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ABSTRACT

Although anionic-redox-based layered oxide materials have attracted great attention as promising cathodes for Na-ion batteries because of their
high practical capacities, they suffer from undesirable structural degradation, resulting in the poor electrochemical behavior. Moreover, the
occurrence of stable anionic-redox reaction without the use of expensive elements such as Li, Co, and Ni is considered one of the most impor-
tant issues for high-energy and low-cost Na-ion batteries. Herein, using first-principles calculation and various experimental techniques, we
investigate the combination of vacancy (�) and Ti4þ cations in the transition-metal sites to enable outstanding anionic-redox-based electro-
chemical performance in the Na-ion battery system. The presence of vacancies in the P2-type Na0.56[Ti0.1Mn0.76�0.14]O2 structure suppresses
the large structural change such as the P2–OP4 phase transition, and Ti4þ cations in the structure result in selectively oxidized oxygen ions with
structural stabilization during Naþ deintercalation in the high-voltage region. The high structural stability of P2-type Na0.56[Ti0.1Mn0.76�0.14]O2

enables not only the high specific capacity of 224.92 mAh g�1 at 13mA g�1 (1C¼ 264.1mA g�1) with an average potential of �2.62V (vs
Naþ/Na) but also excellent cycle performance with a capacity retention of �80.38% after 200 cycles at 52mAg�1 with high coulombic efficien-
cies above 99%. Although there are some issues such as low Na contents in the as-prepared state, these findings suggest potential strategies to
stabilize the anionic-redox reaction and structure in layered-oxide cathodes for high-energy and low-cost Na-ion batteries.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100108

I. INTRODUCTION

With the rise of environmental pollution problems stemming
from the use of fossil fuels, eco-friendly and sustainable energy genera-
tion and efficient energy storage are considered among the most
important issues in the world.1–3 Lithium-ion batteries (LIBs) have
been widely used as energy storage systems (ESSs) for not only small
electronic devices but also large-scale applications such as electric
vehicles because of their high energy density and excellent power capa-
bility.4–9 As this demand rapidly increases, however, the problem of

limited and concentrated Li sources is a major drawback restricting
further application of LIBs to grid-scale ESSs, despite their irreplace-
able merits.10

Na-ion batteries (NIBs) are considered potential alternatives to
LIBs for large-scale applications because of the earth-abundant Na
sources and the similar monovalent-ion-based reaction mechanism as
LIBs.11–14 Among the various cathode materials, such as layered
oxides, polyanionic compounds, and Prussian blue analogues, P2-type
Mn-based layered oxide materials (P2-NaxMnO2) have received great
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attention as promising candidates for NIBs because of their high gravi-
metric capacity and the economic feasibility based on the use of the
earth-abundant Mn element.15,16 Moreover, it has been reported that
the anionic-redox reaction of O2�/O� can occur in the P2-NaxMnO2

structure during Naþ de/intercalation through the substitution of Mn
cations for redox-inactive metals such as Mg, Zn, and Li.17–19

However, unlike Li-rich layered oxide cathodes based on reversible de/
intercalation of above 1mol Liþ, the theoretically available Naþ con-
tent in P2-NaxMnO2 is only 1mol regardless of the occurrence of the
anionic redox reaction, which is similar to those in other layered oxide
cathode materials based on the cationic redox reaction of transition-
metal (TM) ions. The use of Li as the redox-inactive metal for the
anionic redox reaction can result in an increase in the theoretical
gravimetric capacity of P2-NaxMnO2 by decreasing the molar mass
upon substitution of the heavy element Mn with the very light element
Li. However, the application of Li for the anionic-redox reaction is
accompanied by an increase in the production cost of NIBs.

Recently, it was reported that the O2�/O� redox reaction can
occur in the high-voltage region through the formation of vacancies
(�) in the TM layers of the NaxMnO2 structure.

20–22 Simply lowering
the Mn content by introducing vacancies can result in an increase in
the theoretical gravimetric capacity and energy density of the anionic-
redox-based P2-NaxMnO2 cathode. Furthermore, it was reported that
the phase transition from P2 to OP4 phase could be occurred since the
prismatic sites become thermodynamically unstable after most of Naþ

are deintercalated from the crystal structure of P2-type layered
oxides.23 Since the anionic redox reaction in P2-type layered oxide is
occurred at the high state of charge after oxidation to Mn4þ and the
corresponding Naþ deintercalation, the common anionic-redox-based
P2-type layered oxide cathodes experience P2-OP4 phase transition
during charging to high voltage region.24–26 With occurrence of P2-
OP4 phase transition, the existing P2 (002) peak was disappeared, and
the new OP4 (004) peak was observed at the high 2h value. However,
it was reported that the existence of vacancies in the TM site can pro-
vide the buffer to suppress the local structural distortion by formation
of oxidized oxygen anions during charge/discharge.27,28 Thus, the P2-
type layered oxide with vacancies in the TM site does not undergo
large structural change such as P2-OP4 phase transition,22,29,30 which
is considered one of the important merits of vacancy-containing mate-
rial, enabling more stable cycle performance during prolonged cycling.
However, the anionic redox reaction accompanies the undesirable
structural deformation through the formation of oxidized oxygen
anions and the sluggish kinetics during charge/discharge, resulting in
poor electrochemical behaviors of the cathode materials with high the-
oretical capacities.31,32 Thus, enhancement of the structural stability of
anionic-redox-based cathode materials is necessary to achieve out-
standing cycle performance and power capability with large practical
capacity and energy density.

In this study, we demonstrated that the combination of vacancies
and Ti4þ cations in the (TM) layers of P2-Nax[Mn1�y�y]O2 enables
not only a large available capacity based on the remarkably stable
O2�/O� redox reaction but also excellent electrochemical properties
via high structural stability. Through combined first-principles calcula-
tion and various experiment techniques, including ex situ/operando x-
ray diffraction (XRD), x-ray absorption near edge structure (XANES)
spectroscopy, extended x-ray absorption fine structure (EXAFS) spec-
troscopy, and soft x-ray absorption spectroscopy (sXAS), it was

revealed that Ti4þ cations with fixed oxidation state during charge/
discharge can play a critical role as a structural stabilizer, resulting
in selectively oxidized oxygen anions and stable electrochemical
behavior. At a current density of 13mA g�1 (1C¼ 264.1mAg�1), P2-
Na0.56[Ti0.1Mn0.76�0.14]O2 (P2-NTMVO) delivered a large specific
capacity of �224.92 mAhg�1 with an average voltage of �2.62V (vs
Naþ/Na), which is larger than that of other cathode materials for
NIBs. In particular, after 200 cycles, up to �80.38% of the initial
capacity of P2-NTMVO was retained with a highly stable O2�/O�

redox reaction and suppressed voltage decay, which is more out-
standing than the cycle performance of P2-Na0.56[Mn0.86�0.14]O2

(P2-NMVO) with poor capacity retention of�60.44% under the same
conditions. Even at 650mA g�1, P2-NTMVO delivered a specific
capacity of �137.3 mAh g�1, corresponding to �61% of the capacity
measured at 13mA g�1, indicating the outstanding power capability
of P2-NTMVO. Furthermore, the economic feasibility of the composi-
tion based on earth-abundant Na, Mn, and Ti is one of the attractive
advantages of P2-NTMVO as a promising cathode for low-cost and
high-energy NIBs.

II. EXPERIMENTAL SECTION
A. Preparation of material

The P2-Na0.56[TixMn0.86�x�0.14]O2 (x¼ 0 or 0.1) compounds
were synthesized through the conventional solid-state method.
NaNO3 (Alfa Aesar, 99%), TiO2 (Sigma Aldrich, 99%), and MnCO3

(Alfa Aesar, 98%) precursors were used. The molar ratios of the pre-
cursors used for the preparation of P2-Na0.56[TixMn0.86�x�0.14]O2

(x¼ 0 or 0.1) are as follows: Na:Ti:Mn¼ 0.588(¼0.56� 1.05):x:0.86–x
(x¼ 0 or 0.1), which indicate the usage of 5%-excess Na-based precur-
sors compared to the stoichiometric amounts. It was reported that
adding �5% excess of Na precursor was required to compensate for
the loss of Na during the calcination process at high temperature.33–36

As a result of inductively coupled plasma (ICP) measurement (Table
S1), it was confirmed that P2-Na0.56[TixMn0.86�x�0.14]O2 was success-
fully synthesized with the 0.56mol Na contents through adding the
additional �5% Na precursor. The total weigh of 10 g of the precur-
sors, 100ml of ethanol (Samchun, 99%), and 15 zirconia ball (Ø
10mm) was sealed in a nalgene low density polyethylene (LDPE) bot-
tle, 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 cal-
cined at 630 �C (5 �C/min of heating rates) for 12 h under 0.3 lmin�1

flow of O2 gas and then slowly cooled down to 200 �C (1 �C/min of
cooling rates) in the same O2 condition. After cooling, the powder was
immediately moved to the Ar-filled glovebox to avoid the moisture
contact in the air condition.

B. Materials characterization

The P2-Na0.56[TixMn0.86�x�0.14]O2 (x¼ 0 or 0.1) structures and
operando XRD patterns were analyzed using XRD (PANalytical,
EMPYREAN) with Mo Ka radiation (k¼ 0.709 32 Å). The 2h range
was 4.61�–34.32� with a step size of 0.01�, and the patterns were con-
verted angles with Cu Ka radiation (k¼ 1.54178 Å). Rietveld refine-
ment37 was performed using the FullProf software based on the XRD
data. The operando XRD patterns of P2-Na0.56[TixMn0.86�x�0.14]O2

(x¼ 0 or 0.1) were obtained during electrochemical testing at a current
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density of 30mAg�1 within the voltage range of 4.5–1.5 V (vs Naþ/
Na). Neutron diffraction (ND) was conducted from the HANARO
facility at the Korea Atomic Energy Research Institute (KAERI). The
2h range was 0�–160� with a step size of 0.05�, and the neutron wave-
length was 1.834 58 Å. The atomic ratios of elements such as Na, Ti,
and Mn were confirmed using an inductively coupled plasma-atomic
emission spectrometer (ICP-AES) at the National Center for Inter-
university Research Facilities (NCIRF) at Seoul National University.
The presence of vacancies in P2-Na0.56[TixMn0.86�x�0.14]O2 (x¼ 0 or
0.1) was confirmed using scanning transmission electron microscopy-
high-angle annular dark field (STEM-HAADF) analysis at the Korea
Institute of Science and Technology (KIST). In addition, the particle
size, morphology, and weight ratio of each element were identified
using SEM (JSM-7800F Prime). Transmission electron microscopy–
energy-dispersive x-ray spectroscopy (TEM-EDS) analysis was con-
ducted at NCIRF. The valence states of Mn and Ti in the structure of
P2-Na0.56[TixMn0.86�x�0.14]O2 (x¼ 0 or 0.1) during charge/discharge
were determined from XANES analysis performed at beamline 6D
and 8C at the Pohang Accelerator Laboratory (PAL), South Korea,
with an electron energy of 2.5GeV and 200mA of current. To verify
the oxidation state of transition metal (TM) ions through XAENS
spectra, we compare the energy level of the K-edge in XANES spectra
among the target samples and the reference materials.38,39 To confirm
the valence state of O, ex situ sXAS spectra were obtained by 4D at
PAL with 525–560 eV photon range. The collected data of XANES
and sXAS were analyzed using the Athena software. Additionally,
x-ray photoelectron spectroscopy (XPS) was performed at SKKU to
confirm the Mn, Ti valence states and oxygen redox reaction.

C. Electrochemical characterization

The electrodes of P2-Na0.56[TixMn0.86�x�0.14]O2 (x¼ 0 or 0.1)
were prepared by mixing 70wt. % active material, 10wt. % carbon
nanotube (CNT) dispersion, 10wt. % Super P carbon black, and 10wt.
% polyvinylidene fluoride (PVDF) using N-methyl-2-pyrrolidone
(NMP) as the solvent. Since it was known anionic redox reaction of
O2�/O� deliver poorer kinetics than normal cationic redox reaction of
transition metal (TM) ions,31,32 we applied 20wt. % of conductive
carbons for the fabrication of the electrode. The mixed slurry was
applied evenly on Al foil using a doctor blade, and the electrodes
were dried at 100 �C for 24 h in a vacuum oven. The loading mass of
the electrode was �2mg cm�2. CR2032 cells were fabricated using a
P2-Na0.56[TixMn0.86�x�0.14]O2 (x¼ 0 or 0.1) electrode, a separator
(Whatman GF/F glass fiber), Na metal as the counter electrode, and
1.0 M NaPF6 in propylene carbonate (PC):fluoroethylene carbonate
(FEC) in a volume ratio of 98:2 as the electrolyte in an Ar-filled glo-
vebox. Galvanostatic electrochemical tests were performed at vari-
ous C-rates (13–650mAg�1) in the voltage range of 1.5–4.5V (vs
Naþ/Na) using an automatic charge/discharge system (WBCS 3000,
WonATech). The energy density (Wh kg�1) was calculated by inte-
gral of the discharge profile based on capacity (mAh g�1) and volt-
age (V). The cycle performance was measured at 52mA g�1 in the
voltage range of 1.5–4.5V (vs Naþ/Na) after the first charge/dis-
charge at 13mA g�1. It was measured at a low current, so that the
anion reduction reaction sufficiently occurred, and the cycle perfor-
mance was additionally measured at a high current density condi-
tion of 650mA g�1.

D. Computational details

All the density functional theory (DFT) calculations of P2-
Na0.56[Ti0.1Mn0.76�0.14]O2 were performed using the Vienna Ab initio
Simulation Package (VASP).40 The projector-augmented wave (PAW)
pseudopotentials were used through the plane wave basis embedded in
the VASP.41 The exchange–correlation functional was expressed using
the generalized gradient approximation (GGA) of the Perdew–Burke–
Ernzerhof (PBE) parameterization. For the DFT calculations, a 3� 3
� 1 supercell structure of P2-Na0.56[Ti0.1Mn0.76�0.14]O2 was calculated
using a 4� 4 � 3 k-point grid. GGAþU42,43 was adopted to represent
the localization of the d-orbital in Ti, Mn ions with Ueff of 1.5 and
3.9 eV, respectively.

CASM44 software was used to generate all the Naþ configurations
at each composition, and the full density functional theory (DFT) cal-
culations were conducted for a maximum of 20 configurations. The
convex-hull plot of P2-Na0.56[Ti0.1Mn0.76�0.14]O2 was obtained with
the lowest energy for each composition.

III. RESULTS AND DISCUSSION
A. Structural information for P2-NTMVO with vacancy
in (TM) layers

To prepare vacancies in the transition metal (TM) site in the P2-
type layered structure, it should be required to get the high oxidation
state of TM cations such as Mn4þ and Ti4þ during the synthesis pro-
cess, due to the charge neutrality of P2-Nay[TM1�x�x]O2 composition.
Moreover, the Na contents in P2-Nay[TM1�x�x]O2 are also deter-
mined by the vacancy contents, and the Na contents should be
decreased with increase in the vacancy contents for the charge neutral-
ity. To prepare the P2 phase, in particular, Na-deficiency in the struc-
ture (0.3 � Na � 0.7) is also required.23 Thus, to get adequate Na and
vacancy contents in the P2 phase simultaneously, we designed P2-
Na0.56[Ti0.1Mn0.76�0.14]O2 with 0.14mol vacancies. The detailed struc-
tural information P2-Na0.56[Ti0.1Mn0.76�0.14]O2 (P2-NTMVO) was
confirmed through Rietveld refinement based on the x-ray diffraction
(XRD) pattern [Fig. 1(a)]. P2-NTMVO was characterized as a P2-type
layered structure with P63/mmc space group, and any impurities or
second phases were not detected. The lattice parameters of
P2-NTVMO were calculated to be a¼ b¼ 2.873 33(8) Å and
c¼ 11.1289(7) Å with low values of reliability factors (RP¼ 3.38%,
RI¼ 2.16%, RF¼ 3.91%, and v2¼ 3.85%). To quantify the amount of
vacancy in P2-Na0.56[Ti0.1Mn0.76�0.14]O2 more accurately, we per-
formed neutron diffraction (ND) analyses (Fig. S1). Detailed structural
information for the P2-NTMVO compounds such as the atomic posi-
tions, occupancies, and Biso factor is provided in Table S2, and it
was verified that the occupancies of Mn and Ti elements in the
transition metal (TM) site are 0.760(7) and 0.099(5), respectively,
which means there are �0.14mol vacancies in the TM site of P2-
Na0.56[Ti0.1Mn0.76�0.14]O2. In addition, the Na occupancy was negligi-
ble at the TM sites, indicating that Na could not enter the TM sites,
which is attributed to the larger ionic radius of Naþ (�1.02 Å) than
those of TM ions such as Mn4þ (�0.53 Å) and Ti4þ (�0.605 Å).45 In
addition, through selected-area electron diffraction (SAED) analyses
[Fig. 1(b)], it was confirmed that P2-NTMVO was well prepared with
single-crystalline particles with a P2-type layered structure showing
the (002) and (100) planes along the [010] direction.

To confirm the presence of vacancies in the P2-NTMVO structure,
we performed scanning transmission electron microscopy-high-angle
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annular dark field (STEM-HAADF) analysis. In the STEM-HAADF
image [Fig. 1(c)], signals with relatively weak intensity appeared irreg-
ularly in the (TM) layers. In terms of Ti cations, their signals in the
electron-microscopy-based analyses were similar to the signals of the
Mn cations because of their similar atomic number. Thus, these
STEM-HAADF results indicate that the vacancies are randomly
arranged in the (TM) layers of the P2-NTMVO structure.46,47

Moreover, transmission electron microscopy (TEM) and energy-
dispersive x-ray spectroscopy (EDS) elemental mapping analyses [Fig.
1(d)] revealed that Na, Mn, and Ti elements were homogeneously dis-
tributed in the P2-NTMVO particles with a size of �500 nm, and the

atomic ratio of Na, Ti, and Mn in the P2-NTMVO particles was
�0.560:0.098:0.761. This atomic ratio and particle size of P2-NTMVO
were consistent with the inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and scanning electron microscopy (SEM)
results, respectively [Table S1(a) and Fig. S2]. To prepare the vacancy-
contained P2-Na0.56[Ti0.1Mn0.76�0.14]O2, it is essential to control the
gas condition during calcination. Through the energy dispersive x-ray
spectroscopy based on scanning electron microscopy (SEM-EDS)
analyses (Fig. S3 and Table S3), it was verified that the atomic ratio of
(Mn þ Ti): O after calcination in O2 gas condition is �0.86: 2, which
is different from that after calcination in the air condition (�0.90: 2).

FIG. 1. (a) Refined XRD patterns of P2-Na0.56[Ti0.1Mn0.76�0.14]O2. (b) SAED patterns of P2-Na0.56[Ti0.1Mn0.76�0.14]O2. (c) STEM-HADDF image of P2-Na0.56[Ti0.1Mn0.76�0.14]O2

and signal profile of enclosed regions by the dotted line. (d) TEM–EDS map of P2-Na0.56[Ti0.1Mn0.76�0.14]O2. Ex situ XANES spectra of P2-Na0.56[Ti0.1Mn0.76�0.14]O2 at the (e)
Mn K-edge and (f) Ti K-edge.
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This result on the atomic ratio of Mn: O in P2-
Na0.56[Ti0.1Mn0.76�0.14]O2 is also consistent with the results of
ND- and XRD-based Rietveld refinement. Since lowering atomic ratio
of Mn:O indicates increased vacancy contents in the TM site, we con-
firmed that the calcination process under O2 gas condition should be
required for preparation of P2-Na0.56[Ti0.1Mn0.76�0.14]O2. Moreover,
we arranged the simulated intensity ratios between (100) and (103)
XRD peaks depending on the vacancy contents in the Mn site and
then compared them with the real intensity ratio of the samples pre-
pared under the O2 gas and the air condition. As shown in Fig. S4, it
was revealed that the sample based on the O2 gas has �0.14mol
vacancies in the Mn site, whereas the sample based on the air condi-
tion just delivers �0.12mol vacancies. Furthermore, Rietveld refine-
ment results on the XRD pattern of the sample prepared under the air
condition indicate that there are just �0.12mol vacancies in the Mn
site (Fig. S5 and Table S4).

In the x-ray absorption near edge structure (XANES) results
[Figs. 1(e) and 1(f)], it was verified that each Mn K-edge and Ti
K-edge XANES spectra of P2-NTMVO have similar energy levels with
those of Mn(4þ)O2 and Ti(4þ)O2 rather than Mn(3þ)2O3 and Ti(3þ)2O3,
which indicates that both oxidation states of Mn and Ti ions in P2-
NTMVO are close toþ4. Moreover, we performed x-ray photoelectron
spectroscopy (XPS) analysis to confirm the valence state of transition
metal. Figure S6 shows that the binding energies of Mn and Ti ions in
P2-Na0.56[Ti0.1Mn0.76�0.14]O2 are �642.5 and �458.8 eV, respectively,
which is consistent with those of Mn4þ- and Ti4þ-based materials.48,49

These results are also considered as further evidence supporting the
existence of vacancies in (TM) layers of P2-NTMVO because of the
requirement of Mn4þ and Ti4þ cations in P2-NTMVO for the charge
neutrality of the Na[þ]0.56[Ti

[4þ]
0.1Mn[4þ]0.76�0.14]O

[2�]
2 composition.

Additionally, we confirm the valence state of Mn (þ4) and performed
a chemical titration experiment (Table S5).50–52 As a result of the oxalic
acid-permanganate back titration, the average of the coefficient values x
was 2.006 0.01, which means that the average valence state of Mn in
P2-NTMVO is tetravalent (þ4).

In addition, we prepared P2-Na0.56[Mn0.86�0.14]O2 (P2-NMVO)
to confirm the effect of Ti4þ cations as the structural stabilizer in the
P2-NTMVO structure. The XRD, SAED, and SEM measurements
indicate that P2-NMVO exhibits a similar P2-type layered structure
and morphology as P2-NTMVO (Figs. S7–S9). Moreover, through the
refined structural information and STEM-HAADF analyses (Table S6
and Fig. S10), it was verified that vacancies exist in the (TM) layers
of the P2-NMVO structure. The low values of reliability factors
on Rietveld refinement of P2-NMVO (RP¼ 3.76%, RI¼ 4.58%, RF

¼ 4.77%, and v2¼ 2.33%) indicate the high accuracy of the Rietveld
refinement. ICP-AES and TEM-EDS mapping analyses also show the
homogenous Na and Mn distribution in �700nm sized P2-NMVO
particles with an elemental ratio of Na:Mn¼�0.560:0.859 [Table S1(b)
and Fig. S11].

B. Excellent electrochemical properties of P2-NTMVO

Figures 2(a) and 2(b) show the electrochemical performances of
P2-NTMVO and P2-NMVO at various current densities in the volt-
age range of 1.5–4.5 V (vs Naþ/Na). The initial discharge capacities
of P2-NTMVO and P2-NMVO at 13mA g�1 (1C¼ 264.1 and
262.2mAg�1) were �224.92 and �219 mAhg�1, respectively, which
indicates the larger available Naþ content of P2-NTMVO relative to

that of P2-NMVO during charge/discharge. Even at the high current
density of 650mA g�1, P2-NTMVOmaintained a specific capacity of
up to �137.3mA g�1, whereas that of P2-NMVO was only
�107.6mA g�1 under the same conditions. These results imply that
the presence of Ti4þ cations in vacancy-contained P2-type Mn-based
layered oxides enables better power capability. In addition, we
attempted to measure the electrochemical performances of P2-
NTMVO under the full cell system. It was known that the Na-
deficient cathode materials can deliver the half-cell-based large
capacity under the full-cell system through the following methods:
(1) application of sodiated anode materials and (2) usage of sacrific-
ing sodium additives.53,54 Thus, to investigate the possibility on the
application of P2-NTMVO as the cathode in the realistic full cell sys-
tem, we performed the full-cell test using the sodiated hard carbon
anode. As shown in Fig. S12, it was verified that the P2-NTMVO-
based full cell exhibited the large specific capacity of�169.8 mAh g�1

at 52mA g�1 in the voltage range of 1.4–4.4 V (vs Naþ/Na), which is
highly similar with the half-cell-based capacity. Moreover, the capac-
ity under the full cell system was maintained up to�91.2% of the ini-
tial capacity after 100 cycles, which indicates the outstanding
electrochemical performances of P2-NTMVO cathode in the realistic
full cell system. Moreover, the merit of Ti4þ cations in terms of
enhancing the electrochemical behaviors stands out upon compari-
son of the cycle performances of P2-NTMVO and P2-NMVO. As
shown in Figs. 2(c) and S13, up to �80.38% of the initial specific
capacity of P2-NTMVO was maintained with a high coulombic effi-
ciency of above 99% after 200 cycles at 52mA g�1, which is clearly
distinguished from the poor cycle performance of P2-NMVO, which
only exhibited a capacity retention of �60.44% under the same con-
ditions. Moreover, as a result of cycle performance at a high current
density of 650mA g�1, the Ti-containing sample showed 86.7%
capacity retention compared to the initial capacity with 99% coulom-
bic efficiency, and P2-NMVO showed 64.3% capacity retention
(Fig. S14). To demonstrate the role of the vacancy in the structure,
furthermore, we prepared P2-Na0.56[Mn0.89�0.11]O2 [P2-NMVO_11
(�: 0.11mol)] having the different amounts of vacancies compared to
existing P2-NMVO having the 0.14mol vacancies. Through Rietveld
refinement and XRD analyses, we confirmed that P2-NMVO_11
exhibits the phase-pure P2-type layered structure with no impurities,
and there are �0.11mol vacancies in the Mn site (Fig. S15 and Table
S7). Furthermore, the result of Rietveld refinement of P2-NMVO_11
was calculated with low reliability factors (RP¼ 2.87%, RI¼ 4.37%,
RF¼ 4.84%, and v2¼ 4.27%), indicating high accuracy. In addition,
the difference of vacancy contents in the Mn site affects the intensity
ratio of some XRD peaks. Through comparison of the intensity ratios
between (100) and (103) XRD peaks (Fig. S16), it was clearly verified
that there are �0.11 and �0.14mol vacancies in the Mn site of P2-
NMVO_11 and P2-NMVO, respectively. In terms of electrochemical
performances of P2-NMVO_11, the specific capacity was retained to
just �64.3% of the initial capacity after 100 cycles at 52mA g�1 (Fig.
S17), which indicates poorer cycle performance of P2-NMVO_11
than not only P2-Na0.56[Ti0.1Mn0.76�0.14]O2 (P2-NTMVO) but also
P2-NMVO. Moreover, Fig. S18 shows the initial charge/discharge
capacities of P2-NMVO_11, which are also lower than those of P2-
NMVO. Na de/intercalation from P2-NMVO_11 and P2-NMVO is
mainly affected by anionic redox reaction of O2�/O�. Thus, it is
important to stabilize anionic redox reaction of O2�/O� to improve
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the available capacities and cyclability of P2-NMVO. It was
reported that vacancies in the TM site can play a role as the buffer
to suppress the local structural distortion attributed to oxidized
oxygen anions formed during anionic redox reaction.27,28 Thus,
since increased contents of vacancies in the TM site can result in

more stable anionic redox reaction of O2�/O�, P2-NMVO can
deliver higher capacity and better capacity retention than P2-
NMVO_11. These results indicate that vacancies in the P2-NMVO
structure can play an important role for improving the reversibility
of anion redox.

FIG. 2. Charge/discharge curves of (a) P2-Na0.56[Ti0.1Mn0.76�0.14]O2 and (b) P2-Na0.56[Mn0.86�0.14]O2 in the voltage range of 1.5–4.5 V at various discharge current rates.
(c) Comparison of cycling performance of P2-Na0.56[Ti0.1Mn0.76�0.14]O2 and P2-Na0.56[Mn0.86�0.14]O2 over 200 cycles at 52 mA g�1. Comparison of normalized capacity profile
for 200 cycles in (d) Ti-containing sample and (e) Ti-free sample. dQ/dV profile of (f) P2-Na0.56[Ti0.1Mn0.76�0.14]O2 and (g) P2-Na0.56[Mn0.86�0.14]O2 during 100 cycles.
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In particular, comparison of the normalized charge/discharge
profiles between P2-NTMVO and P2-NMVO [Figs. 2(d) and 2(e)], it
clearly reveals the more stable anionic redox reaction of O2�/O� in
P2-NTMVO with Ti4þ cations as a structural stabilizer relative to that
in P2-NMVO. For prolonged cycling, the hysteresis between charge
and discharge near 4.2V indicating O2�/O� redox reaction increased
in the Ti-free sample, whereas the profile was stably retained in the Ti-
containing sample. Thus, it was confirmed that P2-NTMVO can
deliver better electrochemical behavior with stabilized anionic redox
reaction than P2-NMVO through the presence of the structural stabi-
lizer, Ti cations in vacancy-contained P2-type Mn-based layered
oxides. Moreover, the overall crystal structure of P2-NTMVO (Fig.
S19) was well maintained after 200 cycles with the anionic-redox reac-
tion occurring in the high-voltage region, which also implies the high
structural stability of P2-NTMVO enabling the stabilized anionic
redox reaction. On the other hand, the XRD pattern of P2-
Na0.56[Mn0.86�0.14]O2 was highly degraded after 100 cycles (Fig. S20),
which indicates that large structural change was occurred in P2-
Na0.56[Mn0.86�0.14]O2 structure after 100 cycles. In 100-cycled XRD
pattern of P2-Na0.56[Mn0.86�0.14]O2, however, we cannot detect for-
mation of new phases different from P2 phase, implying the TM
migration to Na layer, which could be attributed to the instability of
TM ions in prismatic sites of Na ions and the larger ionic radius of
Naþ than those of TM ions.55,56 Through the STEM-HAADF analy-
ses, it was verified that the 100-cycled P2-Na0.56[Mn0.86�0.14]O2 sam-
ple was overall composed of P2 phase without severe TM migration to
Na layers (Fig. S21). These results imply that the cycle performance of
P2-Na0.56[Mn0.86�0.14]O2 was not highly affected by TM migration to
the Na layer. TM migration to the Na layer cannot severely affect the

cycle performance of P2-Na0.56[Mn0.86�0.14]O2. In addition, we per-
formed the cycle test at the high voltage region of 3.0–4.5 V (vs Naþ/
Na) related to anion redox of O2�/O�. As shown in Fig. S22, P2-
NTMVO exhibited the capacity retention of �99.16% compared to the
initial capacity after 100 cycles, whereas P2-Na0.56[Mn0.86�0.14]O2 just
delivered the capacity retention of �90.42% at the same conditions. In
terms of P2-NTMVO, moreover, the differential capacity vs voltage
(dQ/dV) profiles were stably retained for 100 cycles with no remarkable
voltage decay [Fig. 2(f)], which is clearly different from the dQ/dV
results of P2-NMVO that shows the dramatic voltage decay and the dis-
tinct deformation of its original profile for 100 cycles [Fig. 2(g)].

In particular, the outstanding electrochemical properties of P2-
NTMVOwere clearly distinguished through comparison with those of
other cathode materials for NIBs. As shown in Fig. S23, it was con-
firmed that P2-NTMVO can deliver a larger specific capacity
(�224.92 mAh g�1) and energy density capacity (�589.3Wh kg�1)
than other cathode materials.16,23,57–60

C. Highly stabilized anionic redox reaction
of P2-NTMVO

To understand the theoretical electrochemical properties of P2-
NTMVO with stably occurring O2�/O� anionic redox reaction, we
performed first-principles calculations. Various configurations of P2-
Nax[Ti0.1Mn0.76�0.14]O2 were prepared using the CASM software.44

Figure 3(a) presents the convex-hull plot on the formation energies of
P2-Nax[Ti0.1Mn0.76�0.14]O2 with various Na contents (0� x� 1). The
theoretical redox potentials of P2-Nax[Ti0.1Mn0.76�0.14]O2 were calcu-
lated using the following equation:

V ¼ �
E Nax2 Ti0:1Mn0:76�0:14½ �O2
� �

� E Nax1 Ti0:1Mn0:76�0:14½ �O2
� �

� x2 � x1ð ÞE½Na�
x2 � x1ð ÞF

(1)

where V, E, and F indicate the average redox potentials, the most sta-
ble formation energy of each P2-Nax[Ti0.1Mn0.76�0.14]O2 composition,
and the Faraday constant, respectively. These first-principles calcula-
tion results imply that more than 0.8mol Naþ content can be revers-
ibly and easily de/intercalated in the P2-NTMVO structure during
charge/discharge. Figure 3(b) shows that the theoretical redox poten-
tials of P2-NTMVO predicted by first-principles calculation were con-
sistent with the experimentally measured charge/discharge curves at
13mA g�1. In particular, it was verified that values of the redox poten-
tials between P2-Nax[Ti0.1Mn0.76�0.14]O2 compositions are dependent
on the occurrence of the anionic-redox reaction of O2�/O�. Thus, the
high-voltage regions by initial Naþ deintercalation from P2-
Na0.56[Ti0.1Mn0.76�0.14]O2 were determined by the anionic redox reac-
tion, and the relatively low-voltage regions by further Naþ intercala-
tion are affected by the cationic redox reaction of Mn4þ/Mn3þ. The
detailed anionic and cationic redox mechanisms of P2-NTMVO were
investigated through comparison of the projected density of state
(pDOS) of O 2p, Mn 3d, and Ti 3d orbitals among various P2-
Nax[Ti0.1Mn0.76�0.14]O2 phases, where x¼ 1, 0.67, 0.44, 0.22, and 0
[Fig. 3(c)]. During the Naþ deintercalation from

Na1[Ti0.1Mn0.76�0.14]O2 and Na0.44[Ti0.1Mn0.76�0.14]O2, the electron
densities of the Mn 3d orbital are mainly transformed to the hole
density, implying the occurrence of the Mn3þ/Mn4þ cationic
redox reaction in P2-NTMVO. Moreover, the O 2p orbital of
Na0.44[Ti0.1Mn0.76�0.14]O2 has more dominant electron densities near
the Fermi level than the Mn 3d and Ti 3d orbitals, and the hole densi-
ties of the O 2p orbital gradually increased during further Naþ deinter-
calation to Na0[Ti0.1Mn0.76�0.14]O2. These results on the change of the
O 2p orbital indicate the sequential and selective occurrence of O2�/
O� redox reaction in P2-NTMVO. The anionic and cationic redox
mechanism of P2-NTMVO was also confirmed through Bader charge
analyses. Figure S24 shows changes of the net effective charges on Mn,
Ti, and O ions in P2-Nax[Ti0.1Mn0.76�0.14]O2 depending on the Na
content, which also indicates the occurrence of O2�/O� and Mn4þ/
Mn3þ redox reactions in P2-NTMVO during charge/discharge.
Interestingly, the Ti4þ cations did not participate in the overall redox
reaction of P2-NTMVO during Naþ de/intercalation, which implies
that the fixed valence state regarding charge/discharge enables
the application of Ti4þ cations as the structural stabilizer for stable
electrochemical behaviors of anionic-redox-based P2-NTMVO.
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The stabilizing effect of Ti4þ for improved electrochemical performan-
ces is also well matched with the several previous research papers.61–64

The visualization of the electron and hole densities of various P2-
Nax[Ti0.1Mn0.76�0.14]O2 clearly shows the effect of Ti

4þ cations for the
O2�/O� redox mechanism in P2-NTMVO with vacancies in the (TM)
layers [Fig. 3(d)]. In terms of P2-Na0.44[Ti0.1Mn0.76�0.14]O2, the electron
densities at near the Fermi level are focused on the O 2p orbitals in the
oxygen-anion neighboring vacancies in (TM) layers, indicating not Mn
cations but O anions are oxidized during Naþ deintercalation from P2-

Na0.44[Ti0.1Mn0.76�0.14]O2. Interestingly, it was verified that the electron
densities in P2-Na0.44[Ti0.1Mn0.76�0.14]O2 only exist at the oxygen
anions binding manganese cations, and that there are no electron densi-
ties at the oxygen anions binding titanium cations. These results imply
that oxygen anions binding manganese cations rather than titanium
cations are preferentially oxidized. After Naþ deintercalation from
P2-Na0.44[Ti0.1Mn0.76�0.14]O2 to P2-Na0.22[Ti0.1Mn0.76�0.14]O2, the
electron densities of oxygen anions binding manganese cations are
transformed to the hole densities, and new electron densities are

FIG. 3. (a) Convex-hull plot of P2-Nax[Ti0.1Mn0.76�0.14]O2 configurations (0� x� 1). (b) Comparison of calculated redox potential of P2-Nax[Ti0.1Mn0.76�0.14]O2 and its experi-
mentally measured first and second cycle curves at 13mA g�1. (c) pDOS of O 2p, Mn 3d, and Ti 3d orbitals in P2-Nax[Ti0.1Mn0.76�0.14]O2 (x¼ 1, 0.67, 0.44, 0.22, and 0). (d)
Visualized pDOS of electron/hole density in P2-Nax[Ti0.1Mn0.76�0.14]O2 (x¼ 1, 0.67, 0.44, 0.22, and 0).
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observed at oxygen anions binding titanium cations. Figure S25 shows
the pDOS of each oxygen anion neighboring manganese and titanium
cations on P2-Nax[Ti0.1Mn0.76�0.14]O2 (x¼ 0, 0.22, and 0.44), which also
indicates that O2�/O� redox reaction sequentially and selectively
occurred in P2-Nax[Ti0.1Mn0.76�0.14]O2 through the existence of Ti4þ

cations with fixed valence state regardless of charge/discharge. In particu-
lar, this sequential and selective anionic redox reaction by Ti4þ cations
enables a small change of local environment after Naþ deintercalation. It
was reported that the vacancy in [TM] layers can serve as a buffer for
preventing large structural distortion during Naþ de/intercalation.65,66

As presented in Fig. 4(a), the vacancy size of P2-Nax[Ti0.1Mn0.76�0.14]O2

during Naþ deintercalation increased from 4.59 to 5.21 Å2, indicating
�13.5% change in the vacancy size, whereas P2-Nax[Mn0.86�0.14]O2

only exhibited a �20.0% change in the vacancy size [Fig. 4(b)]. The
smaller change of local environments of P2-Nax[Ti0.1Mn0.76�0.14]O2

than that of P2-Nax[Mn0.86�0.14]O2 implies that Ti4þ cations in
P2-NTMVO can play a role as a structural stabilizer for stable and

sequential O2�/O� redox reaction and enhanced electrochemical
behavior.

In addition, the overall cationic and anionic redox reactions in
P2-NTMVO were confirmed through synchrotron-based ex situ
XANES and soft x-ray absorption spectroscopy (sXAS) analyses. As
observed in Fig. 5(a), the Mn K-edge of P2-NTMVO was negligibly
shifted during the initial charge to 4.5V, indicating the non-oxidation
of Mn4þ cations in P2-NTMVO during Naþ deintercalation from P2-
NTMVO. After discharging to 1.5V, the Mn K-edge was shifted
toward lower energy level, which is attributed to reduction fromMn4þ

to Mn3þ by further Naþ intercalation. In terms of the Ti K-edge of
P2-NTMVO [Fig. 5(b)], any considerable shift was not detected dur-
ing charge/discharge, indicating that Ti4þ cations do not participate in
the redox reactions of P2-NTMVO and play a role as the structural
stabilizer for stable and reversible O2�/O� redox reaction. In a previ-
ous study, it was reported that inactive Ti4þ substitution helps to sup-
press oxygen release and increase structural stability because it has a

FIG. 4. Comparison of vacancy size of (a) P2-Nax[Ti0.1Mn0.76�0.14]O2 and (b) P2-Nax[Mn0.86�0.14]O2 (x¼ 1, 0.44, and 0).
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higher binding energy with oxygen (662 kJ mol�1) than Mn–O
(402 kJmol�1).67,68 The extended x-ray absorption fine structure
(EXAFS) analyses also reveal the elongation/shrinkage of Mn–O bond
lengths, confirming the reversible cationic and anionic redox reaction
of P2-NTMVO during charge/discharge (Fig. S26). Moreover, the
occurrence of O2�/O� redox reaction was confirmed through sXAS
analyses of the O K-edge spectra of P2-NTMVO [Fig. 5(c)]. During
charging to 4.5V, the intensity at 530.5 eV increased, resulting from
the localized features of the oxidized oxygen anions.69 The successive
anionic redox reaction of O2�/O� was clearly confirmed through the
plot showing the intensity difference between each O K-edge spectra
[Fig. 5(d)]. Furthermore, ex situ x-ray photoelectron spectroscopy
(XPS) analyses of the O 1s spectra of P2-NTMVO showed that the
peroxo-like species (�530.5 eV) reversibly appear/disappear during
charge/discharge66,70,71 at the 4.5V charge state of P2-NTMVO,

further evidence of the occurrence of the reversible O2�/O� redox
reaction in P2-NTMVO [Fig. 5(e)].

D. Effectively suppressed structural variation
of P2-NTMVO during Naþ de/intercalation

The outstanding electrochemical performance of P2-NTMVO
resulted from the stably occurring anionic redox reaction through the
existence of Ti4þ cations as a structural stabilizer, which is clearly
backed up through effectively suppressed structural change of P2-
NTMVO during Naþ de/intercalation compared with that of P2-
NMVO. Figures 6(a) and 6(b) presents the operando XRD analyses of
P2-NTMVO and P2-NMVO during charge/discharge. The full oper-
ando XRD patterns are presented in Fig. S27. Interestingly, unlike
other P2-type Na-layered oxide cathodes, neither P2-NTMVO nor

FIG. 5. Ex situ analyses of P2-Nax[Ti0.1Mn0.76�0.14]O2 on (a) Mn K-edge XANES spectra and (b) Ti K-edge XANES spectra during charge/discharge. (c) O K-edge sXAS spec-
tra of Na0.56[Ti0.1Mn0.76�0.14]O2. (d) Difference spectra on O K-edge of P2-Nax[Ti0.1Mn0.76�0.14]O2. (e) O 1s XPS spectra of the P2-Nax[Ti0.1Mn0.76�0.14]O2.
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P2-NMVO exhibited a large structural change such as P2–OP4 phase
transition during charge,24–26 implying that the presence of vacancies
in (TM) layers can relax the severe structural deformation during Naþ

deintercalation, enabling the structural retention of the P2-type layered
oxide. However, it is not changed that the formation of oxidized oxy-
gen anion during anionic redox reaction can result in local and overall
structural change, despite the suppressed structural distortion.
Through Rietveld refinement, we clearly demonstrated that 4.5V-
charged P2-NTMVO and P2-NMVO exhibit a P2-type layered struc-
ture without the phase transition (Fig. S28 and Table S8). Moreover,
simple Ti-substitution in P2-type layered oxide cannot prevent the
large structural change by the phase transition to OP4.72,73 Thus, we
expected existence of both Ti4þ cation and vacancy in the Mn site that
can make a synergy to enable improved electrochemical properties by

the suppressed structural change and the stabilized anionic redox reac-
tion of O2�/O�. As shown in Figs. 6(c) and 6(d), the variations of the
c-lattice parameters and volume change of P2-NTMVO during charge
were only �0.12% and �0.66%, respectively, which is much smaller
than those of P2-NMVO. These results exhibited a large change of the
lattice parameters (c-lattice: �0.62% and volume: �0.73%). The
decreased structural change by Ti4þ cations can lead to more stable
O2�/O� redox reaction of P2-NTMVO than that of P2-NMVO.
These results are also well matches with the DFT calculation results,
showing that the vacancy in P2-NTMVO during Naþ deintercalation
by anionic redox reaction was much less changed than that in
P2-NMVO (Fig. 4). It implies that the structural distortion of
P2-NTMVO by anionic redox reaction is more suppressed than that
of P2-NMVO. Thus, we supposed that anionic redox reaction in

FIG. 6. (a and b) Operando XRD patterns of (a) P2-Na0.56[Ti0.1Mn0.76�0.14]O2 and (b) P2-Na0.56[Mn0.86�0.14]O2. (c) and (d) Change in c-lattice parameter and volume as a
function of Na content in (c) P2-Na0.56[Ti0.1Mn0.76�0.14]O2 and (d) P2-Na0.56[Mn0.86�0.14]O2. (e) and (f) Magnified views of (e) P2-Na0.56[Ti0.1Mn0.76�0.14]O2 and (f) P2-
Na0.56[Mn0.86�0.14]O2 during charge/discharge.
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P2-NTMVO can be more stably and reversibly occurred than that in
P2-NMVO.

Furthermore, the suppressed structural change of P2-NTMVO was
clearly observed during the discharging process. Compared with P2-
NMVO, P2-NTMVO exhibited a small variation of lattice parameters
and volume (c-lattice: �0.5% and volume: �5.24%) during discharge
[Figs. 6(c) and 6(d)]. In particular, whereas P2-NMVO underwent a
P2–P02 phase transition with a clearly distinct two-phase reaction, the
P2–P02 phase transition of P2-NTMVO is based on a monotonous
single-phase reaction [Figs. 6(e) and 6(f)], which implies the local envi-
ronments of Mn–O bonds in P2-NTMVO are more smoothly changed
during Naþ intercalation than those in P2-NMVO. Thus, we confirmed
that the presence of Ti4þ cations as a structural stabilizer in the P2-
NTMVO structure can effectively suppress the structural variation such
as the change of lattice parameters and P2–OP4 and P2–P02 phase tran-
sition, which enables a highly stable anionic redox reaction and excellent
electrochemical behaviors of P2-NTMVO under the NIB system.

IV. CONCLUSION

In this work, we demonstrated that the synergy of vacancies and
Ti4þ cations in the (TM) layers can deliver effective stabilization of the
anionic redox reaction and structure in P2-Na0.56[Ti0.1Mn0.76�0.14]O2

(P2-NTMVO). During charge/discharge at a current density of
13mAg�1 (1C¼ 264.1mAg�1), P2-NTMVO delivered a specific
capacity and energy density of �224.92 mAh g�1 and 589.3Wh kg�1,
respectively. These values are very large compared with those of previ-
ously reported cathode materials for NIBs. In particular, despite the
anionic redox reaction being accompanied by large structural distor-
tion, P2-NTMVO exhibited excellent cycle performance with a capac-
ity retention of �80.38% for 200 cycles, implying a stabilized O2�/O�

redox reaction in P2-NTMVO. Through first-principles calculation, it
was verified that the combination of vacancies and Ti4þ cations in the
(TM) layers results in not only small distortion of the local structural
environment but also sequential and selective anionic redox reaction
of O2�/O�. In particular, the structural change of P2-NTMVO occur-
ring during charge/discharge is clearly distinguished from that of other
P2-type layered oxide cathode materials for NIBs. Moreover, the oper-
ando XRD data indicate well retained without P2–OP4 phase transi-
tion during charge/discharge, and that the P2–P02 phase transition in
P2-NTMVO occurred with a monotonous single-phase reaction.
These findings support the outstanding electrochemical performance
of P2-NTMVO with stabilized anionic and cationic redox reactions
compared with that of other cathode materials for NIBs. Although the
issue on low Na contents is one of the major problem of P2-NTMVO,
the usage of sodiated hard carbon anode for NTMVO-based full cell
showed the possibility of P2-NTMVO as the promising cathode for
the realistic full cell of NIBs. We believe that our study provides an
excellent strategy to enhance both anionic-redox-based electrochemi-
cal behaviors and structural stability in layered oxide cathode materials
for high-energy and low-cost Na-ion batteries.
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