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Enhanced Fast-Discharging Performance and Cyclability in
Oxygen-Redox-Based P3-Type Na-Layered Cathode via
Vacancies in TM layers

Sang-Yeop Lee, Hyunji Kweon, Sangyeop Lee, Min-kyung Cho, Hobin Ahn, Jinho Ahn,
Bonyoung Ku, Myungeun Choi, Hun-Gi Jung, Dong Ok Shin,* and Jongsoon Kim*

Oxygen redox in layered oxide cathodes for Na-ion batteries is considered a
promising approach for improving the energy density. However,
oxygen-redox-based cathodes suffer from sluggish kinetics and undesirable
structural change during charge/discharge, leading to poor electrochemical
performances. Herein, introducing vacancies (□) in the transition metal layers
enables the enhanced oxygen redox-based electrochemical performances in
the P3-type Mn-based layered oxide cathode is demonstrated. The vacancies
can play a role of the local distortion buffers, resulting in the enhanced oxygen
redox kinetics and the suppressed structural deformation such as P3-O3(II)
phase transition. The oxygen-redox-based P3-type Na0.56[Ni0.1Mn0.81□0.09]O2

exhibits the large discharge capacity of ≈140.95 mAh g−1 at 26 mA g−1 with a
high average discharge voltage of ≈3.54 V (vs Na+/Na). Even at 650 mA g−1,
its discharge capacity and average operation voltages delivered ≈122.06 mAh
g−1 and ≈3.22 V, respectively. Especially, the small gap of average discharge
voltage indicates both improves power-capability and enhanced kinetics of
oxygen redox in P3-type Na0.56[Ni0.1Mn0.81□0.09]O2. Moreover, the vacancy
buffer in the transition metal layers results in the stable cycle-performance of
P3-type Na0.56[Ni0.1Mn0.81□0.09]O2 with the capacity retention of ≈80.80% for
100 cycles, due to the suppressed P3-O3(II) phase transition.

1. Introduction

Environmental issues caused by usage of fossil fuels have
driven the development of eco-friendly vehicles such as electric
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vehicles (EVs). Thus, efficient energy
storage systems (ESSs) for EVs have gar-
nered significant global attention.[1–3] In
terms of Li-ion batteries (LIBs), they can
deliver large energy density and stable
electrochemical performances compared
to other ESSs. Consequently, the applica-
tion of LIBs has expanded from the small
electronic devices to large-scale ESSs for
EVs.[4–7] However, the limited and con-
centrated Li sources on Earth pose chal-
lenges for ensuring stable production
quantities and price stability,[8–11] which
can lead to the highly increased pro-
duction cost of LIBs in the near future.
Therefore, much research have focused
on developing low-cost and efficient ESSs
based on the earth-abundant sources.

Recently, Na-ion batteries (SIBs) have
been considered one of the most promis-
ing and low-cost alternatives to LIBs, due
to the abundant Na sources in the sea
and their similar monovalent-ion-based
reaction mechanism like LIBs.[12–15] In
the case of the cathode, layered oxide
materials have attracted great attention

because of the large gravimetric capacities induced by the low
molar mass compared to other compounds. Several types of
layered oxide cathodes with different Na sites in the structure
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have been reported, such as octahedra-site-based (O-type) and
prismatic-site-based (P-type) structures. Moreover, it has been re-
ported the P-type layered-oxide cathodes can deliver large avail-
able capacities through both the cationic redox by transition
metal (TM) cations and the anionic redox by oxygen anions.[16]

In the layered structure, oxygen redox (OR) occurs when oxy-
gen ions in the linear Na-O-X [X: Li, Mg, Zn, etc.] arrangement
possess unhybridized 2p non-bonding orbitals.[17–19] These or-
bitals have higher energy levels compared to other hybridized
O 2p orbitals and can even provide electrons earlier than cer-
tain TM t2g orbitals. Due to Mn4+ cation with t2g orbitals hav-
ing lower energy levels than O 2p non-bonding orbitals, P-type
Mn-based layered oxide cathode can exhibit the OR reaction dur-
ing Na+ de/intercalation.[20,21] However, the OR reaction accom-
panies undesirable structural deformation in the layered struc-
ture due to the presence of oxidized oxygen anions formed in the
high-voltage region.[22] This results in sluggish kinetics of Na+

diffusion and poor structural stability during prolonged cycling.
In terms of P3-type layered oxide cathodes, it was known that
they experience the large structural change of P3-O3(II) phase
transition during the OR reaction,[23] and the reported OR-based
P3-type layered oxide cathodes just deliver poor electrochemi-
cal performances under the SIB system, such as poor cyclabil-
ity and power-capability. Furthermore, in the OR-based cathodes
for SIBs, the operation voltage during discharge is much lower
than that during charge, which is even more severe at the fast-
discharging process.[24] Thus, it should be required to suppress
the undesirable structural change in the OR-based P3-type lay-
ered oxide cathodes during charge/discharge, through introduc-
ing the buffer in the structure. It was reported that substitution
of vacancies (□) in the TM layer of the layered structure with the
triclinic P1 and the hexagonal P63/mmc (P2-type) phases results
in not only the OR reaction but also the suppressed structural
change during charge/discharge.[25–27] We expected that the pres-
ence of vacancies in the TM layer would enable both the highly
stabilized OR reaction and the enhanced electrochemical perfor-
mances of the OR-based P3-type layered oxide cathodes while
suppressing undesirable structural deformation.

In this study, we successfully prepared P3-type Mn-
based layered oxide cathode with the vacancies, P3-
Na0.56[Ni0.1Mn0.81□0.09]O2. At the current density of 26 mA
g−1 in the voltage range of 2.2-4.5 V (vs Na+/Na), it delivered the
specific capacity of ≈140.95 mAh g−1 corresponding to ≈0.55 mol
Na+ de/intercalation, which indicates occurrence of both cationic
(Ni2+/4+) and anionic (O2−/On− (n<2)) redox reactions. The oc-
currence of OR reaction in P3-Na0.56[Ni0.1Mn0.81□0.09]O2 was
investigated through ex situ synchrotron-based soft X-ray ad-
sorption spectroscopy (sXAS) and first-principles calculation. In
particular, the operando X-ray diffraction (XRD) data revealed
that even after being charged to 4.5 V (vs Na+/Na) accompa-
nied by the OR reaction, the presence of vacancies in the TM
layers of P3-Na0.56[Ni0.1Mn0.81□0.09]O2 effectively suppressed
the P3-O3(II) phase transition. Through the first-principles
calculation, we verified the vacancies can play a role as buffer for
suppression of local structural change during the OR reaction.
Thus, the discharge capacity of P3-Na0.56[Ni0.1Mn0.81□0.09]O2 was
retained up to ≈80.80% of the initial capacity after 100 cycles,
indicating the stable cycle-performances. Even at 650 mA g−1,
it exhibited the specific capacity of ≈122.06 mAh g−1, which is

≈86.59% of the capacity measured at 26 mA g−1. Especially, the
difference between the average discharge voltages measured at
26 and 650 mA g−1 was just ≈0.32 V, and average voltage gap at
260 mA g−1 between the 1st and 100th cycles was negligible, at
just 0.0028 V. These results indicate the presence of vacancies in
TM layers enables facile and stable OR reaction in the P3-type
Na-layered oxide cathode for the improved power-capability and
cyclability.

2. Result and Discussion

2.1. Preparation of P3-Na0.56[Ni0.1Mn0.81□0.09]O2 (P3-NNMVO)

P3-NNMVO was synthesized through the conventional solid-
state method. NaNO3, Ni(NO3)2∙6H2O, and MnCO3 were used as
precursors, and they were mixed uniformly at 250 rpm for 12 h.
After mixing, the obtained mixture was dried at 120 °C for 12 h
and calcined at 590 °C for 12 h under O2 gas. Figure 1a presents
the results of Rietveld refinement based on the XRD pattern of
P3-NNMVO. The main Bragg diffraction peaks of P3-NNMVO
were indexed to a P3-type layered structure (space group R3m)
with ABBCCA oxygen stacking, where Na cations occupy the pris-
matic sites. No impurities or second phases were detected in the
XRD pattern. The lattice parameters of P3-NNMVO were calcu-
lated as a = b = 2.86584(2) Å and c = 16.7916(2) Å, with low relia-
bility factors (Rp = 1.62%, RF = 2.09, and 𝜒2 = 2.18%), indicating
excellent confidence in the results. To provide more precise struc-
tural verification on the vacancies in the TM layer, we conducted
neutron diffraction (ND) (Figure 1b). The low reliability factors
of P3-NNMVO (Rp = 4.14%, RF = 7.51, and 𝜒2 = 6.63%) indicate
high confidence in the ND-based Rietveld refinement results. De-
tailed structural information through combined analyses using
XRD and ND, including atomic positions, Biso, and occupancies
of P3-NNMVO, are summarized in Table S1 (Supporting Infor-
mation). Particularly, it was verified that the occupancies of Mn
and Ni were designed as 0.8100(9) and 0.1000(7), respectively, im-
plying presence of ≈0.09 mol vacancies in the TM layer.

To provide more direct evidence of the introduced vacancies
within the TM layers of P3-NNMVO, the scanning transmis-
sion electron microscopy-high-angle annular dark field (STEM-
HAADF) analyses were performed. In the STEM-HAADF image
(Figure 1c), relatively low intensities are irregularly observed. Al-
though Ni in P3-NNMVO has a content similar with vacancies at
0.1 and 0.09 mol, due to its atomic number similarity with Mn, Ni
cations exhibit signals resembling those of Mn cations in electron
microscopy-based analysis. Consequently, the STEM-HAADF
analysis results showed irregularly low intensities within the TM
layers, clearly indicating the irregular presence of vacancies in
the TM layers of P3-NNMVO. Moreover, the presence of vacan-
cies was confirmed through transmission electron microscopy
(TEM) and energy dispersive X-ray spectroscopy (EDS) elemen-
tal mapping analyses. As shown in Figures 1d and S1 (Support-
ing Information), Na, Mn, and Ni elements are homogeneously
distributed in the P3-NNMVO particles with an average size of
≈250 nm. Furthermore, the results from TEM-EDS spectrum
analysis for each element (Figure S2 and Table S2, Supporting In-
formation) reveal the Na:Ni:Mn:O ratio of ≈0.59:≈0.11:≈0.80:2.0,
which is well consistent with the elemental ratios in the structural
design of P3-NNMVO containing the vacancies in the TM layer
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Figure 1. Refined XRD patterns of P3-Na0.56[Ni0.1Mn0.81□0.09]O2. b) Refined ND patterns of P3-Na0.56[Ni0.1Mn0.81□0.09]O2. c) STEM-HAADF im-
age of P3-Na0.56[Ni0.1Mn0.81□0.09]O2 and signal profile of enclosed region by the dotted line. d) STEM image and TEM–EDS mapping results of P3-
Na0.56[Ni0.1Mn0.81□0.09]O2. Pristine K-edge of e) Ni, and f) Mn.
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confirmed through the combined XRD and ND Rietveld analy-
ses. The outcomes of inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES), as presented in Table S3 (Support-
ing Information), further confirm the atomic ratio of Na, Ni, and
Mn in P3-NNMVO as ≈0.57:≈0.1:0.81, which is well matched
with the TEM-EDS results. The TEM-EDS and ICP analyses not
only provide supplementary evidence for the structural design,
including vacancies, in the XRD and ND structural analyses but
also corroborate the introduction of vacancies in the TM layers of
P3-NNMVO through compositional analysis alongside the struc-
tural analysis. The average oxidation states of Ni and Mn in P3-
NNMVO are Ni2+ and Mn4+, respectively. X-ray absorption near
edge structure (XANES) analysis of Ni in Figure 1e reveals Ni
K-edge spectra similar with the NiO spectra, indicating that the
average oxidation state of Ni in P3-NNMVO is close to Ni2+. Sim-
ilarly, XANES analysis of Mn in Figure 1f shows Mn K-edge spec-
tra more closely resembling MnO2, suggesting that the average
oxidation state of Mn in P3-NNMVO is approaching Mn4+. Ad-
ditionally, in the transmission electron microscope-electron en-
ergy loss spectroscopy (TEM-EELS) analysis, Mn-L3 and L2 peaks
of P3-NNMVO appeared at ≈642.31 eV and ≈653.17 eV, respec-
tively, and the ratio of Mn-L3 peak area to L2 peak area (AL3/AL2)
were ≈2.27, indicating Mn4+ oxidation state (Figure S3, Support-
ing Information).[28,29]

2.2. Electrochemical Performance of P3-NNMVO with Stable
Oxygen Redox

Figures 2a and S4 (Supporting Information) show voltage-
capacity profiles of P3-NNMVO measured at the various dis-
charge current densities with constant charge current density of
26 mA g−1 in the voltage range of 2.2-4.5 V (vs Na+/Na).[30–32] At a
current density of 26 mA g−1, its initial charge capacity of ≈134.79
mAh g−1 indicates ≈0.53 mol Na+ deintercalation during initial
charge via both redox reactions of Ni cations and O anions. Since
0.1 mol of Ni2+ ions of P3-NNMVO participate in Ni2+/4+ redox
reaction, the cationic redox can contribute to the de/intercalation
of 0.2 mol of Na+, corresponding to ≈50.9 mAh g−1 of capacity.
Moreover, as shown in Figure S5 (Supporting Information), it
was observed that the slope of the charge curve changes signif-
icantly after the capacity of ≈50.9 mAh g−1, which implies that
the OR reaction in P3-NNMVO has occurred after the Ni2+/4+ re-
dox reaction. The discharge capacity of P3-NNMVO at 26 mA g−1

was ≈140.95 mAh g−1, indicating the intercalation of ≈0.55 mol
of Na+ ions, with contributions from cationic and anionic redox
reactions of ≈0.2 mol and ≈0.35 mol, respectively.

Even at the high current density of 650 mA g−1, the discharge
capacity was retained to ≈122.06 mAh g−1, which maintains
≈79.02% of the OR-induced capacity and ≈86.59% of the total
discharge capacity at 26 mA g−1. These results indicate enhanced
power-capability of OR-based P3-NNMVO. Particularly, it was
also revealed that the average discharge voltage of OR-based P3-
NNMVO was stably retained from ≈3.54 V (vs Na+/Na) at 26 mA
g−1 without severe overpotential even as the current density in-
creased. As shown in Figure S6 (Supporting Information), the
gap of average voltage between the discharge curves measured at
26 and 650 mA g−1 was just ≈0.32 V even during occurrence of
OR reaction, which is clearly distinct from the reported OR-based

cathode materials for SIBs that are suffered from the severely en-
larged overpotential during discharging at particularly high cur-
rent densities.[33,34] In the Ragone plot (Figure 2b), it was also ver-
ified that P3-NNMVO exhibited the enhanced power-capability
compared to the previously reported OR-based P3-type cathode
materials.[35–37]

To demonstrate the contribution of vacancy to high power-
capability of P3-NNMVO, we prepared P3-Na0.56[Ni0.1Mn0.9]O2
(P3-NNMO) in the same synthesis process. P3-NNMO, unlike
other Ni-Mn oxide layered cathodes where OR occurs,[38–40] ex-
hibits limited attributes for oxygen redox because it contains only
0.1 mol% of Ni. This low Ni content reduced the effect of the
reductive coupling effect of Ni-O as minimal, and if all the 3d
TM ions, such as Ni and Mn, are oxidized to +4 for OR reac-
tion occur, all the Na+ ions within the structure must be ex-
tracted. Therefore, by comparing P3-NNMVO with P3-NNMO,
which does not exhibit oxygen redox, we can effectively demon-
strate that P3-NNMVO overcomes the slow kinetics of oxygen
redox and improves power-capability through vacancies. Using
nudged elastic band (NEB) calculation, we investigated Na+ dif-
fusion motion and compared required activation barrier energies
in P3-Na0[Ni0.1Mn0.81□0.09]O2 and P3-Na0[Ni0.1Mn0.9]O2, accord-
ing to the presence of vacancies in the TM layer at the deeply
desodiated condition. Figure 2c–d shows the Na+ diffusion path-
ways of each material, which are between the Mn layer and Mn-
Ni-Vacancy layer in P3-NNMVO, and the Mn layer and Mn-Ni
layer in P3-NNMO. It was clearly revealed that the required bar-
rier energy for Na+ diffusion was lower in P3-NNMVO (≈127.08
meV) than in P3-NNMO (≈377.06 meV). That is, by enhancing
charge transfer, vacancies significantly increased the OR kinetics
of P3-NNMVO higher than P3-NNMO which has no OR reaction.
Furthermore, we proposed that the vacancies are also able to en-
hance capacity retention of P3-NNMVO during cycling by com-
paring the cycle-performance of P3-NNMVO and P3-NNMO. As
shown in Figure 2e, the discharge capacity of P3-NNMVO was
maintained to ≈80.80% of the initial capacity after 100 cycles
at 260 mA g−1 which is better than 77.71% of P3-NNMO even
with the higher initial capacity of P3-NNMVO (≈120.78 mAh
g−1) than P3-NNMO (≈99.37 mAh g−1). Despite potential issues
such as electrolyte side reactions and surface degradation dur-
ing charging to a high voltage of 4.5 V,[41] P3-NNMVO exhibits
improved cyclability compared to other OR-based P3-type SIB
cathodes.[34,42,43] Moreover, the initial average discharge voltage
was ≈3.320 V (vs Na+/Na) and it was retained to ≈3.317 V af-
ter 100 cycles (Figure 2f), which indicates the voltage decay af-
ter 100 cycles involving OR reaction was only about 2.81 mV.
Furthermore, even at higher current density of 650 mA g−1, P3-
NNMVO exhibits enhanced cycle-performance (Figure S7, Sup-
porting Information). The discharge capacity of P3-NNMVO was
maintained to ∼79.04% of the initial capacity even after 200 cy-
cles at 650 mA g−1 which is better than ≈48.82% of P3-NNMO
with the higher initial capacity of P3-NNMVO (≈106.02 mAh g−1)
than P3-NNMO (≈84.33 mAh g−1). Furthermore, the average dis-
charge voltage after 200 cycles at 650 mA g−1 for the P3-NNMVO
is ≈3.265 V, which is only ≈5 mV different from the initial aver-
age discharge voltage of ≈3.270 V (Figure S8, Supporting Infor-
mation). The negligible voltage decay with reduced overpoten-
tial of P3-NNMVO during prolonged cycling was also clearly ver-
ified in the differential capacity versus voltage (dQ/dV) analyses,
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Figure 2. Electrochemical performance of P3-Na0.56[Ni0.1Mn0.81□0.09]O2: a) Charge/discharge profile of P3-Na0.56[Ni0.1Mn0.81□0.09]O2 in the
voltage range of 2.2–4.5 V (vs Na+/Na) at various discharge current densities and a charge current density of 26 mA g−1. b) Comparison of energy
and power densities among P3-Na0.56[Ni0.1Mn0.81□0.09]O2 and other reported Mn-based P3-type layered oxide cathodes for SIBs. c) Predicted Na+
diffusion pathway in P3-Na0.56[Ni0.1Mn0.81□0.09]O2 and P3-Na0.56[Ni0.1Mn0.9]O2 and d) predicted activation barrier energy for Na+ diffusion. e)
Cycle performance of P3-Na0.56[Ni0.1Mn0.81□0.09]O2 and P3-Na0.56[Ni0.1Mn0.9]O2 in the 2.2–4.5 V(vs Na+/Na) voltage range during 100 cycles at
260 mA g−1. f) Average discharge voltages, and g) dQ/dV profiles of P3-Na0.56[Ni0.1Mn0.81□0.09]O2 during 100 cycles at 260 mA g−1 (in the voltage
of 2.2–4.5 V).

contrast to P3-NNMO (Figures 2g and S9, Supporting Infor-
mation). In the case of P3-NNMVO, the dQ/dV peaks, includ-
ing those near 4 V corresponding to the oxygen redox reac-
tion, retained their original shapes and positions relatively well
even after 200 cycles. However, for P3-NNMO, most of the

dQ/dV peaks observed in the initial cycle underwent the se-
vere shift and lost most of their original shape after 200 cycles.
These results indicate that cycle-performance of P3-NNMVO is
highly enhanced by the introduction of vacancies in the TM
layers. It has been reported that the structure distortion, large

Adv. Energy Mater. 2024, 14, 2402412 © 2024 Wiley-VCH GmbH2402412 (5 of 13)
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Figure 3. a) Operando XRD pattern of P3-Na0.56[Ni0.1Mn0.81□0.09]O2 during charge/discharge. The 2𝜃 angles of collected operando XRD patterns were
converted to angles corresponding to 𝜆 = 1.54178 Å (the wavelength of a conventional X-ray tube source with Cu K𝛼) for easy comparison with other
studies. b) Charge/discharge curves and magnified view of (003) planes using results of operando XRD of P3-Na0.56[Ni0.1Mn0.81□0.09]O2. c) Change in
a, and d) c lattice parameter as a function of Na contents in P3-Nax[Ni0.1Mn0.81□0.09]O2 (0.03 ≤ x ≤ 0.58), verified using Rietveld refinement.

volume change, and the phase transition disturb Na+ ion mi-
gration and sluggish kinetic processes lead to significant over-
potential and voltage fade.[24,44] Furthermore, OR reaction can
make structural degradation worse and accelerate the voltage de-
cay during cycling.[45–47] It implies that suppressing the structural
changes during cycling is crucial to improve electrochemical per-
formance, especially for OR-based cathodes. In Figures S10, S11
(Supporting Information), it was revealed that the crystal struc-
ture and morphology of P3-NNMVO were well retained even af-
ter 100 cycles, and we supposed that due to the role of vacancies
as a buffer for volume changes, P3-NNMVO exhibits high struc-
tural stability and can prevent the overpotential and voltage drop
successfully even after OR.[48,49]

2.3. Enhanced Structural Durability of P3-NNMVO via Vacancies
in the TM Layers

We substantiated the presence of vacancies in the TM layer of P3-
NNMVO through structural, compositional, and electrochemi-
cal analyses. To confirm effect of vacancies in the TM layer for
the structural stabilization, we conducted operando XRD analy-
sis of P3-NNMVO and P3-NNMO during charge/discharge in the
voltage window of 2.2–4.5 V (vs Na+/Na). The complete operando
XRD patterns are provided in Figures S12 and S13 (Supporting
Information).[50] As shown in Figure 3a,b, it was verified that the
XRD peaks corresponding to (003) plane exhibit monotonic vari-

ations in position and intensity during charge/discharge, with-
out the remarkable behavior of the phase transition. During the
initial charging stage, a shift in the direction of lower angles
was observed in the (003) peak, indicating an expansion of the
interlayer distance in the c-axis direction. The initial c-axis ex-
pansion during charging is attributed to the partial extraction
of Na+ ions, leading and enhancing the electrostatic repulsion
between O2− ions.[51,52] As charging progresses, the number of
Na+ ions, which was initially 0.56 mol in the pristine state, de-
creases to 0.03 mol after charging to 4.5 V. During the charg-
ing step in a high-voltage regime, the (003) peak shifts in the
direction of higher angles due to the partial reduction in in-
terlayer spacing caused by pronounced Na+ ion extraction. Par-
ticularly, during the charging process to 4.5 V accompanied by
the OR reaction, the (003) peak remains consistent, and new
XRD peak corresponding to the O3(II)-type phase was negligi-
bly observed. For quantification and comparison on the P3-O3(II)
phase transition in P3-NNMVO and P3-NNMO, we analyzed the
fraction of O3(II) phase on the full-charged XRD patterns based
on the operando XRD analyses by contrasting the intensity ra-
tio of (003)O3(II)/(003)P3 (Figure S14, Supporting Information). It
was verified that the fraction of O3(II) phase in the 4.5 V-charged
XRD patterns of P3-NNMVO was just less than 0.1%, which im-
plies that the P3-O3(II) phase transition in P3-NNMVO is neg-
ligible. In contrast, in the case of P3-NNMO, the peak intensity
of (003)P3 was highly decreased and the new peak at ≈18.5° (2𝜃),
indicating formation of O3(II) phase, was observed. The fraction
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of the O3(II) phase in the 4.5 V-charged P3-NNMO is ≈20.19%,
which is clearly distinct from the results on the 4.5 V-charged
P3-NNMVO with vacancies in TM layers.

In most cases of P3-typed layered oxide cathodes, such as P3-
NNMO, it was known the electrochemical instability leads to in-
ternal distortions that the lattice cannot withstand, causing the
TM layers to glide due to electrostatic and cohesive forces.[35,53] As
a result, the interlayer distance decreases, leading to disappear-
ance of the original (003) peak of the P3 phase and emergence
of the (003) peak of O3(II) phase at a higher angle. However,
in the case of P3-NNMVO, the vacancies in the TM layers serve
as the buffer against internal distortions, inhibiting gliding and
preventing the transition to P3-O3(II) phase. Moreover, the (101)
XRD peak continuously shifted during charge/discharge without
formation of a new XRD peak.

To investigate the structural changes occurred during
charge/discharge in detail, we investigated the changes on
lattice parameters of P3-NNMVO during charge/discharge
through Rietveld refinement on the operando XRD patterns.
As shown in Figure 3c,d, during the charging process to 4.5 V
accompanied by the OR reaction, the variation in the a- and c- lat-
tice parameters were just ≈1.0% decrease and ≈1.7% decrease,
respectively. These changes are smaller than those observed
in P3-type layered cathodes undergoing the known P3-O3(II)
phase transition. Furthermore, the a- and c- lattice parameters
were almost restored to the original states during subsequent
discharging to 2.2 V. The total changes of a- and c- lattice pa-
rameters during charge/discharge were just ≈1.4% and ≈1.7%,
respectively. Whereas the original P3-type phase of P3-NNMVO
was well retained during charge/discharge, it was observed that
P3-NNMO experiences large structural changes resulting in the
phase transition of P3-O3(II) (Figure S15, Supporting Informa-
tion). After charging to 4.5 V (vs Na+/Na), the peak intensity
corresponding to the (003) plane was highly decreased and the
new peak at ≈18.5° (2𝜃), indicating formation of O3(II) phase,
was clearly observed,[35] which is different from P3-NNMVO
with the negligible phase transition. These results indicate that
the vacancies in the TM layer of P3-NNMVO successfully play a
role as the buffer to prevent the severe structural change during
charge/discharge containing the OR reaction.

In addition, the first-principles calculation was performed
to confirm the enhanced structural stability in P3-NNMVO
via the vacancies in the TM layer in detail. As shown in
Figure 4a,b, we conducted a comparison of the theoreti-
cal changes in the local environments of MnO6 octahedra
between P3-Nax[Ni0.1Mn0.81□0.09]O2 (P3-NaxNMVO) and P3-
Nax[Ni0.1Mn0.9]O2 (P3-NaxNMO) during Na+ de/intercalation. It
was verified that Mn-O bonding in P3-NaxNMVO was more
stably retained during 0.67 mol Na+ de/intercalation than that
in P3-NaxNMO, although OR is occurred in P3-NaxNMVO un-
like P3-NaxNMO. Interestingly, it was verified that with sup-
pressed local environmental changes of MnO6, the vacancy size
was also changed during Na+ de/intercalation. We also predicted
the change of the vacancy area in three compositions of P3-
NaxNMVO (x = 0.67, 0.33 and 0). The area of the vacancy was de-
termined by the area of a triangle, calculated with three surround-
ing oxygen atoms as reference points. As shown in Figure 4c, it
was verified that the area of vacancy was changed depending on
the Na contents in the P3-NaxNMVO structure, implying that the

vacancies in the TM layers can act as a buffer to suppress the
large structural change occurring during Na+ de/intercalation.
Additionally, we investigated the structure when the Na content
in P3-NaxNMVO exceeds its pristine state, which can occur dur-
ing discharging. As depicted in Figure S16 (Supporting Informa-
tion), the theoretical model of P3-Na0.67NMVO was slightly tilted
compared to the ideal P3-layered structure but still maintained
the P3-layered structure.[54] In particular, the theoretical model
of P3-Na0.67NMVO was well matched with ex situ XRD results
of the P3-Na0.67NMVO via discharging to ≈2.09 V (vs Na+/Na)
(Figure S17, Supporting Information). Therefore, we were able to
determine that the P3-layered structure was well preserved dur-
ing not only the discharge process but also the charge process.

2.4. OR-Based Reaction Mechanism of P3-NNMVO

We compared pDOS when x = 0.33, 0 to confirm the redox
mechanism in the deeply desodiated area (Figure S18, Support-
ing Information). In the case of P3-Na0.33NMVO, it was verified
that the electron density of O 2p orbital near Fermi level (EF) is
larger than those of Ni and Mn 3d (TM 3d) orbitals, which im-
plies that the electrons for further Na+ deintercalation from P3-
Na0.33NMVO can be provided by O 2p orbital rather than TM 3d
orbitals. Particularly, in the hole densities of P3-Na0NMVO near
EF, the O 2p orbital has larger DOS intensity than TM 3d or-
bitals, indicating the Na+ deintercalation from P3-Na0.33NMVO
to P3-Na0NMVO can be occurred through oxygen redox reac-
tion. On the other hand, in the case of P3-Na0.33NMO with no
vacancies, the electron density of O 2p and TM 3d orbitals near
EF are similar with each other. Moreover, after all Na+ deinter-
calated from P3-Na0.33NMO, the hole density of Ni 3d orbital
near EF is larger than that of O 2p orbital, which mean that the
Na+ deintercalation from P3-Na0.33NMO to P3-Na0NMO are ma-
jorly determined by the redox reaction of Ni ions rather than
oxygen redox reaction. Also, considering the band gap in P3-
Na0NMVO was 0.91 eV narrower than in P3-Na0NMO, we could
expect much easier electronic conduction in P3-NaxNMVO than
in P3-NaxNMO, in the high-voltage region where the oxygen re-
dox reaction occurs.[11] Moreover, using DFT calculation, it was
also clearly revealed that the activation barrier energy for Na+ dif-
fusion can be lowered through introduction of vacancies in TM
layers (Figure 2c,d). When the crystal structures of the cathode
materials are transformed into different phases or the structure
distortion increases, Na+ ions are getting difficult to migrate and
sluggish kinetic processes lead to extreme polarization and large
voltage hysteresis.[24,44] In operando XRD results (Figure 3), it was
verified that P3-NNMVO with just exhibits the small changes
of the lattice parameters and negligible phase transition during
charge/discharge. It implies that the voltage hysteresis can be im-
proved by suppressing phase transition and restraining internal
structural deformation during charge/discharge, due to introduc-
tion of vacancies in the TM layers. These results indicate the en-
hanced ionic and electronic conductivity of P3-NNMVO through
introduction of vacancies in TM layers, enabling significant im-
provement in voltage hysteresis even during fast-discharging
process.

To clarify the redox reaction of O anions neighboring the va-
cancy, we visualized variation in the electron and hole densities
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Figure 4. Comparison of predicted Mn─O bond distance of MnO6 octahedra between a). P3-Nax[Ni0.1Mn0.81□0.09]O2 and b) P3-Nax[Ni0.1Mn0.9]O2 (x
= 0.67, and 0). c) Vacancy size prediction of P3-Nax[Ni0.1Mn0.81□0.09]O2 (x = 0.67, 0.33, and 0).

near EF of the P3-NaxNMVO from the DOS results. The yellow
region corresponds to the electron orbitals, and the blue region
corresponds to the hole orbitals (Figure 5a). As the Na contents in
the structure was decreased from 0.33 mol to 0 mol, a significant
increase in the pDOS of O 2p orbital was observed at near EF com-
pared to those of other TM 3d orbital. It implies that OR is more
dominant than TM-based cationic redox during Na+ deintercala-

tion between P3-Na0.33NMVO and P3-Na0NMVO. To clarify the
redox reaction of O anions neighboring the vacancy, we visual-
ized variation in the electron and hole densities near EF along
the c-axis direction. As shown in Figure 5b, the electron densi-
ties of O 2p orbital in P3-Na0.33NMVO was changed to the hole
density during Na+ deintercalation in stages, indicating occur-
rence of OR in P3-NNMVO during charge/discharge. The redox
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Figure 5. a) pDOS of Ni-d, Mn-d, and O-p orbitals in P3-Nax[Ni0.1Mn0.81□0.09]O2 (x = 0.33, and 0). b) Visualized pDOS of electron/hole density in
P3-Nax[Ni0.1Mn0.81□0.09]O2 (x = 0.33, and 0). c) O K-edge sXAS spectra and d) Difference spectra on O K-edge of P3-Na0.56[Ni0.1Mn0.81□0.09]O2. e) Ni
K-edge XANES spectra and f) Mn K-edge XANES spectra during charge/discharge.
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reactions of TM cations and O in P3-NNMVO were also con-
firmed through the prediction on the integrated spin moments
of each element. As shown in Figure S19a (Supporting Infor-
mation), the magnetic moment (μ𝛽 ) of Mn cation remained rela-
tively constant during Na+ deintercalation from P3-Na0.5NMVO
and P3-Na0NMVO, indicating that Mn cation does not partici-
pate in the redox reaction during Na+ deintercalation from P3-
Na0.5NMVO and P3-Na0NMVO. On the other hand, in the case
of O anion (Figure S19b, Supporting Information), the μ𝛽 was
maintained during Na+ deintercalation from 0.5 mol to 0.33 mol
and then, it was changed after further Na+ deintercalation from
0.33 mol to 0 mol. These calculation results imply that OR has
occurred in P3-NNMVO during Na+ de/intercalation. Based on
these results, we could expect that the formation of the Na-O-□
configuration within P3-NaxNMVO would result in the O 2p non-
bonding orbital at a high energy level near the EF, and thus the
oxygen redox reaction would be more easily induced.[55,56]

To confirm the occurrence of the OR reaction (O2−/On− (n<2))
in P3-NNMVO, we conducted ex-situ O K-edge soft X-ray ab-
sorption spectroscopy (sXAS) analyses with the total fluorescence
yield (TFY) mode. In Figure 5c, the pre-edge peaks of the O K-
edge indicate the unoccupied O 2p orbital hybridized with the TM
3d orbital (TM3d-O2p), which are distinguished by peaks at ≈529
and ≈531.3 eV, each corresponding to the hybridization with the
t2g and eg orbitals of TM cations. The strong hybridization be-
tween the O 2p orbital and the TM 3d orbital, which facilitates
electrons to easily jump from the O 2p orbital to the transition
metal 3d orbital, can promote oxygen ions to participate in redox
reactions and makes the hole states in TM3d-O2p hybridized or-
bital, leading to an increase in the intensities of the peaks at ≈529
and ≈531.3 eV.[57,58] Figure S20 (Supporting Information) indi-
cates the variations of the pre-edge integrated intensity during
the charge/discharge of P3-NNMVO and significantly increased
intensity at charge state than pristine implies the oxygen ions par-
ticipate in redox reactions. Furthermore, the increase in inten-
sity at ≈530.4 eV was reported to be attributed to oxidized oxy-
gen ions.[59,60] As shown in Figure 5d, the increase in intensity at
≈530.4 eV during charging up to 4.5 V provides evidence for the
occurrence of OR in P3-NNMVO.[61,62] Additionally, the peak at
≈533 eV is considered to be associated with carbonate functional
groups resulting from electrolyte side reactions occurring at the
surface.[63,64] To demonstrate the reversibility of the OR caused by
vacancies in P3-NNMVO, an operando differential electrochem-
ical mass spectrometry (DEMS) analysis was performed to deter-
mine the oxygen evolution during the initial cycle. (Figure S21,
Supporting Information). The operando DEMS analysis showed
that there is no O2 gas releasing from the P3-NNMVO even dur-
ing charging to 4.5 V (vs Na+/Na), which indicates the stabiliza-
tion and enhanced reversibility of oxygen redox reaction in P3-
NNMVO via introduction of vacancies in the TM layers.

The cationic redox reactions of Mn and Ni cations in P3-
NNMVO were investigated using ex situ X-ray absorption near-
edge structure (XANES) analyses. Figure 5e shows the Ni K-
edge was shifted toward higher energy level during charging to
4.0 V, indicating oxidation of Ni2+ cations.[65] When subsequently
charged to 4.5 V, the shape of the Ni spectrum is slightly changed.
This phenomenon is attributed to the oxidation of oxygen ions
near Ni, and it can also be an indicator that oxygen participated
in the redox reaction.[43] Upon discharging to 2.2 V, the Ni K-

edge was re-shifted to lower energy level similar to the pristine
state (Ni2+). In the case of Mn cations in P3-NNMVO, the K-edge
was negligibly shifted during charging to 4.5 V and the shape
was changed, indicating both retention of Mn4+ oxidation state
during charge and occurrence of OR (Figure 5f). And, upon dis-
charging, the Mn K-edge was slightly shifted toward lower en-
ergy level, indicating a few Mn4+ cations are reduced to Mn3+.
Additionally, in the TEM-EELS analysis, the ratio of Mn-L3 peak
area to L2 peak area (AL3/AL2) were ≈2.27 and 2.37 respectively
in pristine state and charged state, indicating Mn4+ oxidation
state for both of them (Figure S22, Supporting Information).[28]

The extended x-ray absorption fine structure (EXAFS) analysis re-
veals the elongation/shrinkage of Ni─O bonds[76] (D. C. Konings-
berger, 1988) (Figure S23, Supporting Information), enabling the
observation of local structural changes in P3-NNMVO during
charge/discharge. During the charging process, the Ni-O bond-
ing distance decreases from 1.50 to 1.45 Å due to the oxidation of
Ni2+. After discharge, the distance almost returns to its pristine
state, and the peak shapes in the EXAFS spectra also remain con-
sistent throughout the charge/discharge. Moreover, in the case
of Mn-O bonding interaction, it was reversibly changed during
charge/discharge, because of local structural change by redox re-
action of Ni and O ions, while the peak at ≈0.37 Å was generated
by data fitting process[66] and does not represent any significant
information about the structure.[67] After discharging, the M─O
bonding intercalation was almost recovered to the pristine state
(Figure S24, Supporting Information).

These results indicate that P3-NNMVO undergoes reversible
structural changes during charge/discharge accompanied by the
OR reaction, which is well matched with the operando XRD and
calculation results.

3. Conclusion

The enhanced cyclability of P3-NNMVO is attributed to the
small structural change during charge/discharge. Through the
detailed structural analyses, we confirmed that vacancies in the
TM layer can successfully suppress the large structural change
during charge/discharge accompanied by the OR reaction. First-
principles calculations also suggest a mechanism by which va-
cancies can act as a buffer against internal distortions during the
charge/discharge process, thereby improving structural stability.
It was clearly demonstrated the presence and amount of vacan-
cies introduced into the TM layer of the P3-type layered struc-
ture SIB cathode, and propose a mechanism for its performance
enhancement. In particular, our research moves beyond simply
stabilizing the OR reaction through the introduction of vacan-
cies. Our approach involves introducing a combination of Ni-Mn-
Vacancy in the TM layers, which significantly enhances not only
the stabilization of the OR reaction but also improves the slow
kinetics of the OR reaction. This enables us to minimize over-
potential during the fast-discharging process, achieve the high
energy density, and attain outstanding power capability. These as-
pects clearly differentiate our work from previous studies. We be-
lieve that our research presents the easy way to enhance the poor
fast-discharging performance and cyclability of OR-based cath-
ode materials for high-energy and high-power Na-ion batteries.
The discharge capacity and the average discharge voltage of P3-
NNMVO, which were ≈140.95 mAh g−1 and ≈3.54 V (vs Na+/Na)
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at 26 mA g−1, respectively, were retained to ≈122.06 mAh g−1 and
≈3.22 V at 650 mA g−1. Notably, the gap between the average volt-
ages measured at 26 and 650 mA g−1 was just 0.32 V, indicating
the facile kinetics of OR in P3-NNMVO. Moreover, for 100 cycles
at 260 mA g−1, the discharge capacity of P3-NNMVO was main-
tained to ≈80.80% of the initial capacity, with the high Coulom-
bic efficiency (>99%), surpassing the cycle-performance of P3-
NNMO with no vacancy in the TM layer. In the case of operando
XRD analyses, it was revealed that the XRD peaks of P3-NNMVO
are monotonously changed during charge/discharge with sup-
pression of undesirable P3-O3(II) phase transition, and the vari-
ation of the a-, c-lattice parameters were just ≈1.4% and ≈1.7%,
respectively. Furthermore, first-principles calculation and EXAFS
results indicate P3-NNMVO experience small and reversible lo-
cal structural change with suppressed distortion of TMO6 octa-
hedra during Na+ de/intercalation. We believe that our research
presents the easy way to enhance the poor fast-discharging per-
formance and cyclability of OR-based cathode materials for high-
energy and high-power Na-ion batteries.

4. Experimental Section
Synthesis of P3-Na0.56(Ni0.1Mn0.81□0.09)O2: P3-

Na0.56(Ni0.1Mn0.81□0.09)O2 compound was synthesized through
the conventional solid-state method. NaNO3 (Daejung, 99.0%),
Ni(NO3)2∙6H2O (Alfa, 99%), and MnCO3 (Alfa, 99.9%) were used
as precursors and excess NaNO3 was added to compensate for the loss
of Na at high temperatures. The total weigh of 10 g of the precursors,
100 ml of ethanol (Samchun, 99%), and 25 zirconia ball (Ø 10 mm) was
sealed in a nalgene low density polyethylene (LDPE) bottle, and they were
mixed uniformly using ball-milling machine (Wisd, BML-2) at 250 rpm for
12 h. After mixing, the obtained mixture was dried at 120 °C in the forced
conventional oven (JEIO TECH, OF 11E) for 12 h. The dried mixture was
pelletized under 300 bar and calcined at 590 °C (5 °C min−1 of heating
rates) for 12 h under 0.3 L mi−1n flow of O2 gas and then slowly cooled
down to 200 °C in the same O2 condition without limiting the cooling
rate. After cooling, the powder was immediately moved to the Ar-filled
glovebox to avoid the moisture contact in the air condition.

X-ray Diffraction: The crystal structure of P3-
Na0.56(Ni0.1Mn0.81□0.09)O2 was analyzed using X-ray diffraction (XRD,
PANalytical Empyrean) with Mo K𝛼 radiation (𝜆 = 0.70932 Å) in the 2𝜃
range of 4.61°−34.32° with a step size of 0.01°. Then, the angles of the
XRD patterns were converted with Cu K𝛼 radiation (𝜆 = 1.54178 Å) for
easy comparison with other studies. Rietveld refinement was conducted
using the FullProf software based on the obtained XRD data. Operando
XRD (o-XRD) patterns of P3-Na0.56(Ni0.1Mn0.81□0.09)O2 were obtained
during charge/discharge at a current density of 26 mA g−1 within the
voltage range of 2.2–4.5 V (vs Na+/ Na).

Neutron Diffraction: The crystal structure of P3-
Na0.56(Ni0.1Mn0.81□0.09)O2 was also analyzed using Neutron diffraction
conducted from the HANARO facility at the Korea Atomic Energy Re-
search Institute (KAERI). The 2 h range was 0°–160° with a step size of
0.05°, and the neutron wavelength was 1.83458 Å.

Inductively Coupled Plasma-Atomic Emission Spectroscopy: The atomic
ratios of Na, Ni, and Mn were determined using an inductively coupled
plasma emission spectrometer (ICP-AES; OPTIMA 8300, Perkin-Elmer)
at the National Center for Inter-University Research Facilities (NCIRF) at
Seoul National University.

Scanning Electron Microscopy: To investigate the particle morphol-
ogy and microstructure of P3-Na0.56(Ni0.1Mn0.81□0.09)O2, field-emission
scanning electron microscopy (FE-SEM; Gemini SEM 560, ZEISS) was
performed at the National Center for Inter-University Research Facilities
(NCIRF) at Seoul National University.

Transmission Electron Microscopy-Energy-Dispersive X-ray Spectroscopy:
To determine atomic ratios and particle morphology, Transmission elec-

tron microscopy-energy-dispersive X-ray spectroscopy (TEM-EDS; T 1071,
Elite) and Transmission electron microscopy (TEM; ARM 200F, LEM) was
performed at the Cooperative Center for Research Facilities (CCRF) at
Sungkyunkwan University.

Scanning Transmission Electron Microscopy-High-Angle Annular Dark
Field: The presence of vacancies in P3-Na0.56(Ni0.1Mn0.81□0.09)O2 was
confirmed using scanning transmission electron microscopy- high-angle
annular dark field (STEM-HAADF) analysis at the Korea Institute of Sci-
ence and Technology (KIST).

High-Resolution Transmission Electron Microscopy-Electron Energy Loss
Spectra: The valence states of Mn in the P3-Na0.56(Ni0.1Mn0.81□0.09)O2
were determined using high-resolution transmission electron microscopy
(HR-TEM; FEI TITAN 80–300) at the Korea Institute of Science and Tech-
nology (KIST). Electron energy loss spectra (EELS) were collected using a
Gatan Quantum 966 spectrometer.

X-ray Absorption Spectroscopy: The valence states of Ni and Mn in the
P3-Na0.56(Ni0.1Mn0.81□0.09)O2 were determined using ex situ X-ray ab-
sorption spectroscopy (XAS) spectra at the 7D beamlines at the Pohang
Accelerator Laboratory (PAL); Cu and Mn metal foils were used as refer-
ence spectra. The Ni and Mn K-edge spectra were collected in transmis-
sion mode with an electron energy of 2.5 GeV and 200 mA of the current
condition. The normalized XAS spectra were calibrated using linear regres-
sion to fit the pre-edge region and a quadratic polynomial to the post-edge
region in the Athena program, using each metal foil spectrum. To confirm
the valence states of O, the total fluorescence yield (TFY) mode was mea-
sured using soft X-ray absorption spectroscopy (sXAS) spectra with high-
energy grating (HEG) at the 4D PES beamline at PAL with a 525–560-eV
photon range.

Differential Electron Mass Spectrometry: The quantities of O2 gas pro-
duced throughout the electrochemical examination was identified using
differential electron mass spectrometry (DEMS; Hiden Analytical, UK).
Coin cells featuring an aperture in the casing were utilized for the DEMS
test and placed inside the DEMS cell to facilitate the inflow and outflow of
gases. The cell was connected to the DEMS analysis line, which consisted
of an argon (Ar) carrier gas, a mass flow controller, an inlet/outlet gas line
for cell connection, and a mass spectrometer. Ar gas (99.999% purity) was
employed as the carrier gas, and the gas flow rate was adjusted to 2.5 mL
min−1. The internal area of the cell was purged with Ar gas to eliminate
any residual impurities. Following the purging process, the cell underwent
charging/discharging at a current density of 26 mA g−1 within the voltage
range of 2.2–4.5 V (vs Na+/Na).

Electrochemical Characterization: An P3-Na0.56(Ni0.1Mn0.81□0.09)O2
electrode was generated from a slurry of 80 wt% active material, 10 wt%
Super P as the conducting carbon, and 10 wt% poly(vinylidene fluoride)
(PVDF) as a binder in N-methyl-2-pyrrolidone (NMP). The mixed slurry
was applied onto Al foil and dried at 100 °C for 12 h in a vacuum oven.
The dried electrode was electrochemically tested using CR2032-type coin
cells assembled as half-cells, using Na metal as a reference/counter elec-
trode, a separator (GF/F glass fiber filter), and an electrolyte (1 M NaPF6
in propylene carbonate (PC) and fluoroethylene carbonate (FEC) in a vol-
ume ratio of 98:2) in an Ar-filled glove box in the SIB system. Galvanostatic
charge/discharge tests were performed at various current densities (26,
39, 52, 130, 260, 390, 520, and 650 mA g−1) in the voltage range of 2.2–
4.5 V (vs Na+/Na) using a battery charge/discharge test system (WBCS
3000, WonATech). The electrochemical properties were evaluated by apply-
ing a current density of 26 mA g−1, which was similar with to the current
density of C/10 (1C = 254.4 mA g−1), as well as its multiples. In the case of
the Na-deficient layered-type SIB cathode like P3-NNMVO, more Na+ ions
can be inserted compared to the pristine state.[56] Therefore, the theoret-
ical capacity of P3-NNMVO was calculated by setting 1 mol Na content
that was the maximum possible intercalation amount in the P3-NNMVO
structure, instead of the 0.56 mol Na content in the pristine state. The
process for calculating the average voltage in this research was as follows:
First, the charge/discharge curves were integrated based on capacity (in
mAh g-1) versus voltage (in V) as specified to obtain the energy density
(in mWh g-1 (= Wh kg−1)). Then, the energy density was divided by the
capacity (in mAh g-1) to calculate the precise values of the average voltage
(in V). This method can provide the precise value of the average voltage.

Adv. Energy Mater. 2024, 14, 2402412 © 2024 Wiley-VCH GmbH2402412 (11 of 13)
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Computational Details: The density functional theory (DFT) calcu-
lations were conducted with the projector augmented wave (PAW)
method,[68] which was implemented in Vienna Ab initio Simula-
tion Package (VASP).[69] For the calculations, supercell shape of P3-
Nax[Ni0.1Mn0.81□0.09]O2 was 2×2×1 and the k-point grid was 6×6×3.
The DFT calculations of all Nax[Ni0.1Mn0.81□0.09]O2 compositions (x =
0, 0.167, 0.333, 0.5, 0.667, 0.833, 1) were conducted with maximum 10
configurations with the lowest electrostatic energies in each composition.
Those configurations were selected through the cluster expansion using
CASM[70] software and comparing Ewald summation. About detailed con-
ditions, the kinetic energy cut-off was set as 500 eV values to character-
ize the interaction between the ionic cores and the valence e−, and the
ionic relaxation loops were stopped when the norms of all the forces were
smaller than 0.03 eV. The exchange-correlation functional was treated us-
ing the Perdew-Burke Ernzerhof (PBE), which was one of the generalized
gradient approximation(GGA).[71] The localization of the d-orbital in Mn
and Ni ions were represented by GGA+U method with the effective U val-
ues of 3.9 eV and 6.0 eV, respectively.[72] The Heyd–Scuseria–Ernzerhof
(HSE06) functional was adopted to calculate projected density of states
(pDOS) of Mn, Ni and O ions.[73] Nudged elastic band (NEB) calculations
were performed to determine the activation barrier for Na+ diffusion us-
ing Na0[Ni0.1Mn0.81□0.09]O2 and Na0[Ni0.1Mn0.9]O2 structures each. For
NEB calculation, five intermediate images were generated between each
Na site.[74] After setting all Na location, each structures were calculated
using the NEB algorithm with fixed lattice parameters and free atomic
positions.[75]
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