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% Check for updates Triggering the anionic redox reaction is an effective approach to boost the

capacity of layered transition metal (TM) oxides. However, the irreversible
oxygen release and structural deterioration at high voltage remain con-
undrums. Herein, a strategy for Mg ion and vacancy dual doping with partial
TM ions pinned in the Na layers is developed to improve both the reversibility
of anionic redox reaction and structural stability of layered oxides. Both the
Mg ions and vacancies ([J) are contained in the TM layers, while partial Mn ions
(-1.1%) occupy the Na-sites. The introduced Mg ions combined with vacancies
not only create abundant nonbonding O 2p orbitals in favor of high oxygen
redox capacity, but also suppress the voltage decay originated from Na-O-]
configuration. The Mn ions pinned in the Na layers act as “rivets” to restrain the
slab gliding at extreme de-sodiated state and thereby inhibit the generation of
cracks. The positive electrode, Nag ¢;Mng o11[Mg0.1Jo.07MnNo 53105, delivers an
enhanced discharge capacity and decent cyclability. This study provides
insights into the construction of stable layered oxide positive electrode with
highly reversible anionic redox reaction for sodium storage.

Sodium-ion batteries (SIBs) represent an alternative candidate for large-
scale energy storage to lithium-ion batteries owing to their low cost'.
However, their unsatisfactory electrochemical performances hinder the
practical application due to the lack of suitable cathode materials*”. As a
family of cathode materials, layered transition metal oxides (Na,TMO,,
TM represents transition metal) have attracted increasing interest for
their relatively high theoretical capacities and efficient two-dimensional
Na* diffusion paths®™. However, the capacity of conventional cathode
materials, which is determined by the cationic redox of TMs, is gradually
approaching the theoretical limit. Fortunately, the discovery of anionic
redox reaction provides a new opportunity to construct layered oxides
with high capacities beyond the limit of TM redox™.

The anionic (oxygen) redox reaction of Na,TMO, is similar to that
of Li-rich Mn-based oxides. The existence of nonbonding O 2p states is
generally recognized to be the origin of anionic redox reaction'®", For
instance, the partial substitution of TMs by Li in Li-rich oxides induces
the formation of Li-O-Li configuration, which enables the lone-pair O
2p state generation on account of the weak overlap between O 2p and
Li 2s orbitals'®'’. Analogously, such a situation can also be realized in
Na,TMO, by constructing the Na-O-X paradigms. Apart from
Na-O-Li*”, Na-O-X configurations can also be Na-O-Mg?*?,
Na-0-Zn***, and even Na-O-vacancy ([])**%. The X-O bonds are so
weak that the O 2p band is close to the Fermi level (£, which facilitates
the oxygen redox reaction. Among them, the Na-O-[] configuration
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induced anionic redox reaction exhibits a high voltage plateau with
low hysteresis, and the existence of vacancies endows the material
with high structural flexibility. Although the anionic redox combined
with cationic redox reaction in layered compounds brings about a
staggering capacity increase, the irreversible oxygen release and vol-
tage decay limit the application. For example, Hu et al. reported a
Nag 653[Mng 920 0.071]0, material by replacing partial Mn sites with
vacancies and a noticeable potential plateau (-4.2V vs. Na’/Na) from
the oxygen redox reaction of Na-O-[] could be observed”. The
obtained material delivered a high capacity but with considerable
voltage decay during subsequent cycling. Huq et al. developed a Nay,
7IMn¢/7[11/710, material with native vacancies, which exhibited similar
voltage decay®®. Moreover, the oxygen redox is normally triggered at
high potential (>4.1V vs. Na'/Na), where the extraction of most Na*
from interlayers increases the repulsion of oxygen layers and dete-
riorates the structural stability. Therefore, for layered oxides with
anionic redox reactions, synergistically enhancing the activity of
anionic redox reaction and structural stability is still a great challenge.

Considering the ability of Mg doping in introducing Na-O-Mg
configuration for anionic redox and enhancing the structural stabi-
lity, we developed a Mg ion and vacancy dual doping strategy for
layered oxides in this study, which enables simultaneous improve-
ment in oxygen redox activity and structural stability. The intro-
duced Mg ions combined with vacancies not only create abundant
nonbonding O 2p orbitals in favor of high oxygen redox capacity but
also suppress the voltage decay originated from the Na-O-[]. Partial
occupancy of Mn ions (-1.1%) in Na-sites has been identified by
scanning transmission electron microscopy (STEM). Various ex/
in situ analyses demonstrate that the mis-occupied Mn ions can act as
“rivets” to restrain the slab gliding at the deep de-sodiated state and
thereby inhibit the generation of cracks. Consequently, the obtained
P2-type  Nag.¢7Mno.011lMgo1Jo.07MNo s3]0,  cathode  material
demonstrates a significantly improved capacity of 155.1mAhg™ at
14 mA g™ and decent cyclability with 87.5% capacity retention over
200 cycles at 140 mAg™. Density functional theory (DFT) calcula-
tions reveal that the Mg ion and vacancy dual doping enhances the
anionic redox activity and structural stability of the layered oxide
cathode. This contribution sheds light on the design of stable layered
oxides with highly reversible anionic redox reactions for high-
energy SIBs.

Results

Structural characterizations

A series of Nag ¢;Mg,Mn;.,O, (x = 0-0.2) materials were synthesized by a
facile organic acid-assisted solid state reaction. The chemical composi-
tion of the as-prepared materials is determined by inductively coupled
plasma-optical emission spectrometer (ICP-OES, Supplementary
Table 1). The Na/Mn ratio of the pristine compound without Mg doping
(denoted as NMV) is 0.685:0.895. Ideally, the TM layers should be fully
occupied by transition metals, implying there are ~10% vacancies in the
TM layers. After the introduction of 10% Mg, the sample (denoted as
NMV-M10) has a Na/Mn/Mg ratio of 0.671:0.836:0.097, indicating there
are still vacancies existing.

The crystal structures of the samples are studied by X-ray dif-
fraction (XRD) and Rietveld refinement. With the increasing of Mg
content from O to 20%, a structure evolution from P’2/P2 mixed phase
to P2 phase can be observed (Supplementary Fig. 1a), suggesting the
Mg?* substitution effectively alleviates the structural distortion during
synthesis process. When the Mg content increases from 0O to 10%, the
(002) peak shifts to a lower position (Supplementary Fig. 1b), indi-
cating an expansion of the unit cell along the c-axis. This shift is due to
the larger ionic radius of Mg ions compared to Mn ions, which
increases the TM layer thickness. If Mg ions were to occupy the sodium
layers, the smaller radius of Mg?* compared to Na* would reduce the
interlayer distance, causing the c-axis to shrink’. However, this is

contrary to the observed results. Therefore, the introduced Mg ions in
NMV-M10 are more likely to occupy the transition metal layers.
According to the Rietveld refinement results, the pristine NMV adopts
mixed phases of orthorhombic lattice with the Cmcm space group
(P'2 structure, 15.57%) and hexagonal lattice with the P63/mmc space
group (P2 structure, 84.43%) (Supplementary Fig. 2). The P’2 structure
is considered as a distorted phase (Supplementary Fig. 3) due to the
presence of Jahn-Teller active Mn*"°, which will be discussed further
in the following part. With the introduction of 10% Mg, the obtained
NMV-M10 adopts a pure P2 phase (Fig. 1a). The low agreement factors
indicate the reliable refinement results. According to the refinement
results (Supplementary Table 2), the Mg ions occupy the TM-sites,
while ~1.1% of Na, sites are occupied by Mn ions. Such a trace amount of
TM ions occupying in sodium layers should not cause the dramatically
decreased interlayer distance. The total occupancy of TM-sites sug-
gests the existence of a significant amount of TM vacancies. According
to the Rietveld refinement results, the schematic crystal structure of
NMV-MIO0 is provided in Fig. 1b. Moreover, the appearance of diffrac-
tion peaks at 19-24° indicates the existence of superstructure in the
samples (Supplementary Fig. 1c). The NMV shows superstructural
peaks at 19.7 and 20.1°, demonstrating the formation of a ribbon-
ordered superstructure of Mn and vacancy within the TM layers. With
the introduction of Mg, the original superstructural peaks disappear
and a new diffraction appears at 22.2°, suggesting the transformation
of superstructure into a honeycomb-ordered superstructure of Mn
and Mg/vacancy”. When the Mg content exceeds 10%, the MnO,
impurity phase can be observed (Supplementary Fig. 1a), suggesting
the up limit for Mg doping.

X-ray photoelectron spectroscopy (XPS) is conducted to deter-
mine the valence states of Mn (Supplementary Fig. 4). For NMV, the
peaks at ~642 and ~654 eV can be assigned to the Mn 2ps,; and 2py/»
components, respectively. With the introduction of Mg, the Mn 2p XPS
peaks slightly shift towards higher binding energy, indicating the for-
mation of high-valence-state Mn*" with partial substitution of Mn®'
with Mg?. Six-coordinated Mn** has an uneven distribution of elec-
trons in its d-orbitals (t;53-€,1). Specifically, the single electron in the
e, orbital leads to an uneven electron density distribution, causing the
ion to distort to relieve this instability. This distortion, known as the
Jahn-Teller distortion, typically results in an elongation or compression
of the octahedral coordination environment, which weakens the
structural stability of the material. The XPS results indicate that the Mg
doping is beneficial for decreasing the amount of Mn** and alleviating
the Jahn-Teller distortion of Mn*".

Scanning electron microscopy (SEM) characterization reveals that
all the samples with different Mg contents are composed of micro-
meter crystals with sizes of 1-4 um (Supplementary Fig. 5). To directly
observe the atomic structure of NMV-M10, STEM with high-angle
annular dark field (HAADF) and annular bright field (ABF) detectors are
employed (Fig. 1c, d). The bright dots in HAADF-STEM (Fig. 1c) and the
dark dots in ABF-STEM (Fig. 1d) are assigned to heavy TM atoms (Mn),
while the bright dots in ABF-STEM correspond to the light atoms (Na,
0, Mg). The staggered arrangement of TM and Na layers indicates that
the NMV-MI10 has a typical layered structure. It should be noted that
some bright contrasts exist between adjacent TM layers in the HAADF
image as indicated by red arrows and dark dots are observed at the
same positions in the corresponding ABF image. The HAADF and ABF
images demonstrate that a small fraction of Mn ions are located at the
Na layers in NMV-M10 with local formation of spinel structures like
MgMn,0, or NaMn,O,*. Fast Fourier transformation (FFT, Fig. le)
verifies the P2 structure and high crystallinity of NMV-MI10. In the
intensity line along the red rectangle in Fig. 1f, the Mn signal in Na layer
can be well detected. Geometric phase analysis (GPA) is carried out to
image the strain distribution of NMV-M10 (Supplementary Fig. 6). The
mis-occupied Mn ions in Na sites exhibit drastic internal strain, which
can be attributed to the strong interaction of lattice oxygen with the
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Fig. 1| Structural characterizations of NMV-M10. a XRD Rietveld refinement;
b Schematic crystal structure; ¢ HAADF- and d ABF-STEM images, riveted Mnions in
sodium layers are marked with red arrows; e FFT image; f enlarged view of the

marked region (yellow rectangle) in (c) and the intensity line profile extracted along
the red rectangle; g atomic EDS-mappings.

mis-occupied Mn ions. Such mis-occupied TM ions in the Na layers can
act as “rivets” to restrain the oxygen layer gliding when the Na* ions are
extracted at high potential®>. Atomic energy dispersive spectroscopy
(EDS) mapping is conducted to reveal the elemental distribution in
NMV-M10 (Fig. 1g). The TM layers and Na layers are distributed
according to the P2 stacking structure and the Mg is distributed in the
TM layers, suggesting the Mg preferentially substitutes the vacancies
and Mn-sites in TM layers, agreeing well with the XRD results. For the
pristine NMV, no Mn ions can be observed in the Na layers (Supple-
mentary Fig. 7), suggesting that the occupation of Mn ions in Na-sites is
induced by Mg doping. Moreover, vacancies can be clearly observed in
the TM layers of NMV from the HAADF image (Supplementary Fig. 8).
The Mn ions and vacancies are arranged into a ribbon-ordered
superstructure, in well agreement with the XRD results'%

Electrochemical performances

The electrochemical behaviors are evaluated in coin cells. The cyclic
voltammetry (CV) curves of NMV and NMV-MI10 are displayed in Fig. 2a.
According to the redox potential, the CV profile of pristine NMV can be
briefly separated into three regions. At 2.0-2.4V (vs. Na'/Na), the
reduction/oxidation peaks are attributed to Mn*/Mn* redox; at
2.4-4.0V, the multiple redox peaks are caused by the Mn*/Mn*" redox
induced structural ordering transitions during sodiation/de-
sodiation®"; at 4.0-4.35V, the pair of sharp peaks are attributed to the
oxygen redox of Na-O-[] configuration®®. In contrast, the CV curves
for NMV-M5 (Supplementary Fig. 9a) and NMV-MI0 at 2.4-4.0V are
much smoother, suggesting the introduction of Mg disrupts the com-
plex structural transitions and stabilizes the structure®™*. A pair of

broaden peaks are observed at -2.8 V after the introduction of Mg, which
are associated with the oxygen redox of Na-O-Mg configuration®. This
indicates that the Mg doping triggers the oxygen redox at a relatively
low voltage and contributes to a high capacity. In addition, the reduction
peaks at ~4.2 V from the oxygen redox of Na-O-[] configuration slightly
weaken with the increasing of Mg content, and disappear completely in
NMV-M20 (Supplementary Fig. 10). This phenomenon might be caused
by the gradual occupation of TM vacancies by Mg ions.

The first five galvanostatic charge/discharge (GCD) profiles of
NMV and NMV-MI10 in the potential range of 2.0-4.35V are displayed
in Fig. 2b, c. The NMV-MIO delivers the highest capacity of
1551 mAh g at 14 mA g, while the capacities for NMV and NMV-M5
are 138.6 and 133.9 mAh g™ (Supplementary Fig. 9b), respectively. The
NMV-MI0 exhibits the smoothest GCD profiles and a reduced voltage
plateau capacity at ~4.2V (Fig. 2c), agreeing well with the CV results.
The voltage plateau at ~4.2V in NMV exhibits a rapid decay in sub-
sequent cycles (Fig. 2b), which is caused by the irreversible anionic
redox reactions of Na-O-[1”. In contrast, this voltage decay can be
well suppressed in NMV-M10 (Fig. 2c). The first discharge capacities of
the samples at 14 mA g™ with different Mg and vacancy contents can be
divided into three parts: the capacities at 4.0-4.35V and 2.4-4.0 V are
ascribed to the anionic redox of Na-O-[] and Na-O-Mg configura-
tions, respectively (Supplementary Fig. 11). And the capacity at
2.0-2.4V is related to the cationic redox contribution. The NMV-M10
displays a lower anionic redox capacity from Na-O-[] than NMV,
which is due to the partial occupation of vacancies by Mg?. This
phenomenon can also be observed in P3-type Nagg,;Mgo.Mngg0,,
which exhibits a short plateau at ~4.2 V but also decays in subsequent
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Fig. 2 | Electrochemical performances of NMV and NMV-M10 in 2.0-4.35V (vs.
Na‘/Na). a CV curves of NMV and NMV-M10 at 0.1 mV's™; GCD profiles of bNMV and
¢ NMV-M10 at 14 mA g™; representative GCD profiles of d NMV and e NMV-M10 at
different current densities; f rate performances and g cycling performances and

Cycle number

Coulombic efficiencies of the NMV and NMV-MI0 at 42 mA g™ h cycling perfor-
mance of NMV-MIO at 140 mA g™, All the batteries are two-electrode coin cells,
which were tested at 25 °C and the mass loading of active materials are in the range
of 1-L.5mgcm™

cycles”. In comparison, the P2 structure has demonstrated higher
intrinsic ionic conductance and suitable crystal symmetry, which may
facilitate the reversibility of Na-O-[] here®. In addition, the NMV-M10
demonstrates the highest capacities at 2.4-4.0V and 2.0-2.4V, sug-
gesting the optimized Mg and vacancy doping contents.

To further demonstrate the effect of Mg doping on anionic redox
reaction induced by Na-O-[], cyclic tests are performed in the
potential range of 2.4-4.35 V to exclude the influence of cationic redox
(Mn*/Mn*). The first 30 discharge profiles of NMV, NMV-MS5, and
NMV-MI10 at 42mAg™ are displayed in Supplementary Fig. 12. NMV-
M10 exhibits a comparable anionic capacity with NMV, and its shorter
discharge plateau above 4.0V suggests the decrease of Na-O-[]
anionic redox contribution. With the introduction of Mg, the voltage
plateau decay is significantly suppressed and the NMV-M10 exhibits
the most reversible anionic redox reaction in 100 cycles. The results
unambiguously demonstrate that the introduction of Mg has a positive
effect on the reversibility of anionic redox reaction induced
by Na-O-[1.

Figure 2d-f displays the typical GCD profiles at different current
densities and the rate performances of NMV and NMV-M10. No matter
at what rate, the NMV-M10 demonstrates a higher discharge capacity
and lower polarization than the NMV and NMV-M5 (Supplementary
Fig. 9c-d). In particular, with the increasing of current density, the
voltage plateau above 4.0V exhibits a progressive decay in NMV. To

understand the enhanced rate capability of NMV-M10, galvanostatic
intermittent titration technique (GITT, Supplementary Fig. 13) is
employed. The NMV-M10 manifests a higher Na* diffusion coefficient
(Dy,+) than NMV, especially in the high voltage region, which is con-
ducive to the rate performance.

The cycling performances at 2.0-4.35V including both anionic
and cationic redoxes are shown in Fig. 2g. The NMV-M10 delivers a high
initial capacity of 126.7 mAh g at 42 mA g™ with a capacity retention of
87.6% over 100 cycles. At the same rate, the NMV (97.7 mAh g, 46.4%)
and NMV-MS5 (107.4 mAh g, 78.1%, Supplementary Fig. 9e) show much
lower capacities and capacity retentions. Moreover, for NMV-M10, the
average voltage shows negligible decrease over 100 cycles and the
energy density retention reaches as high as 92.1%. In contrast, the
average voltage of NMV decreases sharply and the retention of energy
density is only 45.4% (Supplementary Fig. 14). For comparison, the
NMM with only Mg (10%) doping was also synthesized with a pelleting
process to shorten the diffusion distance in the particles at high-
temperature sintering. The GCD profile of NMM at 14 mA g™ doesn’t
show the plateau of the Na-O-[] configuration, suggesting the elim-
ination of vacancies (Supplementary Fig. 15). The NMM exhibits a
relatively low capacity of 117.8 mAhg™ at 14 mA g™ with a capacity
rentention of 70.8% after 100 cycles at 42mAg™. The better cyclic
performance of NMM than NMV suggests that Mg doping has a posi-
tive effect on the cyclability. The cycling performance of NMV-MIO at
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Fig. 3 | Structural evolutions of NMV and NMV-M10 during charge/discharge processes. In situ XRD patterns of a NMV-M10 and b NMV.

140 mA g'is shown in Fig. 2h. It manifests a capacity retention of 87.5%
over 200 cycles, demonstrating its ideal cycling stability. From the
above results, it can be concluded that the NMV-M10 manifests not
only enhanced capacity and cyclability, but also suppressed
voltage decay.

Full cells are assembled with NMV-M10 cathode and pre-sodiated
hard carbon (HC) anode. The electrochemical performances of HC are
presented in Supplementary Fig. 16. The first five GCD profiles and
cycling performance of the full cells are presented in Supplementary
Fig.17. The GCD profiles generally overlap, except for the initial charge
process. The full cell also delivers a good cyclability, with a capacity
retention of 76% over 50 cycles, demonstrating the application
potential of NMV-M10 in SIBs.

Structural evolution and charge compensation

Layered Na,TMO, is usually susceptible to phase transformation in the
high voltage region owing to the extraction of most Na*. The structural
evolution of NMV-M10 and NMV upon Na* extraction/insertion during
the first two cycles are monitored by in situ XRD (Fig. 3 and Supple-
mentary Fig. 18). For NMV-M10, the (002) and (004) diffractions shift
towards lower angle during initial charging, while the (100) diffraction
shifts towards higher angle. Such changes indicate the lattice expan-
sion along the c-axis and lattice shrinkage along the a-axis. The
expansion along c-axis during charging process is ascribed to the
continous extraction of Na* from the TMO, interlayers, which reduces
the shielding of positive charges and increases electrostatic repulsions
between the oxygen layers, resulting in the increase of interlayer dis-
tance. While the shrinkage along a-axis is related to the oxidation of
small amount of Mn*" and oxygen. Upon discharging, the above-
mentioned peaks shift back to their original positions, indicating the
reversible structural evolution. No new peaks appear during the whole
charge/discharge processes, indicating the P2 structure is well main-
tained. The variations in lattice parameters and cell volume during the
first two cycles are presented in Supplementary Fig. 19. The maximum
volume change is as low as 1.47%, demonstrating the near-zero-strain
insertion/extraction characteristic of NMV-M10. When compared to
other layered oxide cathode materials, the volume change of NMV-
M10 is markedly small. For NMV, although the (002) and (004) peaks
exhibit no obvious shifting, a new OP4 phase appears when the voltage
reaches above 3.4V, which is an intermediate phase of the transfor-
mation from P2 to O2 phase®. The appearance of OP4 phase suggests
that the oxygen layer glides due to Na* extraction.

To further reveal the microstructure evolution of NMV-M10, in
situ Raman, which is sensitive to the change of crystal and local
structures®’, is conducted (Fig. 4a). The NMV-MI10 presents three pri-
mary Raman peaks. The band at -645 cm™ is assigned to the symmetric
stretching vibration (A;g) of Mn-0 bond in layered oxides. The bands
at -600 and -488 cm™ are assigned to the stretching vibrations of E»g
modes involving both Na and O vibrations, which are associated with
the atomic displacements along the c-axis and ab plane,
respectively*~*. The peak position of A, mode shows an insignificant
shift during charging and discharging, indicating the robust Mn-O
bonds. However, it broadens gradually at high voltage, which is related
to the increased lattice distortion*‘. The band at -600 cm™ of the E,g
mode shows a red shift to ~580 cm™ during charging over 3.4V, which
is attributed to the increase of interlayer distances due to Na*" extrac-
tion. Notably, this peak still exists in fully charged state, which implies
there is no transition from P2 to OP4 phase*. In addition, the blue shift
of the peak at -488cm™ during charge process is related to the
shrinkage along a and b axes. All peaks return to the pristine positions
during the subsequent discharge process, indicating the reversible
structural evolution. From in situ XRD and Raman characterizations,
one can know that when the voltage reaches above 3.4 V, the NMV-M10
just shows distortions in the MnOg octahedra, while the NMV presents
a new OP4 phase. This suggests that the oxygen layers are fixed by the
mis-occupied Mn ions in NMV-M10.

Atomic-scale HAADF-STEM is used to directly visualize the phase
structure evolutions of NMV-MI0 (Fig. 4b) and NMV (Fig. 4c). For the
NMV-MI10 charged to 4.35V, there are still many bright contrasts
existing in the Na layers, corresponding to the mis-occupied Mn ions.
The still presence of the mis-occupied Mn ions when most of Na* are
extracted confirms the robust pinning effect. In addition, the TM col-
umns are well aligned with no layer gliding (indicated by the yellow
line), which is consistent with the pristine P2 structure. In contrast, the
HADDF-STEM image of NMV charged to 4.35V shows that some
adjacent layers are offset from one another (indicated by green lines).
The layer gliding implies the existence of OP4 phase, in agreement with
the in situ XRD results. From the above discussions, it can be con-
cluded that the mis-occupied Mn ions can act as “rivets” to fix the
oxygen layers when Na* ions are extracted at the high voltage region,
thus improving the structural stability.

To further investigate the anionic redox behavior, ex situ XPS is
performed to characterize the electronic structure of oxygen at var-
ious charge/discharge states. The ex situ O 1s XPS spectra of NMV-M10
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and NMV are provided in Fig. 4d, e. For both NMV-M10 and NMV, the
pristine O 1s spectra can be divided into two peaks from the surface
oxygen-related species and one peak from lattice oxygen. After char-
ging to 4.35V, an extra component at 531.0 eV appears, which can be
ascribed to the formation of peroxo-like (O,)™ species®. This phe-
nomenon evidences that the oxygen redox activity has been triggered
to participate in the charge compensation process in both NMV-M10
and NMV.

Ex situ Electron Energy loss spectroscopy (EELS) has been per-
formed to further demonstrate the oxygen redox in NMV-M10, which

gives insight into the electronic structure changes of O-K and Mn-L
edge peaks in the material upon cycling. The EELS spectra are col-
lected by linear scanning from surface to bulk (Supplementary
Fig. 20). As displayed in the bulk (Supplementary Fig. 20g), the pre-
edge around 535 eV in the O EELS K-edge spectrum is related to the
transition of O 1s electrons to the unoccupied 2p orbitals, which is
hybridized with the TM 3d orbitals. When charging to 4.35V, the
increase of pre-edge intensity indicates the removal of electrons
from oxygen, namely the increase of oxygen holes, which is con-
tributed by the oxygen redox**S. After discharging to 2.0V,
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the intensty decreased, suggesting the good reversibility of
oxygen redox.

To analyze the electronic structure and redox behavior of oxygen
in transition metal oxides, O K-edge soft X-ray absorption spectro-
scopy (sXAS) and mapping resonant inelastic X-ray scattering (mRIXS)
are both the common approach to being employed”*’. sXAS can
effectively identify oxygen redox activity by detecting changes in the
pre-edge features and the intensity of the main absorption peaks.
These changes are associated with the formation of electron holes on
oxygen during the redox process. mRIXS is particularly sensitive to
short-range order and can distinguish between different oxygen spe-
cies, such as molecular O,, 05> and 0**°*', While mRIXS can distin-
guish between various oxidized states of oxygen, and gives a
comprehensive picture of the electronic structure by mapping the
energy loss features associated with specific electronic transitions,
sXAS is relatively straightforward and widely available, making it a
common choice for initial investigations of oxygen redox activity.
Herein, the ex-situ sXAS at different charged states are performed. As
shown in Supplementary Fig. 21, the sXAS spectra at O K-edges were
collected using the total fluorescence yield (TFY) mode. The dominant
pre-edge peaks below 533 eV correspond to the transition of O 1s
electrons to the unoccupied 2p orbitals, which is hybridized with TM
3d orbitals. The intensity change of the pre-edge peak area during
charge/discharge reflects the covalent intensity of TM 3d and O 2p or
the generation of electron holes on oxygen®. With the charging of
NMV-MI0 from pristine state to 4.35V, the obvious increase in the O K-
edge pre-edge area can be observed, which implies the removal of
electrons from oxygen and an increase in the electron holes on oxy-
gen, meanwhile, the shoulder position at 530.5 eV gets elevated, sug-
gesting the participation of oxygen redox.

Ex situ X-ray absorption near-edge spectroscopy (XANES) mea-
surements are performed to investigate the valence state change in
NMV-M10 (Fig. 4f). After charging to 4.35V, the Mn K-edge XANES
spectra slightly shift towards higher energy, suggesting the oxidation
of partial Mn®* for charge compensation. When discharging to 2.0V,
the enlarged Mn K-edge XANES shows a shift to lower energy, indi-
cating the reduction of Mn* to Mn* state. The extended X-ray
absorption fine structure (EXAFS) spectra are employed to show
coordination environment of Mn. Two dominant peaks can be
observed in the Fourier transformation of EXAFS (Fig. 4g), which
correspond to Mn-O bond and Mn-M, interaction. The Mn-O dis-
tance shows a slightly increase during charge process, possibly due to
the oxygen redox reaction that weakens the Mn-O bond. Upon dis-
charging to 2.0V, the Mn-0O distance shows a slight decrease. The
negligible change of Mn-M, distance during charge/discharge implies
the stable structure of NMV-M10. The ex situ Mn XPS spectra of NMV
and NMV-MI0 in Supplementary Fig. 22 demonstrate similar changes.
With charging from pristine state to 4.35V, small amounts of Mn*" are
oxidized to Mn*". After discharging to 3.5V, Mn 2p;/, peak becomes
slightly broadened, which indicates that a very small amounts of Mn**
are reduced to Mn** and the capacity contribution in this voltage range
is mainly provided by anionic (oxygen) redox. When further dis-
charged to 2V, a large amount of Mn*" are reduced and the electro-
chemical oxidation center changes from anionic redox to cationic
redox of Mn*/Mn*". Therefore, it can be concluded that most of the
Mn*/Mn** redox are proceeded at lower than 3.5V, and a very small
amounts proceed above 3.5V.

Origin of the cracks

In situ XRD already demonstrate that the NMV-M10 possesses a more
stable layered structure than NMV during the first two cycles. To fur-
ther probe the stability after repeated cycles, ex situ XRD patterns of
NMV-M10 and NMV are collected at different cycles, and the electrodes
are cycled at 42 mA g™ within 2.0-4.35 V. The P2 structure of NMV-M10
can be well maintained when charged to 4.35V at the 1st, 20th, 60th,

and 100th cycles (Fig. 5a). No residue peaks can be observed, indi-
cating that the P2 to O2 phase transformation has been well inhibited.
The SEM image (Fig. 5a inset) after 100 cycles shows that the NMV-M10
particles remain intact without obvious cracks, indicating the good
structural stability. In contrast, for NMV, the diffraction peaks from
OP4 and 02 phases strengthen progressively after cycling (Fig. 5b).
Such phase transitions from P-type to O-type phases are generally
accompanied by a large volume change, which is usually detrimental to
the structural stability®. After 100 cycles, the particles show a shale-
like structure (Fig. 5b inset and Supplementary Fig. 23) with stacked
flakes, which is the result of layer gliding and crack accumulation. The
structural deterioration should be responsible for the severe capacity
decay of NMV.

HAADF-STEM is used to further probe the origin of the cracks
in NMV. An atomic-scale HAADF-STEM image of the NMV at
charged state (4.35V) is displayed in Fig. 5c. Clear TM layers with
obvious distortions can be observed at both sides of the crack.
The interlayer distance close to the crack is smaller than that in
the bulk, indicating the evolution from P-type to O-type phase
preferentially takes place at the edge of crack. Such cracks might
be occurred due to the irreversible layer gliding induced dela-
mination. The EDS elemental mappings show that the O and Mn
elements are homogeneously distributed in the particle, while
some obvious Na-deficient regions can be observed (Fig. 5d). The
Na-deficient regions are generally distributed around the cracks,
which suggests that the excessive extraction of Na* causes the
oxygen layer gliding and crack formation due to the accumulated
electrostatic repulsion. The relative atomic fractions determined
from different areas around the crack confirms the above con-
clusion (Supplementary Fig. 24). From the above discussions, it
can be concluded that the mis-occupied Mn ions induced by Mg
doping in NMV-MI10 act as “rivets” and are sufficiently robust to
suppress the layer gliding and thus inhibit the crack formation. As
a result, the NMV-M10 demonstrates not only increased anion
redox capacity, but also improved structural stability (Fig. 5e).

Theoretical calculations

As discussed above, the NMV-M10 with dual Mg and vacancy doping
features improved oxygen redox activity and reversibility than the
individual vacancy and Mg doping, which may suggest the dual Mg
and vacancy doping is beneficial for placing the nonbonding O 2p
band close to the £ Therefore, the electronic structures are calcu-
lated by DFT calculations to study the effects of Mg and vacancy
doping on O 2p and Mn 3d bands. The crystal models of NagMn;,0,4
(NM), NagMn11024 (NMV), NagMnuMg024 (NMM) and NagMnloMg024
(NMV-M) are shown in Supplementary Fig. 25. The projected density
of states (pDOS) of Mn 3d and O 2p states are presented in
Fig. 6a and Supplementary Fig. 26. For the pristine NM, the Mn*"-e,
states dominate the vicinity of E, indicating the charge compensa-
tion during the initial charging is realized through the Mn*/Mn**
redox™, and the O 2p state is quite below £z When vacancies (-8%) are
introduced (NMV), the O 2p state gets close to the En The NMM with
only Mg doping also exhibits an elevated O 2p band towards £,
suggesting the anionic redox activity of Na-O-Mg (Supplementary
Fig. 26). For NMV-M, the existence of both Mg?" and vacancies make
the O 2p state further approach to the £5 suggesting the oxygen
redox will participate in the charge compensation during charging. In
addition, the reduction of Mn**-e, states implies the decrease of Mn**
contents induced by Mg doping. The partial charge density dis-
tributions of NM and NMV are calculated to reveal the local status of
electrons (Fig. 6b-c). With the introduction of vacancies, the electron
cloud of the contiguous O exhibits no overlapping, implying the
existence of nonbonding O 2p orbitals, which is responsible for the
oxygen redox reaction. The crystal orbital Hamilton populations
(COHP) analysis was performed to investigate the chemical bonding
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information (Fig. 6d). Especially, the integrated COHP (ICOHP) was
calculated to reflect the bonding strength of the Mn-O bond adja-
cent to the vacancy. The larger ICOHP value of Mn-O after Mg
doping indicates its stronger bond strength, which would suppress
TM migration in the TMO, layer, thus preventing the formation of
vacancy clusters. As revealed by Robert A. House et al.’*, the

formation of O, molecules inside the crystal is only possible due to
TM migration that creates vacancy clusters. These clusters serve as
sites for trapping O, molecules generated during charging, leading
to voltage hysteresis and irreversibility of the oxygen redox process
in the first cycle. Combing the results of XPS and sXAS, the oxygen
redox products of NMV-M10 are mainly (O,)" species instead of O,
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molecules, which inversely proves that the irreversible formation of
molecular O, is suppressed. This suggests that Mg doping
strengthens the Mn-O bond, inhibiting Mn migration and preventing
the formation of vacancy clusters. This stabilization mechanism
effectively enhances electrochemical performance by promoting
high anionic reversibility.

Discussions

In summary, a strategy for Mg ion and vacancy dual doping with partial
TM ions pinned in the Na layers has been developed to simultaneously
improve the oxygen redox reversibility and structural stability of
layered oxides. Both the Mg ions and vacancies are contained in the
TM layers and partial Mn ions occupy the Na-sites. DFT calculations
demonstrate that the doped Mg ions combined with native vacancies
can create abundant nonbonding O 2p orbitals along the Na-O-Mg,
Na-O-[J, and Mg-O-[] configurations, which make the O 2p band
closer to the Ef and significantly contribute to the capacity derived
from oxygen redox. The introduction of Mg also suppresses the vol-
tage decay of Na-O-J due to the strengthened Mn-O bond. Advanced
in situ and ex situ characterizations reveal that the mis-occupied Mn
ions in the Na layers function as “rivets” to suppress the slab gliding at
deep de-sodiated state and thereby inhibit the generation of cracks.
Consequently, the obtained P2-type Nag ¢;Mng 011[Mg0.10.07MNp.83]
0, demonstrates significantly improved capacity (1551 mAhg™ at
14 mA g™) and cyclability (87.5% capacity retention after 200 cycles at
140 mA g™) over the un-doped sample. This study provides an effective
strategy to improve the anionic redox reversibility and structural sta-
bility of layered oxides for high energy-density and stable sodium
storage.

Methods
Chemicals
Oxalic acid (99.7%), sodium nitrate (NaNO3, 99.7%), magnesium nitrate
hexahydrate (Mg(NO3),:6H,0, 99.7%), and manganese acetate tetra-
hydrate (Mn(CH3COO),-4H,0, 99.7%) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). All the chemicals

were used without further purification. Deionized water (18.2 MQ-cm)
was used throughout the experiment.

Materials preparation

The Nag.¢;Mng 011IMg0.1T0.07MNp 8310, compound was synthesized
by a simple organic acid-assisted solid state reaction method. Firstly,
oxalic acid (44 mmol) was dissolved in 20 mL deionized water
and stirred vigorously for 2h. Then, NaNO; (6.7 mmol, 5wt.% in
excess according to stoichiometry), Mg(NO3),:6H,0 (1 mmol),
Mn(CH5C00),-4H,0 (9 mmol, 99%) were added stepwise and stirred
for 2 h. The suspension was heated to 80 °C overnight to evaporate
the water and further dried at 180 °C for 3 h. The as-obtained powder
was ground manually and then heated to 500 °C for 2 h and 800 °C
for 10 h in air at 2°C min™. Then, the sample was cooled down to
500 °C at 1°C min™ and naturally to room temperature, and stored in
an Ar-filled glovebox. The synthesis conditions for control samples
can be found in Supplementary Table 4. The synthesis process of
NMM is similar to NMV-M10 except adding a pelleting process
(pressure is 20 MPa) before sintering at 800 °C for 10 h.

Material characterization

X-ray diffraction (XRD) was performed on a Bruker D8 Advance X-ray
diffractometer with a Cu Ka X-ray source (A=1.5406 A). Scanning
electron microscopy (SEM) were performed on a JEOL-7100F micro-
scope at 20 kV. High-angle annular dark-field (HAADF) and annular
bright field (ABF)—scanning transmission electron microscopy (STEM)
images and atomic-scale STEM X-ray energy dispersive spectroscopy
(EDS) mappings were conducted on Titans Themis. Chemical compo-
sition of the samples was determined by inductively coupled plasma-
optical emission spectrometer (ICP-OES, SPECTRO-BLUE). Raman
spectra were recorded using a Horiba LabRAM HR Evolution with a
532 nm excitation laser, before testing, the device was calibrated to the
standard position with a Si sheet. X-ray photoelectron spectroscopy
(XPS) was carried out on a Thermo-Fisher Scientific-ESCALAB 250Xi
equipped with an Al Ka monochromated X-ray source, which was
calibrated with gold and silver samples before the testing. X-ray
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absorption spectroscopy (XAS) measurements were collected at 12-
BM-B at the Advanced Photon Source (APS) in Argonne National
Laboratory. The radiation was monochromatized by a Si (111) double-
crystal monochromator. To reduce the uncertainty of the measure-
ments, for each characterization, all samples were tested on the same
device and the device was calibrated with a reference sample.

Statistics and reproducibility

No data were excluded from the analyzes. No statistical method was
used to predetermine sample size. All synthesis and electrochemical
experiments were performed at least three times independently,
ensuring the reproducibility of the results.

Electrochemical characterization

The electrochemical performances were tested by assembling CR2016
coin cells in the Ar-filled glove box, which is consisted of positive and
negative stainless steel shells, a piece of single-coated cathode elec-
trode, sodium foil, separator, electrolyte, and two pieces of
round stainless steel mesh (15 mm x 0.15 mm, 50 mesh). Sodium foil
(Aladdin, 99.7%) was used as both the counter and reference electro-
des, the sodium foil was prepared by rolling the bulk sodium metal to a
thickness of ~1 mm in an Ar-filled glove box and punching into a disc
with a diameter of 14 mm. 70 wt.% of active materials, 20 wt.% of
acetylene black (99.9% purity, Guangdong Canrd New Energy Tech-
nology Co.) were hand-ground in a mortar for 20 mins, then trans-
ferred into a vial and 10wt.% of polyvinylidene fluoride (99.5%,
Guangdong Canrd New Energy Technology Co.) in N-methyl-2-
pyrrolidone (Aladdin, 99.9%) was added and stirred for 4 h. After
homogeneous mixing, the obtained slurry was single-side coated onto
Al foil and dried at 100 °C in a vacuum oven overnight, after which it
was punched into 10 mm discs as the working electrodes. 1.0 M NaPF¢
in propylene carbonate (PC) containing 5% of fluoroethylene carbo-
nate (FEC) was used as the electrolyte and glass fiber (Whatman, GF/D)
with a diameter of 16 mm was used as the separator, on which 150 pL of
electrolyte was added to ensure the wetting. The mass loading of
active materials was 1-1.5mgcm™ GCD measurements were per-
formed on a NEWARE battery testing system within the potential range
of 2.0-435V (vs. Na'/Na). CV tests were conducted on CHI600E
electrochemical workstations. All the electrochemical tests were per-
formed in a room with a controllable temperature of 25 °C.

Full-cell assembly. The positive and negative electrodes were com-
posed of 70 wt.% of NMV-M10 or hard carbon (HC), which was pur-
chased from BTR New Material Group Co., Ltd (Shenzhen, China),
20 wt.% of acetylene black and 10 wt.% of polyvinylidene fluoride. Both
the electrodes were punched into discs with the same diameter of
10 mm. The mass loading of the positive and negative electrodes in the
full cells were around 1.2-1.5 and 0.9-1.2 mg cm™, respectively. 1.0 M
NaPF¢ in PC:EC (1:1, v:v) containing 5% of FEC was used as the elec-
trolyte and GF/D glass fiber with a diameter of 16 mm was used as the
separator, on which 200 pL of electrolyte was added to ensure the
wetting of electrodes. The electrochemical performances of the full
cell were evaluated in CR2016 coin cells. Berfore assemblying the full
cells, the HC electrode was pre-sodiated by assemblying the half cell
with sodium metal, 1.0 M NaPFg in PC:EC (1:1, v:v) containing 5% of FEC
and GF/D glass fiber were used as the electrolyte and separator. The HC
electrode was discharging and charging for 5 cycles within 0.01-2.0 V
to form stable SEI film. And the cell was disassembled in the glove box
when the discharge volatge is 0.1V. Then the HC || NMV-M10 full cell
was assembled with the obtained pre-sodiated HC anode and NMV-
MI10 cathode. The full cells were tested without additional
formation cycle.

In-situ and ex-situ characterization. For in situ XRD and Raman tests,
the tested devices are schematically illustrated in Supplementary

Fig. 27. The electrodes were prepared by mixing 80 wt.% of active
materials, 10wt.% acetylene black and 10wt.% of polytetra-
fluoroethylene. 1.0 M NaPFg in PC containing 5% of FEC and GF/D glass
fiber with a diameter of 16 mm were used as the electrolyte and
separator, respectively, on which 200 L of electrolyte was added. The
electrode was cut into 8 x 8 mm squares and the mass loading of active
materials was 1-1.5 mg cm™. The sodium metal was punched to a dia-
meter of 14 mm and a thinckness of ~1 mm. The current density of the
in situ tests are 50 mA g™, For ex situ measurements, the electrodes
were disassembled from the coin cell in an Ar-filled glove box
(H,0 <0.1ppm; O, < 0.1ppm), then washed with the dimethyl carbo-
nate (DMC, Aladdin, 99.9%) solution repeatedly, and dried in the
glove box.

Theoretical calculations

The Vienna Ab-Initio Package (VASP) was employed to perform density
functional theory (DFT) calculations within the generalized gradient
approximation (GGA) using the Perdew, Burke, and Enzerhof (PBE)
formulation®*°, The projected augmented wave (PAW) potentials were
applied to describe the ionic cores and take valence electrons into
account using a plane wave basis set with a kinetic energy cutoff of
450 eV. Partial occupancies of the Kohn-Sham orbitals were allowed
using the Gaussian smearing method and a width of 0.05eV. The
electronic energy was considered self-consistent when the energy
change was smaller than 10™*eV. A geometry optimization was con-
sidered convergent when the force change was smaller than 0.03 eV/A.
Grimme’s DFT-D3 methodology was used to describe the dispersion
interactions. The equilibrium lattice constants of structures were
optimized using a 3x3x2 Monkhorst-Pack k-point grid for Brillouin
zone sampling. The U correction had been used for Mn atoms, and it
had been set at 4.21 eV. The bonding properties of Mn-O were dis-
closed by the COHP analysis®*%, as implemented in the LOBSTER
code®. The equilibrium lattice constants of NaMnO, unit cell were
optimized. These optimized constants were then used to construct a
2x2x2 supercell model. The NagMny;0,4 or NagMn;;Mg0,,4 structures
were established with randomly deleting a Mn atom as a vacancy or
doping Mg at the Mn position, given the symmetric nature of the Mn-O
system. NagMn;oMgO,, structures were established by doping Mg at
the Mn position and Mn in Na position in NagMny;0,4 structures.

Data availability

The data supporting the plots in this paper and its Supplementary
Information are available. All other relevant data that support the
findings of this study can be obtained from the corresponding authors
upon request. Source data are provided with this paper.
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