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ABSTRACT: Sodium layered transition metal oxides have been
considered as promising cathode materials for sodium ion batteries
due to their large capacity and high operating voltage. However,
mechanism investigations of chemical evolution and capacity
failure at high voltage are inadequate. As a representative cathode,
Na2/3Ni1/3Mn2/3O2, the capacity contribution at a 4.2 V plateau
has long been assigned to the redox of the Ni3+/Ni4+ couple, while
at the same time it suffers large irreversible capacity loss during the
initial discharging process. In this work, we prove that the capacity
at the 4.2 V plateau is contributed to the irreversible O2−/O2

n−/O2
evolution based on in situ differential electrochemical mass
spectrometry and density functional theory calculation results.
Besides, a phenomenon of oxygen release and subsequent surface lattice densification is observed, which is responsible for the large
irreversible capacity loss during the initial cycle. Furthermore, the oxygen release is successfully suppressed by Fe substitution due to
the formation of a unique Fe-(O−O) species, which effectively stabilizes the reversibility of the O2−/O2

n− redox at high operating
voltage. Our findings provide a new understanding of the chemical evolution in layered transition metal oxides at high operating
voltage. Increasing the covalency of the TM−O bond has been proven to be effective in suppressing the oxygen release and hence
improving the electrochemical performance.

■ INTRODUCTION

Rechargeable sodium-ion batteries (SIB) are regarded as a
highly promising alternative to commercialized lithium-ion
batteries (LIB) for grid energy storage applications because of
the richer natural abundance and relatively lower cost of Na
resources.1−7 Since the discovery of the NaxCoO2 cathode by
Delmas in 1981,8 various sodium layered transition metal oxides
(NaxTMO2) have been investigated as a Na-ion host.9−13 In
2001, Lu et al. first reported that P2-Na2/3Ni1/3Mn2/3O2

delivered a large capacity (about 165 mAh g−1) with a high
operating voltage.14,15 After that, most of following research on
Na2/3Ni1/3Mn2/3O2 claimed that the capacity in the voltage
range of 2.2 ≤ V ≤ 4.1 (∼85 mAh g−1) is contributed by the
Ni2+/Ni3+ redox couple, and the capacity around the 4.2 V long
plateau (∼80 mAh g−1) is associated with the Ni3+/Ni4+

couple.16−21 However, this viewpoint has recently been faced
with challenges.22,23 In 2017, Ma et al. designed a TM-deficient
(TM = transition metal) Na0.78Ni0.23Mn0.69O2 compound
(NaxTMyO2, y < 1) and proved that Ni2+ was oxidized to Ni4+

when charged to 4.1 V, while the plateau above 4.2 V was
dominated by the O2−/O2

n‑ couple due to TM vacancies.22 In
2018, Risthaus et al. observed the change of oxygen state at 4.5 V
in Na2/3Ni1/3Mn2/3O2.

23 Therefore, it is necessary to determine
the sodium storage mechanism and capacity contribution
around the 4.2 V plateau.

Besides, theNa2/3Ni1/3Mn2/3O2 cathode suffers rapid capacity
degradation during the charging/discharging process. Numer-
ous research studies focus on the structure evolution, and it is
believed that the “P2→O2 phase transition” is the main reason
because it can cause large volume variation (about 20%).16−21,24

Strategies such as element doping17−20,25 or inert layer
coating26,27 are commonly used to suppress the phase transition
or alleviate the volume change. However, a large irreversible
capacity loss still occurs during the initial cycle. Wu et al.
designed a Na0.67Ni0.26Zn0.07Mn0.67O2 cathode without the P2
→ O2 phase transition and found 14% irreversible capacity loss
at the first cycle.25 Liu et al. modified the Na2/3Ni1/3Mn2/3O2

surface with an Al2O3 buffer layer and observed a 16%
irreversible capacity sacrifice during the first cycle.26 The TM-
deficient Na0.78Ni0.23Mn0.69O2 compound also suffered a 23%
irreversible capacity loss at the first cycle.22 It is highly probable
that the previous studies on the failure mechanism of
Na2/3Ni1/3Mn2/3O2 are not comprehensive. Therefore, under-
standing the mechanism for this irreversible capacity loss at the
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initial cycle and solving the capacity degradation problem have
become an urgent issue with great significance.
In this work, we present an evident understanding of the

chemical evolution in Na2/3Ni1/3Mn2/3O2. We find that the
capacity around the 4.2 V plateau is dominated by oxygen redox
according to the X-ray photoelectron spectroscopy (XPS)
analysis combined with density functional theory (DFT)
calculations. Meanwhile, the oxygen release behavior of
Na2/3Ni1/3Mn2/3O2 is observed via in situ differential electro-
chemical mass spectrometry (DEMS). At the high voltage
region, the oxygen functions as the electron donor, and the
irreversible O2−/O2

n−/O2 evolution occurs due to the lack of
TM-O hybridization. Significantly, we find that the loss of O2 gas
causes surface densification on Na2/3Ni1/3Mn2/3O2 particles.
According to the calculated results, this dense surface is not
available for Na+ intercalation, resulting in a large irreversible
capacity loss at the initial cycle. Accordingly, we propose a highly
efficient method to suppress the oxygen release behavior in
Na2/3Ni1/3Mn2/3O2 by Fe doping to form Fe-(O−O) species
associated with reductive coupling behavior. The well-designed
Na2/3Fe2/9Ni2/9Mn5/9O2 SIB cathode material shows an
excellent reversibility of the O2−/O2

n− couple at high operating
voltage, which reduces the irreversible capacity loss from 25% to
4% at the initial cycle. The specific energy density is achieved as
high as 500 Wh kg−1 with excellent cycling stability.

■ RESULTS AND DISCUSSION

Oxygen Redox Activity in Na2/3Ni1/3Mn2/3O2. P2-
Na2/3Ni1/3Mn2/3O2 was synthesized through a simple sol−gel
method followed by high-temperature treatment under O2
atmosphere. As illustrated in Figure 1a, the crystal structure of
P2-Na2/3Ni1/3Mn2/3O2 is built on the alternate arrangement of

Na+ layers and TM ions layers. All the Na ions occupy the
“prismatic” sites, and the oxygen ion framework is stacked with
“ABBA” mode. The X-ray diffraction (XRD) pattern of P2-
Na2/3Ni1/3Mn2/3O2 is indexed to the hexagonal P63/mmc space
group. The refined crystallographic data are listed in Table S1.
Figure 1b shows the SEM image of the Na2/3Ni1/3Mn2/3O2
particles with a hexagonal shape. The 102 and 100 planes are
clearly observed in Figure 1c and d, respectively. The
corresponding selected area electron diffraction (SAED) pattern
in Figure 1e confirms that the Na2/3Ni1/3Mn2/3O2 sample has
the typical single-crystal characteristics.
To investigate the chemical evolution in Na2/3Ni1/3Mn2/3O2

in detail, the XPS spectra were collected at various states (Figure
2 and Figure S1, marked with I, II, III, IV, and V). For the Mn
element, the binding energy of the Mn 2p peaks almost remains
unchanged during the whole charge/discharge process (2.6 ≤ V
≤ 4.3); hence, Mn4+ is not involved in the electrochemical
reaction. For the Ni element, the Ni 2p peak at 854.4 eV shifts
toward a higher binding energy (855 eV) from point I to II,
indicating the occurrence of the Ni2+/Ni3+ oxidation reaction
below 4.2 V.28−31 However, all Ni3+ peaks show no shift from
point II to III, demonstrating that Ni still maintains a trivalent
state without oxidation in this region. As the charging process
continues, a small peak of 858.1 eV starts to appear at point IV
(4.3 V), which could be assigned to Ni4+.29,30,32 This Ni4+

shoulder peak gets stronger when the voltage reaches 4.5 V
(Figure S2). Therefore, the main voltage region for the Ni3+/
Ni4+ reaction is above 4.3 V, while the charge compensation
process at the 4.2 V plateau shows almost no correlation to the
oxidation of Ni3+. To further verify this viewpoint, all Ni2+ ions in
Na2/3Ni1/3Mn2/3O2 were replaced by Mn4+ for the charge/
discharge test (Figure S3a,b). As illustrated in Figure S3d, the

Figure 1. (a) XRD pattern and Rietveld refinement of the Na2/3Ni1/3Mn2/3O2 sample. The inset shows the P2 type structure with “ABBAAB”
arrangement. (b) SEM image of Na2/3Ni1/3Mn2/3O2 particles. (c−d) 102 and 100 planes of Na2/3Ni1/3Mn2/3O2. (e) The corresponding SAED image
of Na2/3Ni1/3Mn2/3O2.
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Ni-free counterpart of the Na2/3Mn5/6O2 compound still shows
a long plateau at 4.2 V with a capacity of about 60 mAh g−1. For
the O element, only lattice O2− anions peaks (529.5 eV) exist in
a pristine state (point I). However, an extra O 1s peak emerges at
530.5 eV when charged to 4.2 V (point II), which can be
attributed to the formation of the O2

n− species.33−37 From point
II to IV, this O2

n− peak becomes stronger gradually, indicating
that the charge compensation process at the 4.2 V plateau is
dominated by the O2−/O2

n− couple.
The participation of lattice oxygen in the charge compensa-

tion process is relevant to the oxygen lone-pair.38−40 Here,
electron localization function (ELF) was employed to character-
ize and visualize the oxygen lone-pair in Na2/3Ni1/3Mn2/3O2.
The area with a high ELF value (red zone) signifies the position
with lone-pairs, while the value of 0.5 (blue zone) corresponds
to an electron gas-like pair probability.41,42 At the pristine stage
(Figure 2b), the lone-pair area in lattice oxygen is rather limited.
When charged to 4.2 V (0.33 Na+ removal), the area for lone-
pair electrons becomes more extensive (Figure 2c), indicating
that the lattice oxygen tends to participate in the electrochemical
reaction at a high operating voltage.
Oxygen Release and Surface Densification. In situ

DEMS was employed to analyze the gas release behavior of
Na2/3Ni1/3Mn2/3O2 during the charge process (Figure 3a and
Figure S4).When the electrode was charged from the initial state
to 4.2 V, noO2 release was detected. However, a sudden increase
of O2 gas flux was observed from 4.2 to 4.3 V, indicating the
oxygen loss behavior of Na2/3Ni1/3Mn2/3O2 at high operating
voltage. On the basis of the calculation results, 0.0061 mol of O2
gas was released per mol of Na2/3Ni1/3Mn2/3O2 at 4.3 V high
voltage. To understand this phenomenon, density of states
(DOS) is calculated at 4.2 V (0.33 Na+ removal) and 4.3 V (0.6
Na+ removal) to investigate the chemical evolution of O2−

(Figure 3b). The O 2p band exceeds the Fermi level from 4.2 to
4.3 V, demonstrating that the charge compensation process is

mainly carried out by the oxidation of lattice oxygen in this
voltage region, which agrees with the XPS result of O spectra and
the ELF results (Figure 2). However, there is almost no Ni or
Mn 3d band overlap in the front part of the O 2p band at 4.3 V,
which probably leads to the decoordination of the O2

n− species
and even the loss of oxygen because of the lack of TM-O
hybridization (Figure 3c).33,39,43,44 Meanwhile, the whole
charge process shows a large capacity of 158 mAh g−1, but
only 119 mAh g−1 is delivered during the subsequent discharge
process, implying the large irreversible capacity loss (25%) at the
initial cycle (Figure 3d). We consider that this severe capacity
loss is related to the irreversible evolution of O2−/O2

n−/O2 in
Na2/3Ni1/3Mn2/3O2.
O2 release in a Li-rich compound usually causes undesired

crystal reconstruction.33−35,45−47 HRTEM was used to analyze
the crystal structure evolution of Na2/3Ni1/3Mn2/3O2 during the
charge/discharge process. At the pristine stage, the interlayer
distance at surface is 0.56 nm (Figure 3e), corresponding to the
002 plane. However, after one cycle in the voltage range between
2.6 and 4.3 V, a new structure with a contracted interlayer
distance of 0.25 nm is formed on the particle surface (Figure 3f),
which still exists after 10 cycles (Figure S5a). The dense layer
compound can not be detected by XRD analysis due to the trace
amount (Figure S5b). Therefore, we can only propose a
probable Ni2Mn2O7 structure with an interlayer distance of 0.25
nm for this dense layer based on DFT calculations (Figure 3g).
According to the calculated results, whenNa+ ions insert into the
interlayer space of the Ni2Mn2O7 compound, theΔE (ΔE is the
energy difference of the Ni2Mn2O7 system in which a Na atom is
embedded) shows a huge increase, proving that the dense layer
is not suitable for Na+ intercalation (Figure S6). Therefore, we
consider that the formation of the inactive dense surface caused
by oxygen release is the main reason for the large irreversible
capacity loss at the initial cycle.

Figure 2. (a) Galvanostatic charge/discharge curves of the Na2/3Ni1/3Mn2/3O2 electrode for the first cycle at 0.1 C and the corresponding XPS spectra
of Ni 2p andO 1s core at various charge states. (b−c) Representative ELF cross sections of lattice oxygen at pristine and desodiation (charged to 4.2 V)
states, respectively. The oxygen lone-pair tends to locate at a position with a high ELF value.
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Suppressing of Oxygen Release. Since the oxygen release
behavior seriously affects the crystal structure as well as
electrochemical performance of Na2/3Ni1/3Mn2/3O2, how to
address this issue is of great significance. Previous research on
the Li-rich Li2Ru1−ySnyO3 cathode suggested that Ru5+ could
form a Ru−O−O covalent bond to minimize oxygen release at a
high operating voltage.34 Considering the similar electronic
configuration of Fe and Ru, we employ Fe substitution to

suppress the oxygen release behavior in Na2/3Ni1/3Mn2/3O2. By
replacing Ni2+ and Mn4+ with Fe3+, the Na2/3Fe2/9Ni2/9Mn5/9O2

cathode was synthesized under the same condition as
Na2/3Ni1/3Mn2/3O2.
The XRD pattern of Na2/3Fe2/9Ni2/9Mn5/9O2 reveals that the

substitution of Fe3+ still maintains the original hexagonal
structure with P63/mmc space group (Figure 4a). The refined
crystallographic data are listed in Table S1. Figure 4b shows the

Figure 3. (a) In situ DEMS analysis of oxygen release during the first charge for the Na2/3Ni1/3Mn2/3O2 electrode. The charge current density is 10 μA
mg−1, and the cut off voltage is 4.3 V. (b) DOS of Na2/3Ni1/3Mn2/3O2 cathode at 4.2 V (0.33 Na removal) and 4.3 V (0.6 Na removal). The Fermi level
is indicated by the dash line. (c) Schematic representation of the energy level versus DOS and the loss of oxygen. (d) Galvanostatic charge/discharge
curves of Na2/3Ni1/3Mn2/3O2 electrode and the irreversible capacity loss for the first cycle at 0.1 C. (e) HRTEM image of Na2/3Ni1/3Mn2/3O2 at the
pristine state. (f) HRTEM image of Na2/3Ni1/3Mn2/3O2 after one cycle. (g) The calculated structure of the dense surface.
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100 plane with a distance of 0.25 nm. The corresponding SAED
pattern in the inset of Figure 4b confirms the typical single-
crystal feature of the Na2/3Fe2/9Ni2/9Mn5/9O2 sample. XPS
analysis for Ni, Mn, and O was carried out at different charge
states in Na2/3Fe2/9Ni2/9Mn5/9O2 (Figure S7). For the O
element, the peak of 529.5 eV at the pristine stage refers to lattice
O2− anions. When charged to 4.15 V, the peak of O2

n− species
emerges at 530.5 eV, suggesting the triggering of oxygen
activity.33−37 With further charging to 4.3 V, the peak of O2

n− is
well maintained, indicating that theO2−/O2

n− couple participates
in the charge compensation process at a high operating voltage.
According to the in situ DEMS test (Figure 4c), no O2 gas is
detected during the whole charge process, proving that the
oxygen release behavior at a high operating voltage has been
successfully suppressed by Fe substitution. Meanwhile, the
irreversible capacity loss has been reduced from 25% to 4% at the
initial cycle (Figure 4d), demonstrating the improvement of the
electrochemical reversibility after the suppressing of oxygen
release.
HRTEMwas used to observe the crystal structure evolution of

Na2/3Fe2/9Ni2/9Mn5/9O2 particles. At the pristine state (Figure

4e), the surface shows a P2 structure with a interlayer distance of
0.56 nm. After the charge/discharge process for one cycle, the
surface structure shows no obvious change (Figure 4f); hence,
the interlayer space is suitable for the Na+ intercalation/
deintercalation process. Even after 10 cycles, the P2 structure at
the surface almost remains unchanged (Figure S5c). The
corresponding XRD pattern of Na2/3Fe2/9Ni2/9Mn5/9O2 is
shown in Figure S5d. Compared with the surface lattice
densification on Na2/3Ni1/3Mn2/3O2 particles, no surface
reconstruction occurs on Na2/3Fe2/9Ni2/9Mn5/9O2 after the
charge/discharge process (Figure 4g). Therefore, Fe substitu-
tion plays a crucial role in suppressing oxygen release and surface
densification during the electrochemical reaction.

Reductive CouplingMechanism.XPS analysis at different
states was used to understand the mechanism of Fe substitution
on the suppressing of oxygen release at high operating voltage
(Figure 5a). At the pristine stage, the peak at 711.8 eV of the Fe
2p core spectra is assigned to Fe3+.48,49 When charged to 4.15 V,
the peak of Fe3+ shifts toward higher energy binding at 713.1 eV,
indicative of the oxidation reaction of Fe3+ → Fe4+.48 However,
with further charging to 4.3 V, this peak unexpectedly moves

Figure 4. (a) XRD and Rietveld plots of the Na2/3Fe2/9Ni2/9Mn5/9O2 sample. The inset shows the P2 type structure with “ABBAAB” arrangement. (b)
HRTEM image of the Na2/3Fe2/9Ni2/9Mn5/9O2 sample. The inset image is the corresponding SAED pattern. (c) In situ DEMS analysis of oxygen
evolution during the first charge for Na2/3Fe2/9Ni2/9Mn5/9O2 electrode. The current density is 10 μA mg−1, and the cut off voltage is 4.3 V. (d)
Galvanostatic charge/discharge curves of the Na2/3Fe2/9Ni2/9Mn5/9O2 electrode and the irreversible capacity loss for the first cycle at 0.1 C. (e)
HRTEM image at the pristine state. (f) HRTEM image after 1 cycle. (g) The P2 crystal structure for the surface layer.
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back to 711.8 eV, which means that the Fe4+ has been reduced to
Fe3+ in this voltage region. A similar TM-reductive behavior was
reported in the Li-rich Li2Ru1−ySnyO3 cathode.34 Ru5+ was
reduced to Ru4+ at a high operating voltage, which is associated
with a reductive coupling mechanism.
DOSwas calculated at various states to elucidate the reductive

coupling behavior in Na2/3Fe2/9Ni2/9Mn5/9O2 (Figure 5b). At
the initial stage (point I), the Ni and Fe 3d bands are near the
Fermi level, and oxidation proceeds through removing electrons
from the Ni and Fe 3d orbital. When charged to 4.15 V (point
II), the O 2p band gets close to the Fermi level, and hence the
lattice oxygen start to participate in the oxidation process. With
further charging to 4.3 V (point III), O 2p states exceed the
Fermi level, leading to the removal of electrons along with the
creation of O-hole or O−O pairing.38,43 Meanwhile, the Fe 3d
bands are strongly hybridized with the O 2p band (dashed
ellipse in Figure 5b, point II and point III), favoring the
formation of a stable Fe-(O−O) bonding states through a
charge-transfer system (O to Fe charge transfer, as shown in
Figure 5c).38,50−52 This reductive behavior of Fe4+ → Fe3+ is
induced by the electronic redistribution from the Fe−Obonding
state to a high covalent Fe-(O−O) bonding state (Figure 5d).
The high covalent binding between the Fe andO−Operoxo-like
species effectively prevents O2 gas release, promoting the
reversibility of O2−/O2

n− redox at a high operating voltage.
Structure Evolution and Electrochemical Perform-

ance. To analyze the structure evolution of Na2/3Ni1/3Mn2/3O2
during the charge/discharge process, ex situ XRD tests were
carried out at various potentials (marked with a, b, c, d, e, f, j, h,
and i in Figure 6a). From point a (initial state) to d (about the
middle position of the 4.2 V plateau), the P2 phase is well
maintained with only slight peak shifts. When the charge state
reaches point e (4.3 V), a new peak (referred as 002′) appears at
21° with the weakening of the 002 peak, suggesting the phase

transition of P2 → O2 in the voltage region from point d to
e.14,20 The two peaks marked with the “#” symbol belong to the
hydrated phase.15 After Fe substitution, the XRD patterns show
no phase transition behavior during the whole charge/discharge
process (Figure 6b).
Galvanostatic intermittent titration technique (GITT) was

used to determine Na+ diffusion coeffic ients of
Na2/3Ni1/3Mn2/3O2 and Na2/3Fe2/9Ni2/9Mn5/9O2 under differ-
ent Na+ concentrations (Figure 6c). When the Na+ removal
range is 0 ≤ z ≤ 1/3, the Na+ diffusion coefficient of
Na2/3Ni1/3Mn2/3O2 is around 1 order of magnitude lower than
that of Na2/3Fe2/9Ni2/9Mn5/9O2 due to the existence of Na+

vacancy ordering structure (Figure S8 and Figure S9). When the
Na+ removal range exceeded 1/3, the Na+ diffusion coefficient of
Na2/3Ni1/3Mn2/3O2 displays a dramatic fluctuation between
10−12 and 10−15 cm2s−1, while Na2/3Fe2/9Ni2/9Mn5/9O2 shows a
gradually decrease from 10−11 to 10−12 cm2 s−1. Rate capability of
Na2/3Ni1/3Mn2/3O2 and Na2/3Fe2/9Ni2/9Mn5/9O2 are tested at
different current densities (Figure 6d). Na2/3Ni1/3Mn2/3O2
electrode delivers a discharge capacity of 119 mAh g−1 at 0.1
C (1 C = 160 mAh g−1), but only 17% (21 mAh g−1) is retained
at 5 C. In contrast, Na2/3Fe2/9Ni2/9Mn5/9O2 shows a discharge
capacity of 141 mAh g−1 at 0.1 C with a high retention of 45%
(63 mAh g−1) at 5 C due to its higher Na+ mobility, which has
been proven by GITT analysis. What is more, it should be
noticed that the P2 phase in Na2/3Ni1/3Mn2/3O2 converts to the
O2 phase (Figure 6a) at a high voltage region, while the P2
phase in Na2/3Fe2/9Ni2/9Mn5/9O2 is well maintained (Figure 6b)
during the whole charge/discharge process. The Na ion
diffusion paths in the O2 and P2 structures are quite different.
For the O2 structure, the migration of Na ions from one
octahedron site to another requires two transits of the triangular
face. For P2 structure, the diffusion of Na ions between two
prismatic sites only needs to pass through one rectangular face. A

Figure 5. (a) XPS spectra of Fe 2p core at various charge states. (b) DOS of Na2/3Fe2/9Ni2/9Mn5/9O2 at different charge states. (c) Schematic
representation of the energy level versus DOS and the charge transfer fromO 2p to Fe 3d. (d) Reductive coupling mechanism for the formation of Fe-
(O−O) species. The oxidized Fe4+ at point II was reduced to Fe3+ at point III though electronic redistribution.
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nudged elastic band (NEB) calculation was carried out to
further study the energy barrier in the O2 and P2 structure
(Figure 6e). The energy barrier in O2 phase is 0.298 eV, while
that in the P2 phase is 0.143 eV, indicating the higher Na+

mobility in Na2/3Fe2/9Ni2/9Mn5/9O2 with the stable P2 phase.
Cycling performance and the corresponding Coulombic

efficiency (CE) were evaluated at 0.5 C current density (Figure
6f). Compared with the low CE of 88.5% in the
Na2/3Ni1/3Mn2/3O2 electrode, the Na2/3Fe2/9Ni2/9Mn5/9O2

electrode shows 95.4% CE at the initial cycle. After 100 cycles,
the discharge capacity of Na2/3Ni1/3Mn2/3O2 shows a rapid
decay, and only 44% capacity (58.4 mAh g−1) is retained, while
78% (102.1 mAh g−1) discharge capacity is maintained for
Na2/3Fe2/9Ni2/9Mn5/9O2 electrode. The energy densities of
Na2/3Ni1/3Mn2/3O2 and Na2/3Fe2/9Ni2/9Mn5/9O2 are shown in
Figure 6g. Although Na2/3Ni1/3Mn2/3O2 shows a large energy
density of 608 Wh kg−1 during the charge process, only 71%
(433 Wh kg−1) is obtained during the subsequent discharge
process. In contrast, Na2/3Fe2/9Ni2/9Mn5/9O2 delivers 542 Wh
kg−1 during the charge process and a high retention of 92% (500
Wh kg‑1) is achieved during the subsequent discharge process.
The superior reversibility of O2−/O2

n− redox, rate capability,
cycling stability, and energy density retention of
Na2/3Fe2/9Ni2/9Mn5/9O2 are attributed to Fe substitution,
which effectively suppresses the oxygen release, surface lattice
densification, and phase transition during the electrochemical
reaction.

■ CONCLUSION

In summary, we prove the existence of O2−/O2
n−/O2 evolution

and solved the oxygen release problem inNa2/3Ni1/3Mn2/3O2. At
the 4.2 V plateau, the oxygen functions as the electron donor,
and the irreversible O2−/O2

n−/O2 evolution occurs due to the
lack of TM-O hybridization. The loss of oxygen causes the
surface densification of Na2/3Ni1/3Mn2/3O2 particles, and this
dense structure is not suitable for Na+ intercalation. Therefore,
the formation of an inactive dense layer at the initial cycle is
considered as the main reason for the irreversible capacity loss.
The oxygen release behavior in Na2/3Ni1/3Mn2/3O2 can be
greatly suppressed by Fe substitution due to the formation of the
Fe-(O−O) species associated with the reductive coupling
behavior, which preserves the reversibility of O2−/O2

n− redox
reaction at a high operating voltage. As a result, the irreversible
capacity loss at the initial cycle is reduced from 25% to 4%, and
the capacity retention increases from 42% to 78% after 100
cycles. The understanding of oxygen release behavior in the Na-
deficient cathode and the strategy for suppressing of oxygen
release offer a new perspective for developing high-performance
cathode materials with high reversibility and long cycling
stability for SIBs.

■ EXPERIMENTAL PROCEDURES

The details of experimental procedures are provided in
Supporting Information.

Figure 6. (a, b) Ex situ XRD patterns of Na2/3Ni1/3Mn2/3O2 and Na2/3Fe2/9Ni2/9Mn5/9O2 at various potentials. (c) The Na
+ diffusion coefficients in

Na2/3Ni1/3Mn2/3O2 and Na2/3Fe2/9Ni2/9Mn5/9O2 calculated from GITT. (d) Rate capability of Na2/3Ni1/3Mn2/3O2 and Na2/3Fe2/9Ni2/9Mn5/9O2. (e)
The diffusion paths of Na+ in O2 and P2 phase and the corresponding energy barrier. (f) Cycling stability of Na2/3Ni1/3Mn2/3O2 and
Na2/3Fe2/9Ni2/9Mn5/9O2 at 0.5 C. (g) Comparison of energy density for Na2/3Ni1/3Mn2/3O2 and Na2/3Fe2/9Ni2/9Mn5/9O2.
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