol with the aid of an 
ultrasonic device. Following this, a droplet of the suspension was 
applied onto a copper TEM grid coated with carbon, and the grid was left 
to air-dry at room temperature overnight to facilitate the evaporation of 
ethanol.

2.3. Electrochemical characterization

P2-Na0.67[Ni0.35CoxMn0.65-x-yAly]O2 [(x, y) = (0, 0), (0.1, 0), (0, 
0.05) and (0.1, 0.05)] electrodes were prepared by blending 80 wt% 
active material, 10 wt% Super P carbon black, and 10 wt% poly
vinylidene fluoride (PVDF) with N-methyl-2-pyrrolidone (NMP) as the 
solvent. The resulting mixture was then coated onto aluminum foil and 
dried under vacuum conditions at 100 ◦C overnight. After drying, the 
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electrodes were cut into disks with a diameter of 10 π-mm, and each 
electrode had a mass loading of approximately 3 mg cm− 2. For the as
sembly of half-cells, CR2032-type coin cells were employed. These cells 
included Na metal as the counter electrode, a separator made of What
man GF/F glass fiber, and an electrolyte comprising 1M NaPF6 in a 
solvent mixture of propylene carbonate (PC) and fluoroethylene car
bonate (FEC) in a ratio of 98:2 (v/v). The coin cells were assembled 
inside an argon-filled glove box. Galvanostatic charge/discharge tests 
were conducted at various current densities (ranging from 10 to 1000 
mA g− 1) in the voltage window of 2.2–4.35 V (vs. Na+/Na). To prevent 
the overpotential by transitioning from charge to discharge, the voltage 
was maintained until the charge current density dropped to the value 
corresponding to 10 mA g− 1. Battery cycling tests were carried out using 
an automated battery charge/discharge test system (WBCS 3000, 

WonATech). After the initial charge/discharge cycle, the cycling per
formance was assessed at a current density of 100 mA g− 1. P2- 
Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 underwent ex-situ X-ray absorption 
spectroscopy (XAS) analysis at the Ni K-edge, Co K-edge, and Mn K-edge. 
These analyses were conducted at the 6D XAFS and 7D XAFS beamline 
located within the Pohang Accelerator Laboratory (PAL), utilizing Ni, 
Co, and Mn metal foils as reference spectra. The XAS spectra were 
collected in transmission mode under high electron energy conditions 
(2.5 GeV) with a current of 200 mA, covering both the X-ray absorption 
near-edge structure (XANES) and extended X-ray absorption fine 
structure (EXAFS) regions. Furthermore, Ni L-edge and Co L-edge total 
electron yield photoemission spectroscopy (TEY-PES) were measured by 
the 8A1-SPEM beam line at PAL. Additionally, soft X-ray absorption 
spectroscopy (sXAS) spectra for the O K-edge were measured at the 4D- 

Fig. 1. (a) Crystal structure of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2. (b) XRD pattern and Rietveld refinement results of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 (Rp =

2.63 %, Rwp = 2.40 %, χ2 = 2.72). (c) HR-TEM image of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and SAED pattern. Pristine K-edge of (d) Ni, (e) Co, (f) Mn.
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PES beamline at PAL with a photon energy range of 525–560 eV Sub
sequently, data obtained from both XAFS and SPEM analyses were 
subjected to analysis using the Athena software. It’s worth noting that 
the samples were prepared in the form of an electrode.

2.4. Computational details

The Vienna Ab Initio Simulation Package (VASP) was employed for 
all density functional theory (DFT) calculations concerning P2- 
Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 [33]. These calculations used 
projector-augmented wave (PAW) pseudopotentials along with a plane 
wave basis integrated into VASP [34]. The Perdew–Burke–Ernzerhof 
(PBE) parameterization of the generalized gradient approximation 
(GGA) was utilized to describe the exchange-correlation functional [35]. 
The structural calculations considered a 2×2×1 supercell of 
P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and were conducted with a 5×4×3 
K-point grid. To account for the localization of d-orbitals in Ni, Co, and 
Mn ions, the GGA+U method was implemented with effective U values 
of 4.0, 3.4, and 3.9, respectively [36]. The Heyd-Scuseria-Ernzerhof 
(HSE06) equation was utilized to precisely compute the projected den
sity of states (pDOS) for Ni, Co, Mn and O ions [37]. Additionally, the 
configurations of Na+/Va at each composition were generated using 
CASM software, and up to 20 configurations at each composition were 
subsequently subjected to density functional theory (DFT) calculations 
[38].

3. Result and discussion

3.1. Preparation of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 (P2-NCMA)

P2-NCMA was synthesized using a conventional solid-state synthesis 
method. As shown in Fig. 1a, the crystal structure of P2-NCMA exhibits 
the typical P2-type layered structure with ABBA oxygen stacking 
sequence and a well-ordered hexagonal structure characterized by space 
group of P63/mmc. XRD analysis and Rietveld refinement further 
confirmed well-preparation of P2-NCMA with no impurities (Fig. 1b). 
The lattice parameters of a(= b) and c were ~2.8832(5) Å and ~11.0037 
(4) Å, respectively. Detailed structural information, such as thermal 
factors (Biso), occupancy and atomic coordinate, were tabulated in 
Table S1. In P2-type layered cathodes, Na+/vacancy ordering can occur 
when the ratio of Ni to Mn approaches 1:2, driven by the charge ordering 
of transition metals. At this point, the sites of Naf, which are face-sharing 
with TMO6, occupy 1/6 of the total Na sites, leading to the formation of 
new planes with d-spacing values of 3.13 Å and 3.25 Å As a result, peaks 
are known to appear at approximately 27.3◦ and 28.4◦ [18,19]. How
ever, in the XRD pattern of P2-NCMA, no XRD peaks indicating 
Na+/vacancy ordering were observed. This suggests that the substitu
tion of Co and Al ions within the P2-NCMA structure altered the Ni:Mn 
ratio and modified the charge ordering of the transition metals, resulting 
in a disordered Na+/vacancy arrangement. Furthermore, this implies 
that Co-Al co-substitution provides structural flexibility in Ni-Mn-based 
Na-layered cathode materials. The P2-type layered structure of 
P2-NCMA was also confirmed through HR-TEM and SAED analyses 
(Fig. 1c). Upon examination of SEM analysis (Fig. S1), it was observed 
that the particle size of P2-NCMA is approximately 0.5 μm. Additionally, 
TEM-based EDS elemental mapping analysis indicates that the Na, Ni, 
Co, Mn and Al elements are homogeneously distributed in the P2-NCMA 
particle with the elemental ratio of Na : Ni : Co: Mn: Al = 0.67: 0.35: 0.1: 
0.5: 0.05 (Fig. S2). The elemental ratio in the P2-NCMA was also 
confirmed through ICP-AES analysis (Table S2). To investigate the 
oxidation states of the transition metal (TM) ions in the P2-NCMA, 
XANES experiments were conducted. As shown in Fig. 1d-f, it was 
verified that the Ni, Co and Mn ions in the P2-NCMA have the oxidation 
state of approximately 2.5+, 3+ and 4+, respectively. In addition, we 
prepared the P2-Na0.67[Ni0.35Mn0.65]O2 (P2-NM) as the control group 
using the same synthesis method with P2-NCMA. Fig. S3–4 and Table S3 

show the refined XRD pattern and SEM image of P2-NM. It was 
confirmed that P2-NM was well-prepared with P2-type layered structure 
and the particle size of ~0.5 μm, consistent with P2-NCMA. Moreover, 
unlike P2-NCMA, some peaks are observed at ~27.3◦ and ~28.4◦ in the 
XRD pattern of P2-NM, which indicates introduction of the Na+/vacancy 
ordering in P2-NM [19]. Additionally, when comparing the initial 
oxidation states of Ni ions in P2-NCMA and P2-NM, it was found that 
P2-NCMA showed a shift toward the higher energy region at the Ni 
K-edge due to Co and Al substitution, along with a distinct difference in 
the overall profile (Fig. S5) [39]. This indicates a clear difference in the 
initial Ni oxidation states of the two materials.

3.2. Enhanced electrochemical properties of P2- 
Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2

To confirm enhanced electrochemical performances through intro
duction of structural flexibility in Ni-Mn-based P2-type layered oxide 
cathodes, we compared the power-capability of P2-NCMA and P2-NM. 
Fig. S6 shows the initial charge/discharge curve of P2-NCMA, and P2- 
NM measured at the current density of 10 mA g− 1 in the voltage range 
of 2.2–4.35 V (vs. Na+/Na). It was observed that P2-NCMA exhibits the 
discharge capacity of ~156.31 mAh g− 1 with the initial Coulombic ef
ficiency of ~96 %, which is better than the discharge capacity and initial 
Coulombic efficiency of P2-NM (~145.60 mAh g− 1 and ~89 %, 
respectively). Moreover, the charge/discharge profiles of P2-NCMA 
were significantly smooth compared to P2-NM, implying that the local 
environmental changes caused by Na+/vacancy ordering during charge/ 
discharge are mitigated in P2-NCMA compared to P2-NM [40].

As shown in Fig. 2a-b and Fig. S7–8, the difference of the capacity 
between P2-NCMA and P2-NM gets larger and larger with increasing the 
current densities, indicating more outstanding power-capability of P2- 
NCMA compared to P2-NM. Even under 1000 mA g− 1, P2-NCMA 
delivered the large discharge capacity of ~132.38 mAh g− 1, whereas 
the discharge capacity of P2-NM was just ~94.31 mAh g− 1. Particularly, 
the difference in the average discharge voltage measured in the high 
voltage region at 10 and 1000 mA g− 1 was only ~0.23 V. On the other 
hand, in the case of P2-NM, the difference under the same conditions 
was ~0.78 V, which are larger than P2-NCMA. The enhanced power- 
capability of P2-NCMA was also demonstrated through comparing the 
energy densities measured at the various current densities (Fig. 2c). The 
energy densities were calculated through integration of the discharge 
curve based on voltage (V) vs. capacity (mAh g− 1). In the case of P2- 
NCMA, it exhibited the large energy density of ~555.11 Wh kg− 1 at 
10 mA g− 1, while NM just delivered ~527.00 Wh kg− 1 under the same 
conditions. In particular, as the current density increased, the difference 
of energy densities between two samples became more pronounced. For 
P2-NCMA, even at 1000 mA g− 1, it displayed a substantial energy 
density of ~440.90 Wh kg− 1. On the other hand, P2-NM exhibited a low 
energy density of ~286.31 Wh kg− 1 at the same current density. In 
addition, we tested the power-capability of P2-Na0.67[Ni0.35Co0.1Mn0.55] 
O2 (P2-NCM) where only Co ion was substituted. The XRD and refined 
results in Fig. S9 and Table S4 show that P2-NCM are well prepared with 
pure P2-type layered structure. As shown in Fig. S10, it was verified that 
the P2-NCM exhibited poor power-capability and fast charging/dis
charging performances compared to P2-NCMA, while its performances 
are better than P2-NM. Furthermore, we measured the power-capability 
and cyclability of P2-Na0.67[Ni0.35Mn0.6Al0.05]O2 (P2-NMA), where only 
the Al ion was substituted. The XRD Rietveld refinement results pre
sented in Fig. S11 and Table S5 show that P2-NMA was well synthesized 
with a pure P2-type layered structure. It was also confirmed that the 
peaks corresponding to Na+/vacancy ordering at 27.3◦ and 28.4◦, which 
were observed in P2-NM, disappeared through Al-substitution [32,41]. 
As shown in Fig. S12a-b, the results revealed that when Al ions were 
substituted, the difference in the average discharge voltage measured in 
the high voltage region at 10 and 1000 mA g− 1 was reduced, but no 
improvement in capacity was observed. Additionally, a similar capacity 
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Fig. 2. Charge/Discharge profiles of (a) P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2, (b) P2-Na0.67[Ni0.35Mn0.65]O2 in the voltage range of 2.2–4.35 V (vs. Na+/Na) at 
various current densities, where the high V region refers to the voltage range up to the point at which a capacity of 20 mAh g⁻¹ is achieved. (c) Energy density and 
power density of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and P2-Na0.67[Ni0.35Mn0.65]O2 at various current densities. (d) Cycle performances in the voltage range of 
2.2–4.35 V (vs. Na+/Na) during 50 cycles at 100 mA g− 1

. (e) 1st, 10th, 20th and 50th cycle profiles of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and P2- 
Na0.67[Ni0.35Mn0.65]O2. (f) Average discharge voltage and (g) discharge energy density of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and P2-Na0.67[Ni0.35Mn0.65]O2 during 
50 cycles at 100 mA g− 1.
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fade after the initial activation, as observed in P2-NM, was noted. 
Nevertheless, the suppression of Na+/vacancy ordering improved 
structural stability, allowing for higher capacity retention during the 
cycle test compared to P2-NM. These results imply Co-Al co-substitution 
in the Ni-Mn-based P2-type layered oxide cathode can successfully 
suppresses Na+/vacancy ordering, thereby enhancing the structural 
flexibility, enabling highly enhanced Na+ diffusion kinetics and 
power-capability in P2-NCMA.

The synergy of Co-Al co-substitution can affect not only enhancing 
the power-capability but also stabilizing the cycle-performances. To 
compare the cycling performance of P2-NM, P2-NCM and P2-NCMA, we 
initially carried out a single activation process at a current density of 10 
mA g− 1, followed by continuous charge/discharge cycling at a current 
density of 100 mA g− 1 for 50 cycles in the voltage range of 2.2–4.35 V 
(vs. Na+/Na) (Fig. 2d). P2-NM exhibited a low initial capacity when 
charge/discharge cycling was performed after the initial activation, 
which is attributed to the poor Na+ diffusion kinetics in P2-NM con
taining the Na+/vacancy ordering in the structure. On the other hand, 
P2-NCMA exhibited not only larger initial capacity than P2-NM and P2- 
NCM but also more stable cycle-performance. To gain a more in-depth 
understanding, a comparative assessment of the cycling profiles be
tween P2-NCMA and P2-NM was carried out (Fig. 2e). After closely 
examining the charge and discharge profiles over 1st, 10th, 20th, and 
50th cycles, it was observed that P2-NCMA exhibited relatively well- 
retained capacity in the high voltage region throughout the cycling. In 
contrast, as previously mentioned, P2-NM initially showed low capacity 
in this region. Especially, as the cycles progressed, it exhibited highly 
degraded capacity in the high voltage region. The difference in cycling 
profiles between P2-NCMA and P2-NM was even more pronounced in 
the differential capacity versus voltage (dQ/dV) graphs (Fig. S13). In the 
case of P2-NCMA, as cycling progresses from the first cycle to the 50th 
cycle, there is a tendency for voltage hysteresis to increase and the peak 
in the high voltage region to gradually decrease. However, for P2-NM, it 
was observed that peaks appear below 4.0 V from the beginning of the 
discharge process, and as cycling continues, a significant reduction in 
charge and discharge peaks in the high voltage region was observed. 
This result implies the occurrence of severe structural degradation in P2- 
NM after cycling. Additionally, comparing the average discharge voltage 
over 50 cycles measured at a current density of 100 mA g− 1, P2-NCMA 
showed an average discharge voltage decrease of ~2.8 mV per cycle, 
whereas P2-NM exhibited an average discharge voltage decrease of 
~6.2 mV per cycle (Fig. 2f). This indicates much better voltage retention 
in P2-NCMA, with a significant average voltage difference of ~0.14 V 
after 50 cycles. Moreover, when calculating the average discharge en
ergy density over 50 cycles, P2-NCMA still delivered a large energy 
density of ~394.82 Wh kg− 1, while P2-NM showed a low energy density 
of ~224.89 Wh kg− 1 (Fig. 2g). These results indicate that P2-NCMA 
exhibits stable cycle-performance compared to P2-NM. Additionally, 
we conducted a cycle test at a high current density of 400 mA g− 1 to 
confirm the enhanced fast charging/discharging performance of P2- 
NCMA. During the cycle test, P2-NCMA exhibited an impressive initial 
capacity exceeding 140 mAh g− 1, with a respectable capacity retention 
of ~71.07 % after 100 cycles. In contrast, P2-NM displayed a much 
lower initial capacity of 90 mAh g− 1 and a significantly lower capacity 
retention of ~60.33 % after 100 cycles (Fig. S14). Additionally, when 
comparing the average discharge voltage, P2-NCMA showed a minimal 
voltage drop of ~2.4 mV per cycle, whereas P2-NM exhibited a more 
pronounced voltage drop of ~4.3 mV per cycle (Fig. S15). These findings 
demonstrate the outstanding fast charging/discharging performance of 
P2-NCMA even under high current density conditions.

3.3. Enhanced structural stability of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05] 
O2 through increased flexibility

To confirm that the enhanced power-capability and fast charging/ 
discharge performance in P2-NCMA, as well as improved cycle- 

performance result from introduction of structural flexibility, we 
investigated the detailed structural change in P2-NCMA through oper
ando XRD analyses and compared it with that in P2-NM. As shown in 
Fig. 3a and 3c, both P2-NCMA and P2-NM experience similar structural 
change during charging to 4.0 V, such as increase of c-lattice parameter 
due to repulsion between O2− anions. However, during charging/dis
charging at the high voltage region between 4.0 and 4.35 V, the struc
tural changes of P2-NCMA and P2-NM have large difference. In the case 
of P2-NCMA, a new XRD peak at ~17◦ corresponding to OP4 phase was 
firstly formed during charging at the high voltage region, and it 
smoothly shifted to ~18.4◦ with formation of several intermediate 
phases (Fig. 3b). On the other hand, P2-NM experienced clear two-phase 
reaction from P2 phase to O2 phase without formation of any interme
diate phases. Formation of O2 phase could be confirmed through gen
eration of a new XRD peak at ~20◦ (Fig. 3d), which indicates more 
severe structural change of P2-NM during charge/discharge compared 
to P2-NCMA. Especially, in the case of P2-NM, there is no continuous 
structural change during charging/discharging at the high voltage re
gion between 4.0 and 4.35 V, such as shift of the XRD peak on the O2 
phase, which is clearly distinct from the structural change of P2-NCMA. 
These results indicate that the P2-NM with Na+/vacancy ordering lacks 
the structural flexibility, hindering smooth expansion/shrinkage of the 
Na layers and adversely affecting the Na+ de/intercalation process, and 
Co and Al co-substitution can provide the structural flexibility to enable 
enhanced electrochemical performances in P2-NCMA. Moreover, we 
calculated the lattice parameters and volumes on the operando XRD 
pattens of P2-NCMA and P2-NM using Rietveld refinement (Fig. S16 and 
S17), which clearly shows larger structural change of P2-NM during 
charge/discharge compared to P2-NCMA.

In addition, to evaluate the degree of structural changes occurring as 
cycling progresses, ex-situ experiments were conducted at 1st, 10th, 
20th, and 50th cycles. For P2-NCMA, it was observed that as the cycles 
advanced, the material retained its original peak positions, and the in
tensity of the XRD peak corresponding to (002) plane remained 
consistently high (Fig. S18). However, in the case of P2-NM, as the cycles 
proceeded, there was a noticeable shift in the peak positions, and the 
intensity of the XRD peak corresponding to (002) plane gradually 
decreased (Fig. S19). Furthermore, upon examining SEM images of the 
pristine, 1st-cycled, and 50th-cycled samples, it was observed that in the 
case of P2-NCMA, the particles maintained their shape without surface 
cracks (Fig. S20). However, for P2-NM, even in the 1st-cycled sample, 
slight surface cracks were visible, and after 50 cycles, the severity of 
cracking became considerably pronounced (Fig. S21). This indicates 
that P2-NCMA, with its flexible structure, maintained stability without 
degradation and failure during prolonged cycling, whereas P2-NM, 
lacking structural flexibility, experienced rapid degradation and parti
cle collapse.

To analyze this phenomenon from a more microscopic perspective, 
we examined the changes in TM-O bond distances in both the pristine 
state and the fully Na-deintercalated state through first-principles 
calculation (Fig. 3e-f). The crystal structures of the pristine state and 
the fully Na-deintercalated state in P2-NCMA and P2-NM, obtained 
through DFT calculations, are visualized in Fig. S22–23. In the case of 
P2-NCMA, we observed that the bond distances of TM-O bonds are 
evenly distributed in the pristine state due to the substitution of Co and 
Al ions. This suggests a high level of entropy within the TM layers, which 
contributes to improved structural stability [42]. Even in the fully 
Na-deintercalated state, although the degree of bond distance distribu
tion slightly decreased due to the oxidation of transition metals, the 
bond distances remain relatively evenly distributed. In contrast, for 
P2-NM, we found that TM-O bond distances are clearly separated in the 
pristine state. Particularly in the case of Ni, a distortion in the NiO6 
octahedra was observed, indicating structural instability. Even in the 
fully Na-deintercalated state, the bond distances of Ni and Mn remained 
separated. This indicates that P2-NCMA, through the disordered distri
bution of TM-O bond distances, achieves enhanced structural flexibility, 
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which in turn leads to improved structural stability. Moreover, these 
results are well-matched with the operando XRD data on P2-NCMA, 
which shows continuous and smooth structural changes during char
ge/discharge without a clear phase transition between the P2 and OP4 
phases, distinct from P2-NM.

3.4. Improved kinetics of redox reactions in P2- 
Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 through introduction of structural 
flexibility

As illustrated in Fig. 4a-b, we conducted a comprehensive investi
gation into the theoretical motion of Na+ diffusion and the required 
activation barrier energies in both P2-NCMA and P2-NM, employing the 

nudged elastic band (NEB) method based on first-principles calculation. 
The results unequivocally demonstrated that the required Na+ diffusion 
barrier energy in P2-NCMA (~409 meV) is lower than that in P2-NM 
(~602 meV), underscoring the improved Na+ diffusion kinetics in P2- 
NCMA. To verify these results experimentally, moreover, we conduct
ed the Galvanostatic intermittent titration technique (GITT) test which 
is introduced by Weppent and Huggins [43,44]. When a constant current 
is applied to an electrode, it leads to the establishment of a Na+ ion 
concentration gradient on both the surface and inside the electrode 
during cycling. Assuming that Na+ ion transport in the electrode adheres 
to Fick’s 2nd law, the Na+ diffusivity can be determined by monitoring 
the potential variation with respect to the state-of-charge (SOC), as 
depicted in Fig. 4c-d (Eq. (1)). 

Fig. 3. (a) Operando XRD patterns, magnified views, voltage profile and (b) non-stacking views of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 during charge/discharge. (c) 
Operando XRD patterns, magnified views, voltage profile and (d) non-stacking views of P2-Na0.67[Ni0.35Mn0.65]O2 during charge/discharge. TM-O bond population of 
(e) P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and (f) P2-Na0.67[Ni0.35Mn0.65]O2.
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Fig. 4. (a) Predicted Na+ diffusion pathway in P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and P2-Na0.67[Ni0.35Mn0.65]O2 and (b) predicted activation barrier energy for 
Na+ diffusion. (c) GITT test profiles and (d) diffusivity results of P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and P2-Na0.67[Ni0.35Mn0.65]O2 at high voltage region. The 
density of states for (e) P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and (f) P2-Na0.67[Ni0.35Mn0.65]O2 at pristine state. The density of states for (g) P2-Na0.33[Ni0.35

Co0.1Mn0.5Al0.05]O2 and (h) P2-Na0.33[Ni0.35Mn0.65]O2 at just before phase transition state.
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In the Eq. (1), D represents the diffusion coefficient of Na+, τ denotes 
the duration of application of constant current, m stands for the elec
trode’s mass, V signifies the molar volume of the electrode, M corre
sponds to the molar mass of electrode, S designates the surface area of 
contact between the electrode and electrolyte, ΔEs represents the 
voltage change during a single step, and ΔEt reflects the cumulative 
voltage change under applied constant current conditions.

Through the Eq. (1), we calculated the diffusivity of P2-NCMA and 
P2-NM. It was revealed that P2-NCMA exhibited a value of ~1.24 ×
10− 9 cm2 s− 1 at low voltage region below 4.0 V (vs. Na+/Na) and 
decreased to ~2.26 × 10− 10 cm2 s− 1 at high voltage region above 4.0 V 
(vs. Na+/Na). In contrast, P2-NM displayed a value of ~1.11 × 10− 9 cm2 

s− 1 at low voltage region and significantly decreased to ~3.19 × 10− 11 

cm2 s− 1 at the high voltage region (Fig. S24). This analysis indicates that 
in the low voltage region below 4.0 V (vs. Na+/Na), there is not a sig
nificant difference between P2-NCMA and P2-NM. However, in the high 
voltage region above 4.0 V (vs. Na+/Na), P2-NCMA exhibits approxi
mately seven times higher diffusivity compared to P2-NM. Moreover, 
electrochemical impedance spectroscopy (EIS) [45,46], as depicted in 
Fig. S25, was carried out to access the diffusion kinetics of P2-NCMA and 
P2-NM. The semi-circle size for P2-NCMA (~73 Ω), associated with the 
resistance to Na+ charge transfer, was notably smaller than that 
observed for P2-NM (~120 Ω). This indicates a significant acceleration 
of Na+ diffusion rate in P2-NCMA, providing additional evidence of 
enhanced electrochemical performance.

In addition, using first-principles calculation, it was demonstrated 
that P2-NCMA exhibits the enhanced electronic conductivity compared 
to P2-NM. As shown in Fig. 4e-f, the density of states (DOS) for pristine 
P2-NCMA and P2-NM indicates that P2-NCMA exhibits a low band gap 
of 0.89 eV, whereas P2-NM shows a significantly larger band gap of 1.96 
eV Furthermore, Fig. 4g-h presents the band gap just before phase 
transition, revealing that P2-type Na0.33[Ni0.35Co0.1Mn0.5Al0.05]O2 (P2- 
Na0.33NCMA) has a very small band gap of 0.36 eV, while P2-type 
Na0.33[Ni0.35Mn0.65]O2 (P2-Na0.33NM) delivered a band gap of 0.90 eV 
It was reported that the small band gap typically indicates high elec
tronic conductivity [47,48]. Thus, these DOS results indicate the highly 
enhanced electronic conductivity of P2-NCMA compared to P2-NM. 
Through these findings, we confirmed that Co-Al co-substitution in the 
structure increases the distance between Na layers, effectively 

enhancing structural flexibility, facilitating greater Na+ diffusion, and 
reducing the band gap. This correlation suggests that increased struc
tural flexibility enables the outstanding electrochemical performance of 
P2-NCMA through the enhanced ionic conductivity and electronic 
conductivities. Especially, upon comparing with other reported 
Ni-Mn-based P2-type layered oxide cathodes (Table S6) [16,32,49–53], 
it was evident that P2-NCMA exhibited remarkably high energy density 
and outstanding power-capability as the promising cathode for SIBs 
(Fig. 5).

3.5. Reaction mechanism in P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 during 
charge/discharge

To confirm the detailed redox reactions in P2-NCMA, we performed 
first-principles calculation and various experiments. Fig. 6a illustrates 
the variations in DOS for P2-NCMA based on the Na+ content in the 
structure. It was verified that Co and Ni ions in P2-NCMA participate in 
the redox reaction during Na+ de/intercalation, which is also confirmed 
through the synchrotron-based ex-situ XANES analyses. For the Ni K- 
edge, it was noticeably shifted toward the high energy level during 
charging to 4.35 V (vs. Na+/Na), reflecting increase of the oxidation 
state of Ni ions as the voltage rises (Fig. 6b). During discharge, the Ni K- 
edge was re-shifted to the pristine state, indicating the reversible redox 
reaction of Ni ions in P2-NCMA. The reversible redox reaction of Co ions 
in P2-NCMA during charge/discharge was also clearly observed 
(Fig. 6c). In the case of Mn ions, its oxidation state was well maintained 
to +4 during charge/discharge (Fig. 6d). Moreover, when observed 
through L-edge TEY-PES, it was noted that as Ni ions underwent the 
oxidation from the 2.5+ to 4+ during charge, there was an increase in 
the intensity in the L3 region (Fig. S26a) [54]. For Co ions, an increase in 
voltage led to an intensity rise in both the L3 and L2 regions, indicating 
the oxidation from Co3+ to Co4+ during charge (Fig. S26b) [55]. This 
provides further evidence on reversible occurrence of the oxidation re
actions for both Ni and Co ions during the charging process. Addition
ally, we arranged the capacity contribution of the Ni and Co ions in 
P2-NCMA (Table S7) in detail. Furthermore, to investigate whether 
redox activity occurs with oxygen, we performed oxygen K-edge 
soft-XAS analysis on both P2-NCMA and P2-NM in their pristine and 
fully charged states (Fig. S27a-b). The pre-edge peak at approximately 
529 eV corresponds to the unoccupied TM 3d-O 2p t2g hybridized or
bitals, while the eg orbitals are found near 531.4 eV [56]. If an oxygen 
redox reaction had taken place, we would anticipate an increase in 

Fig. 5. Comparison of energy and power densities among P2-Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2 and other reported Ni-Mn-based P2-type layered oxide cathodes 
for SIBs.
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absorbance at 530.4 eV, associated with On− species in the oxidized state 
of oxygen [57]. However, only negligible increase in absorbance at 
530.4 eV was observed in the fully charged P2-NCMA and P2-NM 
samples, which indicates that the oxygen redox activity is not 
observed in P2-NCMA and P2-NM cathodes. In addition, the slight 
change of the overall shape of the O K-edge spectra after charge is 
attributed to local structural changes by oxidation of transition metal 
ions, such as Ni, Co, etc [58]. Especially, the ex-situ EXAFS results 
showed the reversible local structural change in P2-NCMA during 
charge/discharge through enhanced structural flexibility. As shown in 
Fig. 6e-f, the Ni-O and Co-O bond distances were observed to decrease 
during charging due to the oxidation of Ni and Co ions, and they fully 
recovered to their pristine states after discharging. These behaviors are 
associated with smooth redox reactions and enhanced electrochemical 
performances in P2-NCMA.

4. Conclusion

This research showed that introducing structural flexibility can 
significantly enhance electrochemical performances, such as high 
power-capability, outstanding fast charging/discharging performances 
including lowered overpotential and stable cycle-performance, for P2- 
type Ni-Mn-based Na-layered cathodes. In the case of the P2-NCMA 
cathode, it delivered high discharge capacity and energy density of 
~156.31 mAh g− 1 and ~551.71 Wh kg− 1 at 10 mA g− 1, respectively, 
which are larger than those of P2-NM cathode. Particularly, even at 
1000 mA g− 1, the capacity and energy density of P2-NCMA are still 
retained to ~132.38 mAh g− 1 and ~440.90 Wh kg− 1, whereas P2-NM 
cathode just delivered ~94.31 mAh g− 1 and ~286.31 Wh kg− 1 at the 
same conditions. The large difference of energy densities between P2- 
NCMA and P2-NM at 1000 mA g− 1 is attributed to smaller voltage gap 
of P2-NCMA at the high voltage region than those of P2-NM. It was 
revealed the large difference of energy densities between P2-NCMA and 
P2-NM at 1000 mA g− 1 attributed to highly lowered operation voltage of 

Fig. 6. (a) Projected density of states (pDOS) of Ni-3d, Co-3d, Mn-3d and O-2p at Nax[Ni0.35Co0.1Mn0.5Al0.05]O2 (0.05 ≤ x ≤ 0.67). Ex-situ (b) Ni, (c) Co and (d) Mn K- 
edge XANES spectra of various state of Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2. (e) Ni K-edge and (f) Co K-edge EXAFS analyses of various charge/discharge state of P2- 
Na0.67[Ni0.35Co0.1Mn0.5Al0.05]O2.
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P2-NM at the high voltage region by large overpotential compared to P2- 
NCMA, which is well matched with ~7 times higher diffusivity of P2- 
NCMA in the high voltage range above 4.0 V (vs. Na+/Na) compared 
to P2-NM. Moreover, comparison of theoretical DOS and Na+ diffusion 
kinetics showed that P2-NCMA delivered improved electronic and Na+

ionic conduction than P2-NM, which also supports the enhanced power- 
capability and fast charging/discharging performances in P2-NCMA. In 
terms of the enhanced structural flexibility by Co-Al co-substitution in 
P2-NCMA, it was clearly demonstrated through combined studies using 
operando XRD analyses and first-principles calculation. While it was 
revealed that P2-NM undergoes the direct P2-O2 phase transition during 
charge/discharge, P2-NCMA exhibited the relatively smooth and 
continuous structural change during charge/discharge, indicating the 
effect of the enhanced structural flexibility in P2-NCMA. Moreover, by 
analyzing the TM-O bond distance distribution during Na⁺ de/interca
lation, the TM-O bond distances in P2-NM are clearly separated, whereas 
those in P2-NCMA are well distributed without clear separation. This 
suggests that the P2-NCMA structure experiences relatively less lattice 
mismatch and strain during charge/discharge compared to P2-NM, 
which can explain the differences observed in the operando XRD re
sults between P2-NCMA and P2-NM. In the case of the cycle- 
performance, P2-NCMA also exhibited better performance than P2- 
NM, resulting from the enhanced structural flexibility. We believe that 
our research provides valuable insights into discovering efficient and 
straightforward methods for enhancing both high power-capability and 
stable cycle-performance in layered-type cathode materials for Na-ion 
batteries.
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