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Na/TM-Site Mg Substituted P2-Na2/3[Fe1/3Mg1/12Mn7/1z]02 Cathode
with Extremely High Capacity for Sodium-lon Batteries

Ming-Hui Cao,*? Ren-Yan Li,? Qing-Wen Sun,?* Miao Cui,? Ze-Wei Guo,? Lu Ma,? Zulipiya Shadike,**
and Zheng-Wen Fu*¢

The anionic redox reaction (ARR) has become a hot topic in the battery research due to its ability to provide high energy
density. Nevertheless, there are still many issues in Na-based layered oxides with ARR, such as large voltage hysteresis,
lattice oxygen loss, irreversible structural changes, and cation migration in the TM layer, resulting in structural collapse and
poor electrochemical performance. Herein, a series of Nazs[Fe1sMg«Mn2/3x] 02 cathodes are synthesized using a traditional
solid-state reaction method. The effectiveness of Mg substitution amounts and site occupancy on regulating the reversibility
of ARR has been explored using various experimental techniques. Surprisingly, the well-designed Na/TM-Site Mg substituted
P2-Nay3[Fe1sMgy12Mn7/12] Oz exhibits an extremely high initial reversible capacity of ~253.21 mAh g, equivalent to ~ 0.94
e transfers, which is contributed by both cationic and anionic redox reactions as confirmed by hard X-ray absorption
spectroscopy (hXAS) and soft X-ray absorption spectroscopy (sXAS) analysis. In addition, the improved cycling and high-rate
performance of the P2-Naz3[Fe1sMg1/12Mn7/12] Oz are achieved by well-maintained crystal structure and the highly reversible
anionic redox reaction of 02/0™. These in-depth studies provide crucial knowledge for the development and understanding

cathode materials with highly reversible ARR for low-cost and high-energy sodium-ion batteries.

Introduction

The capacity of traditional Li/Na-based layered cathode materials is
only contributed by the charge compensation of 3d transition metals
(TMs), which greatly limits the improvement of their energy
density.1® In recent years, anionic redox reaction (ARR) has become
a hot topic in the battery industry as it can provide additional
capacity, even exceeding the theoretical capacity of TM redox
reactions.®? In addition, compared to traditional TM redox (with
different TM species having different potentials), the redox
potentials of lattice oxygen in Na-based layered oxide cathodes are
generally around 4.2 V (vs. Na*/Na).10-13 Therefore, achieving highly
reversible ARR is one of the most promising ways to overcome the
inherent capacity/voltage limitations of traditional Na-based layered
oxide cathode materials.

Given that most of the experimental and theoretical knowledge
obtained from the investigation of lithium-ion batteries (LIBs) can be
directly transferred to the development of sodium-ion batteries
(SIBs), it is beneficial to understand the fundamental science and
mechanism of ARR in SIBs to a certain extent.}41> However,
compared to LIBs, the study of anionic redox chemistry in SIBs is
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relatively late, and the ARR mechanism in LIBs cannot be fully
replicated and applied to SIBs. More specifically, in terms of the
structural classification of latent anionic redox cathode materials,
unlike LIBs that only contain Li-rich structures, ARR can coexist in
both Na-deficient and Na-rich cathode materials.*> In addition, for
LIBs, the irreversibility of ARR in Li-rich materials containing only 3d
TMs limits their practical applications.1617 However, it is worth
mentioning that a certain Na-based layered materials containing only
3d TMs can exhibit reversible ARR behaviors.18-26 For example, Rong
et al. reported that P2-type Nag 72[Lio.24Mng 76]O2 based on reversible
ARR can provide an exceptionally high initial discharge capacity of
270 mAh g1.18 P2-Nagelio2Mngs0, exhibits an excellent cycling
performance, with a high specific capacity up to ~190 mAh g after
100 cycles in a voltage range of 2.0-4.6 V versus Na/Na*.1? A P3-type
Naoe[Lio.2Mnog]O; was firstly reported by Goodenough and co-
workers, which delivers a promising reversible capacity cycled in the
voltage range of 3.5-4.5 V (versus Na/Na*).!! Then, Rong et al.
conducted in-depth research on pure ARR upon charge and discharge
using various advanced technologies, such as X-ray and neutron total
scattering, hard and soft X-ray absorption spectroscopy (XAS), X-ray
photoelectron spectroscopy (XPS), and transmission X-ray
microscopy (TXM).2° Maitra et al. demonstrated that the O-redox
without oxygen loss can be achieved in Naz/3[Mgo.2sMng.72]02, and
proposed that the alkali metal ions in the TM layers are not necessary
for triggering O-redox.2! Wang et al. reported that the reversible
oxygen redox can be realized in P2-Nao 7[MngNio2Mgo2]0; at ~4.1
V, which should be attributed to the presence of the “Mg-O-Mg”
configuration, as Mg ions are present in both the TM layers and the
Na layers.22 Song et al. reported that a novel P3-type
Nay/3Mg1/3Mn2/30; can deliver a high capacity of ~190 mAh g1solely
through lattice oxygen redox, revealing that Mg2* with strong
electronegativity is very effective in activating reversible ARR.2 The
research results of Konarov et al. indicate that the facile oxygen-
redox can also be involved in the P2-Nay/3[Mng7Zng 3]0, electrode
with Na—O-Zn configuration.?* High reversible oxygen redox reaction



can also be triggered by the presence of native vacancies, which
endows these material with appealing properties, including high
capacity and enhanced structural robustness upon Na*
de/intercalaction.25-26

Although some anionic redox based cathode materials with
relatively impressive performance have been developed, more
research is needed to fully understand the charge compensation
mechanism triggered by oxygen in SIBs due to the various
polycrystalline forms used in Na-based layered oxides.2’-28 |n
addition, there are still many issues in most Na-based layered oxides
that exhibit oxygen redox activity, such as large voltage hysteresis,
oxygen loss in the lattice, irreversible structural changes, and cation
migration in the TM layer, eventually resulting in battery failure.*>
Therefore, it is urgent to develop new cathode materials with ARR
for further in-depth research.

Additionally, with the increasing demand for environmentally
friendly and cost-effective energy in current society, researchers are
gradually inclined to replace expensive and toxic Co/Ni with
abundant and green elements such as Fe or Mn.2%30 Here, we
developed a series of Nay3[Fe13MgxMn;/3.4]02 cathodes and tested
their electrochemical performance in Na cells. Surprisingly, the
elaborately  designed Na/TM-Site Mg  substituted  P2-
Nay/s[Fe13Mgi/12Mn7/12]02 demonstrates an exceptionally initial
reversible capacity of ~253.21 mAh g1, equivalent to ~ 0.94 e
transfers, which should be contributed by both cationic and anionic
redox reactions confirmed by hard X-ray absorption spectroscopy
(hXAS) and soft X-ray absorption spectroscopy (sXAS) techniques.
Moreover, the improved cycling and high-rate performance of the
P2-Nay3[Fe1/3sMg1/12Mn7/12]0; are achieved by the robust crystal
structure, without unexpected phase transitions due to the highly
reversible anionic redox reaction of 0%/0". The preliminary full

battery performance demonstrated that the P2-
Nay/3[Fe13Mgi1/12Mn7/12]02 cathode also has certain prospects in
practical applications. The research results provide crucial

knowledge for the development and understanding cathode
materials with highly reversible ARR for low-cost and high-energy
SIBs.

Experimental
Material synthesis

A series of Nays[FeisMgiMny3.4]02 cathodes with the different
amounts of Mg substitution (x=1/24, 1/12, 1/6, denoted as NFMM-
1, NFMM-2 and NFMM-3) were synthesized using a traditional solid-
state reaction method. A stoichiometric amount of Na,COs, MgCOs,
Fe,03; and Mn,0s as precursors were mixed and manually ground
evenly in an agate mortar for 0.5 h, followed by ball milling at 400
rmp for 6 h. The mixture was pressed into pellets under a pressure
of 20 MPa and then calcined in an O, atmosphere at 900 °C for 12 h.
As-prepared samples were cooled to room temperature and kept in
an argon-filled glovebox to avoid the contact with moisture in air. For
comparison, the Naz;sFei;sMny30, cathode (denoted as NFMM)
without Mg doping was also synthesized using similar method.

Material characterization

The inductively coupled plasma optical emission spectrometry/mass
spectrometry (ICP-OES/MS, Aglient 7800 (MS)) was performed to
obtain the chemical composition of the target products. The crystal
structure characteristic of target samples was achieved from X-ray
diffraction (XRD, Bruker D8 Advance) using Cu-Ka radiation in the 26
range from 10° to 90°. Cell parameters were derived from Rietveld
refinement of the XRD data obtained by the GSAS software package.
The In-situ XRD patterns of the NFMM cathode were collected via a
Swagelok cell, and the battery was cycled between 1.5 and 4.5 V at
0.1C. The morphologies and energy-dispersive spectroscopy (EDS)
were obtained through scanning electron microscopy (SEM, TESCAN
MIRA LMS) and field-emission transmission electron microscopy
(TEM, JEOL JEM-2100F), respectively. Hard X-ray absorption spectra
(XAS) measurements of Fe, Mn K-edges were performed at the 7-BM
(QAS) beamline of the National Synchrotron Light Sources Il (NSLS-11)
at Brookhaven National Laboratory (BNL) in the transmission mode.
Oxygen K-edge soft XAS measurements were carried out in PFY mode
at beamline 23-ID-2 (I0S) of the National Synchrotron Light Sources
Il (NSLS-1l), Brookhaven National Laboratory (BNL). The X-ray
absorption near edge structure (XANES) spectra were processed
using the Athena software package.

Electrochemical characterization

As-prepared electrodes were made up of 70 wt % active material, 20
wt % acetylene black, and 10 wt % polyvinylidene fluoride (PVDF),
which were coated onto Al current collector after mechanical mixing
with solvent N-methyl-2-pyrrolidone (NMP), followed with an
overnight drying process in a vacuum oven at 70 °C. Then the
electrode tapes were punched into discs with a diameter of 12mm.
The mass loadings of the active materials on each working electrode
are ~2 mg cm2and ~5 mg cm2. Coin cells (CR2032-type) assembled
for tests used sodium metal as the anode electrode and glass fiber
(Whatman GF/D) as the separator, and the electrolyte consisted of a
solution with 1.0 M NaClO, dissolved in propylene carbonate (PC), as
well as 5% FEC working as an electrolyte additive. For a cathode mass
loading of ~2.0 mg cm2, the electrolyte volume for each cell was
precisely controlled at 25 uL. Similarly, for a cathode mass loading of
~5.0 mg cm?, the electrolyte volume for each cell was carefully
regulated to be 60 pL. The full cell was assembled with NFMM-2 as
the cathode and hard carbon as the anode. To eliminate the low
initial Coulombic efficiency of hard carbon and NFMM-2, both
cathode and anode were precycled. Typical mass loading of the
cathodes used in this study ranges from 1.8 to 3.0 mg cm-2 for full
cells. In order to balance the capacity between cathode and anode in
a full cell, the cathode capacity was 1.2 times that of the anode (The
loading mass of the hard carbon electrode was controlled between
1.2 and 2.0 mg cm2). After assembly, the full cells were activated for
1 cycle with low current density (0.02C, 5 mA g1) and then allowed
to rest for 24 h. The charge and discharge measurements were
conducted on a Neware CT-4008 battery test system between 1.5
and 4.5 V (vs Na*/Na) with different rates at room temperature.
Cyclic voltammetry (CV) measurements at a scan rate of 0.1 mV s
were performed on a CHI660D electrochemical working station.

Results and discussion
Crystal structure and morphologies of P2-Nay/3[Fe1/3MgxMny/3.]0>



Fig. 1 (a) XRD patterns of synthesized NFMM-1, NFMM-2 and NFMM-3. Inset: The
enlarged view of (002) diffraction peaks in a 20 range from 15° to 16.5°. Rietveld
refinement of the XRD patterns of (b) NFMM-1, (c) NFMM-2 and (d) NFMM-3. Black
circle: observed, red line: calculated, black line: background, blue line: difference
and purple bars: Bragg positions. Inset: Crystal structure schematic of the NFMM-
1, NFMM-2 and NFMM -3, legend: yellow (Na), dark green (Mg), dark red (Fe/Mn),
and red balls (O). (e) TEM image, (f) HRTEM, (g) SAED, and (h-i) the corresponding
EDS elemental mappings of NFMM-2.
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A series of novel P2-Nays[Fe1/sMgyMn33.4]0, with different amounts
of Mg substitution (x=1/24, 1/12, 1/6, denoted as NFMM-1, NFMM-
2 and NFMM-3) were synthesized through traditional solid-state

reaction. The ICP-OES/MS results (Table S1-S3 (ESI)) of NFMM-1,
NFMM-2 and NFMM-3 determines that the atoms ratio in the
synthesized products are very close to the expected stoichiometry.
The Scanning electron microscopy (SEM) images show the sizes of
the primary particles in all samples are around 1 um (Fig. S1a-f (ESI)).
Additionally, EDX analysis shown in Fig. S1g-i (ESI) are also consistent
with the results from ICP-OES/MS analysis. The XRD patterns of
NFMM-1, NFMM-2, and NFMM-3 are shown in Fig. 1a. All diffraction
peaks of the synthesized products can be indexed by a pure P2
structure with the space group of P63/mmc. Moreover, with the
increasing of Mg content from x = 1/24 to x = 1/6 in
Nay/3[Fe1sMgyMny/3.4]02, the (002) diffraction peak first shifts to
lower 26, and then then move towards a higher 26 (see the inset of
Fig. 1a). The result suggests that the crystal lattice parameter ‘c’
expands when Mg doping amount increases from x=1/24tox=1/12,
while contracts when Mg doping amount increases from x = 1/12 to
x = 1/6. It is worth mentioning that in previous literature on P2-
Nao.7[MnoNio.4-xMgx]O, (0<x<0.2), a similar crystal lattice evolution
during Mg doping was also reported. When Mg doping amount
increases from x=0.1 to x=0.2, the Mg?* occupation began to extend
from the transition metal layer to the sodium layer.22 To further
confirm the interesting crystal lattice evolution and atomic location,
the Rietveld refinement of XRD patterns for NFMM-1, NFMM-2, and
NFMM-3 are shown in Fig. 1b-d. The schematic diagrams of the
NFMM-1, NFMM-2, and NFMM-3 based on the refined results are
illustrated in the insets of Fig. 1b-d. Within this structure, the
occupation of Mg?* at Na/TM site in this structure is regulated by the
amount of Mg substitution, which inclines to form the Na-O-Mg or
Mg-O-Mg configuration with oxygen activity.?122 The detailed
crystallographic parameters deduced from XRD refinement are
presented in Table S4-S6 (ESI). The refined results show that the
lattice parameters of the NFMM-2 are a=bh=2.9184(5) A, and ¢ =
11.2779 (3) A with lowest R-factors of Rp =1.82%, Ruwp = 2.29%, and
GOF(x?) = 0.3221, indicating a good fit. Furthermore, the refinement
results of NFMM-2 indicate that ~6.89 mol % of Mg ions are located
in the TM layer, while only a very small amount of Mg ions (~1.23 mol
%) occupy the Na layer (see Table S5 (ESI)). However, for NFMM-3, in
addition to ~12.70 mol % of Mg ions located in the TM layer, there is
an undeniable amount of Mg ions (~3.68 mol %) occupying the Na
layer (see Table S6 (ESI)). For a more intuitive observation, the d-
spacing value of sodium layer and transition-metal layer (denoted as
D (Na) and D (TM)) in the NFMM-1, NFMM-2 and NFMM-3 were
calculated. It can be easily seen that The D (Na) and D (TM) value
increases from x = 1/24 to x = 1/12, which can be mainly attributed
to the presence of large-sized Mg?* ions (0.72 A) in the TM layer.
However, when x=1/6, the D (Na) and D (TM) values decrease, which
can be attributed to the decreased interlayer repulsion caused by the
occupation of a certain amount of Mg?* ions in the Na layer. Since
NFMM-2 possesses the largest Na layer spacing, which is a required
characteristic for superior Na* transport dynamics, detailed
were conducted on its crystal structure,
morphologies, and electrochemical properties in the following.

characterizations

In addition, to further validate the reliability of the XRD refinement
results, the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) technique were employed to
observe the pristine crystal structures of NFMM-1, NFMM-2, and



NFMM-3 samples at the atomic level. Fig. S2a-f (ESI) depict HAADF-
STEM images and their corresponding fast Fourier transform (FFT)
patterns of NFMM-1, NFMM-2, and NFMM-3 particles. In Z-contrast
HAADF-STEM images, sodium (Na) and oxygen (O) atoms are not
discernible due to their low atomic mass.31-32Therefore, bright spots
in these images represent TM ions and elucidate their arrangement.
From Fig. S2a-c (ESI), it can be observed that transition metal ions
exhibit a regular arrangement in all three materials, indicating a well-
defined layered structure. However, compared to the NFMM-1
sample, both the NFMM-2 and NFMM-3 samples display noticeable
lattice distortion phenomena which may be attributed to the
influence of Mg?* doping into the Na layer on local stress.
Furthermore, line scan analysis (Fig. S2g-i (ESI)) along respective
white dashed rectangular regions in Figure S2a-c (ESI) clearly
demonstrates distinct peaks with varying intensities between
transition metal peaks in both the NFMM-2 and NFMM-3 samples,
providing more compelling evidence for Mg migration into the Na
layer hypothesis. Additionally, compared to NFMM-2 sample,
intermediate peak intensities are higher in NFMM-3 sample,
indicating a higher degree of ion mixing in its structure.3® The
interlayer spacing values between transition metals labeled in Fig.
S2g-i (ESI) further confirm that Mg2* doping regulates interlayer
spacing; moderate amounts of Mg2* doping can increase interlayer
spacing while excessive amounts significantly decrease it, which is
consistent with XRD refinement results.

The transmission electron microscope (TEM) images of as-
synthesized NFMM-2, displayed in Fig. le, exhibit an irregular
hexagonal plate-like layered structure with size of ~1um. To further
explore the structure characteristics of the NFMM-2 cathode, high
resolution transmission electron microscopy (HRTEM) and selected-
area electron diffraction (SAED) were employed. The distinct lattice
fringes depicted in Fig. 1f with an interplanar spacing of 2.5 A
matched well with the (010) planes along the [001] orientation,34-37
which is consistent with the Rietveld refinement results discussed
above, suggesting the high crystallinity of P2-NFMM-2. The selected
area electron diffraction (SAED) pattern along the [001] zone axis
further confirms the pure P2 structure of NFMM-2 (see Fig. 1g). The
energy dispersive X-ray spectroscopy (EDXS) mappings of the Na Ka,
Fe Ka, Mn Ka, Mg Ka and O Ka (Fig. 1h-l) verify the chemical
homogeneity of the NMNM-2 particle.

Electrochemical performance of P2-Na;/s;[Fe1/3MgxMny/3..]0>

The electrochemical behaviors of NFMM-1, NFMM-2 and NFMM-3
cathodes were assessed in Na half-cells at room temperature. To
facilitate comparison, the electrochemical performance of the
NFMM cathode was also evaluated in a Na-half cells (Fig. S3 (ESI)),
and corresponding discussions are presented in ESI. Fig. 2a-c shows
galvanostatic charge/discharge curves of the first two cycles in the
voltage range of 1.5-4.5 V versus Na*/Na at a current rate of 0.1C (the
nominal specific capacity was set to 1 C=180 mAh g1). The initial
charge/discharge capacities are 155.38/225.77, 165.14/253.21 and
154.26/199.58 mAh g for the NFMM-1, NFMM-2 and NFMM-3
samples, respectively. It is worth mentioning that among the Mg
doped layered cathode materials with oxygen redox previously
reported for SIBs, the initial discharge capacity of NFMM-2 is almost
the highest (see Table S7 (ESI)). As shown in Fig. 2a-c, all three
samples have a tilted charging voltage plateau centered around ~4.2

V (corresponding to the oxygen redox reaction), as well as very
similar smooth discharge profiles of different lengths, which leads to
differences in reversible capacity. In addition, it can be observed that
the polarization between the second charging and discharging curves
changes significantly with increasing Mg content, with NFMM-1,
NFMM-2, and NFMM-3 samples being 0.85 V, 0.61 V, and 1.04 V,
respectively (see Fig. 2d-f). Fig. 2g-i displays the initial four CV curves
of the NFMM-1, NFMM-2 and NFMM-3 cathodes, which are scanned
at the 0.1 mV s71 rate between 1.5 and 4.5 V. All the CV plots shows
a sharp anodic peak centered at ~4.2 V associated with 02//0@")-
redox couple in the first cycle, then gradually degraded in the
subsequent cycles corresponding to the lower degree of oxygen
participation in the reaction and inferior oxygen activity. However,
the redox potential of the corresponding cathodic peaks is obviously
different, with NFMM-1, NFMM-2, and NFMM-3 cathodes being 3.50
V, 3.70V, and 3.26 V, respectively. Based on the above, the NFMM-
2 exhibits slowest voltage decay, indicating that the reasonable Mg-
doping can suppress the voltage polarization and promote
thermodynamics during cycling. The pair of anodic/cathodic peaks in
the voltage range of 1.5-3.0 V in the CV profiles can be assigned to
the Mn3*/Mn** and Fe3*/Fe** redox process, which should be another
important part of the contribution of ultra-high capacity.

Fig. 2 The initial two cycling curves of the (a) NFMM-1, (b) NFMM-2 and (c) NFMM-
3 electrodes at a current rate of 0.1C in the potential range of 1.5-4.5 V versus
Na*/Na. The polarization between the first and second cycling curves of (d) NFMM-
1, (e) NFMM-2 and (f) NFMM-3 electrodes. The CV curves of the (g) NFMM-1, (h)
NFMM-2 and (i) NFMM-3 electrodes collected within the voltage range of 1.5-4.5
V at a scan rate of 0.1 mV/s. Note that the cathode mass loading is ~2.0 mg cm2,
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Rate and Cycling performance of NFMM-1, NFMM-2, and
NFMM-3 electrodes were also tested in half-cells with Na metal as
the negative electrode. Fig. 3a illustrates the rate capability of
NFMM-1, NFMM-2, and NFMM-3 electrodes from 0.1 C to 2 C. The



corresponding charge and discharge profiles of NFMM-1, NFMM-2,
and NFMM-3 at different current rates (0.1C-2C) are shown in Fig.
S4a-c (ESI). Obviously, NFMM-2 exhibits superior rate capability than
NFMM-1 and NFMM-3. Note that at a high current rate of 2C, the
reversible capacities of NFMM-1, NFMM-2, and NFMM-3 are 93.31,
115.44, and 52.81 mAh g, respectively, indicating an undeniable
improvement in the high-rate performance of the NFMM-2.
Moreover, after setting the current rate back to 0.1C, the capacity of
227.79 mAh g can be restored, which is approximately 89.96% of
the initial capacity (253.21 mAh g1), further demonstrating a good
rate capability. The cycle stability of NFMM-1, NFMM-2, and NFMM-
3 electrodes at 0.1 C rate are also shown in Fig. 3b. Typical
galvanostatic charge/discharge profiles (1st, 2nd, 5th, 10th, 10th, 20th,
50th, 100th) in the voltage range of 1.5-4.5 V are presented in Fig. S4d-
f (ESI). After 100 cycles, NFMM-2 remains a relative high capacity of
128.78 mAh g and provide a capacity decay of ~0.49% per cycle
during the first 100 cycles, which are superior to NFMM-1(110.08
mAh g1, ~0.51% per cycle), NFMM-3 (85.66 mAh g1, 0.57% per cycle)
and many other P2-type layered oxides. However, compared to other
reported Mg-doped layered cathodes with anionic redox (Table S7
(ESI)), the cycling performance of NFMM-2 remains suboptimal. This
could potentially be attributed to excessive involvement of oxygen in
the electrochemical reaction process and degradation of the crystal
structure. These issues will be thoroughly discussed in the section
dedicated to mechanism exploration. The average discharge voltages
of NFMM-1, NFMM-2, and NFMM-3 within 100 cycles are also shown
in Fig. S4g-i (ESI). It can be observed that NFMM-2 exhibits a
significant improvement in voltage decay, with a voltage retention
rate as 88.58% after 100 cycles, while the average discharge voltage
retention rate of the NFMM-1 and NFMM-3 are 83.06% and 82.23%,
respectively.
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Fig. 3 (a) Rate capability (0.1-2C) of the NFMM-1, NFMM-2 and NFMM-3 electrodes
in the potential range of 1.5-4.5 V versus Na*/Na. (b) Cycle performance of the
NFMM-1, NFMM-2 and NFMM-3 electrodes in the potential range of 1.5-4.5 V
versus Na*/Na. (c) Typical charge/discharge curves of the NFMM-2@HC full cell
cycled between 1.5 and 4.4 V at a 0.1C rate. (d) The charge/discharge capacity and
coulombic efficiency versus cycle number at the 0.1C rate for the NFMM-2@HC full
cell. Note that the specific capacities were calculated based on the mass of cathode
material. Note that the cathode mass loading is ~2.0 mg cm™2.

To further investigate the polarization and Na* transport
kinetics of NFMM-1, NFMM-2 and NFMM-3 electrodes in charge and

discharge, galvanostatic intermittent titration technique (GITT) was
performed in the 1st cycle and 2nd charge, as shown in Fig. S5 (ESI).

The overpotential, defined as the potential difference between the
end of each interrupted constant current (CC) and the end of
relaxation, can serve as an indicator of reaction kinetics: smaller
overpotential values correspond to more favorable kinetics. From
Fig. S5a-c (ESI), it is evident that NFMM-2 exhibits significantly lower
overpotential values compared to NFMM-1 and NFMM-3, indicating
minimal electrochemical reaction polarization for NFMM-2. This
observation aligns with the characteristics depicted in the
electrochemical curves (Fig. 2d-f). Moreover, the average Dy, values
for electrodes NFMM-1, NFMM-2, and NFMM-3 are approximately
1.72x1070 ¢cm? s, 2.80x107° cm? s, and 1.31x10710 ¢cm? st
respectively (Fig. S5d-f (ESI)). The diffusivity of NFMM-2 surpasses
that of both NFMM-1 and NFMM-3 by a significant margin, implying
superior Na* transport kinetics, which is also consistent with the
results of rate performance (Fig. 3a). Nevertheless, in comparison to
other studies listed in Table S7 (ESI), the rate capability falls short.
Therefore, electrochemical impedance spectroscopy testing was
conducted to analyze trends in ion conductivity changes during rate
performance testing. It can be observed from Fig. S6 (ESI) and Table
S8 (ESI) that NFMM-2 consistently exhibited superior ion
conductivity compared to both NFMM-1 and NFMM-3 throughout
the entire rate performance testing procedure. Nevertheless, as
current rates increased, all three cathode materials (NFMM-1,
NFMM-2, and NFMM-3) demonstrated varying degrees of decline in
their conductivity values leading to a degradation of their rate
performance.

The electrochemical performance (Fig. S7 and S8 (ESI)) and
corresponding discussions on NFMM-1, NFMM-2, and NFMM-3
cathodes with a higher mass loading of ~¥ 5 mg cm2 are presented in

the ESI, providing supplementary information for an initial
assessment of their potential application.
Due to the superior performance of NFMM-2, its

electrochemical performance was also evaluated for comparison in
the voltage range of 2.0-4.5 V (Fig. S9 (ESI)). This evaluation not only
demonstrated a high reversible capacity of ~198.25 mAh g1, but also
showcased significantly improved long-term cyclability with an
average capacity fade per cycle of only 0.27% after 100 cycles and
excellent rate capability with a capacity of 125.58 mAh g1 at 2C.

To further verify the application feasibility of NFMM-2, a full cell
was assembled using NFMM-2 as cathode and hard carbon (HC) as
anode (the voltage profiles of the hard carbon anode in half-cells are
shown in Fig. S10 (ESI)). As shown in Fig. 3c, except for the first cycle,
the NFMM-2@HC full battery exhibits smooth and tilted plateaus
during charging and discharging, with high symmetry. However, with
the increase of cycle number, voltage hysteresis becomes severer
and ARR plateau (~4.2 V) degenerates obviously, which may be
related to the sluggish kinetics of ARR. Effective strategies should be
further explored to solve problems of these type materials.
Surprisingly, it delivers a high initial charge capacity of 208.47 mAh g
Lata current rate of 0.1C within a voltage range of 1.5-4.4 V. Besides,
the reversible capacities are 182.43, 172.32, 167.27, 158.13, 142.08,
126.76, 84.13 and 78.78 mAh g1 in the cycles of 1st, 2nd, 3rd 5th 1Qth,
20th, 50t and 100, respectively. Furthermore, the NFMM-2@HC full
cell shows excellent coulombic efficiency approaching 100% during
cycling (Fig. 3d), indicating a good electrochemical reversibility.
Unfortunately, the NFMM-2@HC full cell exhibits an unsatisfactory



cycling performance, with a capacity retention rate of only 43.18%
after 100 cycles. And the insufficient inherent ion conductivity of
NFMM-2 and the degradation of its crystal structure during
prolonged cycling are likely to be the primary factors leading to the
deterioration of the full battery performance. In general, the
preliminary full battery performance proves that the NFMM-2
cathode has certain prospects in practical applications and needs
further optimization.

Structural evolution of NFMM-2 Na*

deintercalation/intercalation

upon

The crystal structure evolution of NFMM-2 during the initial two
cycles was monitored using in-situ XRD technology in the voltage
range of 1.5-4.5 V. During the initial charging process, as shown in
Fig. 4a, the original (002) peak always maintained P2 phase,
indicating the occurrence of a solid solution phase reaction without
phase transition. In addition, with the charge from OCV to 4.5V, the
intensity of (002) peak almost did not change, and the peak position
hardly moved, except for the slight movement at very beginning
(decreasing from 16.07° to 15.99°), indicating that the interlayer
spacmg (related to the lattice parameter c) sllghtly |ncreased W|th the
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Fig. 4 Crystal structural evolution of NFMM-2 in charge and discharge. (a) Left: The
initial two charge-discharge profiles for In-situ XRD. Right: In-situ XRD patterns
collected during the initial two charge/discharge cycles of the Na/NFMM-2 cell
under a current rate of 0.1C at voltage range between 1.5 and 4.5 V (black asterisks
represent peaks of the Be window). (b) The corresponding contour map of (002),
(004) and (104) peaks of operando XRD patterns. (c) Lattice parameters (a, b, c, V)
evolution of NFMM-2 upon the initial two cycles.

back towards higher two-theta angle of ~16.07°, indicating a
reversible structure recovery. In the stage 11 (3.1 V-2.2 V), the position
of the P2 phase continues to move toward a higher 20 angle and the
peak shape becomes asymmetric and gradually widens. However, a
new peak emerges near the (002) peak when the voltage decreases
to 2.1 V, which can be a resolved as an orthorhombic P'2 phase
(space-group: Cmcm symmetry) combined with other diffraction
peaks, and can be attributed to the accumulation of more Jahn Teller
active Mn3*(tyg3eg?) in the structure at deep discharge state.>3>* The
splitting of the (004) peak also provides compelling evidence for the
formation of the P'2 new phase, as indicated by its analogous
evolutionary trend to that of the (002) peak. Then in the stage Ill (2.1
V-1.5 V), a two-phases coexistence (P2+P'2) can be observed.
Meantime, the P'2 phase gradually dominated the structure with
further charging in expense of the P2 phase. The corresponding
contour map of (002), (004), (110) and (104) peaks of operando XRD
patterns provide a more intuitive structural evolution of NFMM-2 in
the initial charge-discharge process, further demonstrating that the
(002) peak of discharge process is in the sequence P2->P2+ P'2 (see
Fig. 4b). It is noteworthy that the structural evolution trend of the
NFMM-2 cathode material remains consistent during both the first
and second charge-discharge processes, indicating a high crystal
stability. However, in the second discharge process, there is an early
appearance of orthorhombic P'2 phase, which may be caused by the
increased aggregation of Mn3* on the surface of the material during
charge-discharge cycles. This phenomenon may
exacerbate structural degradation and leads to a decline in
electrochemical performance.

successive

To check the structural changes more intuitively, the cell
parameters (a, b, c, V) at various charge/discharge states calculated
from the in-situ XRD results of NFMM-2 are presented in Fig. 4c. The
unit-cell volume changes during the first and second Na*
de/intercalation processes were calculated as ~1.34% and ~1.79%
(see Fig. 4c), respectively, which are very close to zero-strain
characteristics.5>%8 Nevertheless, the unignorable increase in volume
change during the second cycle further confirms the adverse effect
of the orthorhombic P'2 phase on the crystal structure of the NFMM-
2.

In conclusion, NFMM-2 undergoes a subtle phase transition
during the initial two charge-discharge processes, with negligible
volume change, making it a robust structure. However, an increased
proportion of P'2 phase caused by Mn3* may potentially affect the
long-term cycling performance of the NFMM-2.

Hard X-ray absorption spectroscopy (XAS) characterization of
NFMM-2

To investigate the valence state changes of cations in NFMM-2, Fe
and Mn X-ray absorption near edge structure (XANES) spectra were



collected under the selected charging/discharging states during the
initial two cycles, as shown in Fig. 5a and b, with corresponding
enlarged images on the right for clearer observation. Additionally, we
compared the Fe and Mn ions in the uncycled NFMM-2 with the
standard reference compounds before analysis and determined that
their original average valence states should be 3+ and 4+,
respectively.

During the first charging process, a significant shift in the
position of the Fe K-edge XANES spectrum towards higher energy can
be observed (Fig. 5a), and after fully charging, the average valence
state of Fe ions can be determined to be 3.8+, which corresponds to
a capacity contribution of ~ 70.80 mAh g1. Nevertheless, during the
initial desodation process, there was almost no shift in the Mn K-
edge XANES spectrum (Fig. 5b), indicating that Mn ions did not
participate in charge compensation. Due to the initial charging
capacity reaching as high as 165.14 mAh g1, it can be inferred that
the oxygen redox reactions should contribute a considerable
capacity of ~ 94.34 mAh g1, which is very consistent with the long
voltage plateau of the first charging curve. During the first
discharging process, the position of the Fe K-edge XANES spectrum
shifted towards lower energy (Fig. 5a). After fully discharge, the
average valence state of Fe ions can be determined as ~ 3+, which
also contributes to the capacity of ~ 70.80 mAh g1. However, unlike
the first charging process, a distinct shift in the Mn K-edge XANES
spectrum can be seen (Fig. 5b), indicating that Mn ions exhibit high
electrochemical activity during the initial sodation process. In
addition, the average valence state of Mn ions after fully discharge
can be determined as ~ 3.4+, equivalent to a capacity of ~ 93.33 mAh
gl Thus, the extra capacity (~¥89.08 mAh g1) in the first discharge
process should be contributed by the 02/~ redox reactions.

Fig. 5 Normalized (a) Fe and (b) Mn K-edge XANES spectra of NFMM-2 electrodes
collected at different charge-discharge states during the initial two cycles.
Corresponding FT-EXAFS spectra at the (c) Fe and (d) Mn K-edge of NFMM-2
electrodes during the initial two cycles.
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During the second charging process (Fig. 5a), the Fe K-edge
XANES spectrum shows a peak shift trend like the initial charging. It
is worth noting that the energy of Fe K-edge in the second charging
state is obviously lower than that in the initial charging state, and the
average oxidation state of Fe ions is estimated to be ~ 3.6+, indicating
that the contribution of Fe ions to the capacity during the second
charging process is relatively low (~53.1 mAh g1). In addition, the
evolution behavior of the Mn K-edge XANES spectrum, which is
completely opposite to that in the first charge process, can be
observed, and the Mn34/4redox reaction provides a capacity of
~93.33 mAh g1 (Fig. 5b). Therefore, the capacity by the oxygen redox
reactions is estimated to be ~87.08 mAh gl. During the second
discharge process, the average oxidation state of Fe ions returns to
3+, as the Fe K-edge XANES spectra is very close to its Fe3* standard
reference compound (Fig. 5a). Whereas the Mn K-edge XANES
spectra shift towards lower energy than that in the initial cycle (Fig.
5b), suggesting that the Mn ions contributes more capacity of ~
108.88 mAh g in the second discharge process. It also can be
inferred that the oxygen redox reactions should contribute a
decreased capacity of ~ 74.99 mAh g1.

To further investigate the local structural changes around TM
ions, Fourier transformed Extended X-ray Absorption Fine Structure
(FT-EXAFS) spectra were performed at Fe and Mn K-edges of NFMM-
2 electrode during the initial two cycles. As shown in Fig. 5¢ and 5d,
the evolution of Fe-O and Mn-O distances in NFMM-2 electrode at
different states during the first and second cycles is consistent with
the oxidization/reduction of Fe and Mn ions analyzed by XANES
results. Note that the average valence state of Fe ions cannot be
intuitively determined by XANES spectra at the original and fully
discharge states. However, the FT-EXAFS spectra clearly confirm that
the average oxidation state of Fe ions in the above states is ~3+.

The hXAS results indicate that Fe and Mn ions contributed a
considerable total capacity in the first two cycles. In addition, based
on the evolution of Fe and Mn K-edge XAS spectra, the contribution
of oxygen redox reaction to capacity was indirectly calculated (see
Fig. 6), preliminary demonstrating that a decrease in the reversibility
of the oxygen redox reaction from 94.42% in the first cycle to 86.12%
in the second cycle, which can be attributed to the presence of Mn3*
ions with Jahn-Teller effect generated during discharge, affecting the
local electronic structure of oxygen. This conclusion is also well
supported by relevant experimental data. Firstly, the in-situ XRD
spectra (Fig. 4) show that the formation of orthorhombic P'2 phase
occurred in both deep discharge states in the first and second cycles,
which can be attributed to an increased accumulation of Jahn-Teller-
active Mn3* (tyg3eg!) ions within the NFMM-2 structure. Furthermore,
our speculation is further supported by CV results (Fig. 2g-i) of
NFMM-2 as it reveals a slight shift towards lower voltage for the
oxygen redox peak in the second cycle, possibly due to involvement
of Mn*/Mn3* redox during charging. This suggests that Jahn-Teller
distortion caused by Mn3* could have adverse effects on ARR
reversibility.>® However, existing results cannot directly characterize
the valence state changes of oxygen ions. Therefore, it is necessary
to provide sufficient evidence through more intuitive
representations, which will be discussed in the following section.
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Fig. 6 The speculative capacity contributions of Fe redox, Mn redox and O redox
during the initial two cycles.

Exploration of ARR mechanism in NFMM-2 cathode

Fig. 7 (a) Fe L-edge, (b) Mn L-edge and (c) O K-edge sXAS spectra of NFMM-2
cathode in PFY mode. Data collected at different charge-discharge states during
the initial two cycles (Pristine, black line; 1st FC (fully charged), dark red line; 1st
FD (fully discharged), dark green line; 2nd FC (fully charged), orange line). (d)
Comparison of the relative integrated intensity in the lower energy region (below
533 eV) of O K-edge sXAS spectra under different charge-discharge states.

To further explore the ARR mechanism during electrochemical
processes, soft X-ray absorption spectra (sXAS) at the Fe L-edge, Mn
L-edge and oxygen K-edge were conducted on the NFMM-2
electrode at the various charge/discharge states during the first two
cycles. The sXAS data were collected in the partial fluorescence yield
(PFY) mode, which probes the bulk of the material with a depth
exceeding 100 nm.

For 3d transition metal elements, their absorption peaks at the
L-edge can be divided into two parts: L3 and L2 edges. Specifically,
L2-edge is attributed to the transition from 2py/; to 3d; and L3-edge
corresponds to the 2ps» to 3d transition.%9-61 |n addition, the
absorption peaks are highly sensitive to the local electronic
environmental changes of the 3d TM elements such as the valence
state, spin state and bond covalency. By deconvoluting the L3 edge
into high-energy (L3high) and low-energy (L3jow) features, the most
prominent electronic structure can be qualitatively obtained. It is
worth noting that the ratio between the L3pigh and L3ow integrated
peak intensities is positively correlated with the TM oxidation state.

As for the sXAS spectra of the Fe L3-edge (see Fig. 7a), compared
with the pristine sample, the L3, peak intensity significantly
decreased and the L3¢y peak intensity significantly increased at the
fully charged state during the initial and second cycles, resulting in a
marked increase in the ratio of L3high to L3jow, Which provide clear
evidence of the oxidation state of Fe ions from 3+ to higher states.
However, both L3high and L3j0w peak intensities show an opposite
trend at the fully discharged state during the initial cycle, leading to
a decrease in the L3high to L3jow ratio. This result indicates that the
oxidation state of Fe ions returns to ~3+, which is consistent with the
hXAS results. Of note, the shape of the fully discharged Fe L-edge
sXAS spectrum is different with the original one, which should be
attributed to changes in the local electronic environment around Fe
ions.
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As for the sXAS spectra of the Mn L3-edge (see Fig. 7b), the
original XAS spectral shape of the Mn L3-edge is almost identical with
that for Mn#* reported previously.2>62] However, unlike Fe L-edge
sXAS spectra, the L3pigh to L3jow ratio of the Mn L-edge sXAS spectra
remains almost unchanged, and only two peaks attributed to Mn**
(~641.2 eV and ~643.8 eV) exist after first fully charging, indicating
the Mn ions are not involved in charge compensation. At the first
fully discharged state, it can be easily seen that the L3pigh to L3 jow
ratio decreases significantly. More importantly, two new peaks
emerged, corresponding to Mn2* (~640.4 eV) and Mn3* (~642.6
eV),[3lwhich demonstrating the reduction state of Mn ions from 4+
to lower states. In addition, the Mn L-edge sXAS spectrum recover to
the original state at the second fully charged state, indicating that
the oxidation state of Mn ions returns to 4+, which is consistent with
the hXAS results.

The O K-edge sXAS of electrochemically cycled NFMM-2 is
shown in Fig. 7c, which reveals the changes in the local electronic
structure of O during charge and discharge processes. The peaks
below 535 eV are called pre-edge, which are attributed to electronic
transitions from the O 1s state to the O 2p-TM 3d hybridized state.62-
63 From Fig. 7a, three pre-edge peaks below 535 eV (denoted as 1, 2
and 3) can be seen in the absorption spectrum of the pristine
electrode. The peaks 1 and 2 are due to the transition from O 1sto O
2p-TM 3d (tzg) and O 2p-TM 3d (eg) hybridized bands, respectively.t
65 Besides, the peak 3 can be assigned to the O 2p-Na 3p hybridized
band, which reflects the Na content in the lattice.5¢-¢7 During the
initial and second charging/discharging, a significant change in peak
intensity of the O pre-edge peaks can be observed, which is strongly
related to the average hole state distribution and effective charge on
the oxygen anions caused by O 2p-TM 3d hybridization. Specifically,
during the initial and second charging processes, the peak intensities
of 1 and 2 significantly increase, while the peak intensity of 3 almost
disappears. This result indicates that as Na is removed, the Na
content in the lattice continuously decreases. In addition, the density
of states of the unoccupied O2p-TM 3d hybridized band increases
with the increase of electron hole numbers in the O 2p orbital.
Nevertheless, upon discharging to 1.5 V, the intensities of the pre-
edge peaks 1 and 2 decrease significantly, indicating a decrease in



density of states of unoccupied O 2p-TM 3d hybridized band caused
by lower electron hole numbers in the O 2p orbital. Therefore, the
above results indicate that 0% ions have participated in charge
compensation and provided additional capacity during the first two
charging and discharging processes.

To further quantify the density of O hole states, the relative
integrated area intensities of the low-energy region (below 533 eV)
of the O K-edge sXAS under different charge-discharge states were
collected and shown in Fig. 7d. Note that the variation of the density
of O hole states directly reflects the degree of OZ ions participate in
charge compensation during the charging and discharging process.
8 Therefore, from Fig. 7d, it can be easily seen that compared to the
pristine state, the density of O hole states significantly increases in
both 15t and 2"d FC states, indicating that O% ions are electrochemical
active during charge and discharge processes. Furthermore,
compared to the 15t FC state, the retention rate of the O hole states
density remains 93.38% in the 2™ FC state, indicating that high
reversibility of ARR can be achieved in the initial two cycles of the
NFMM-2 cathode. These results are also consistent with the capacity
contribution of OZ ions inferred by hXAS.

In summary, combined with the results of hXAS, the highly
reversible anionic redox reaction process (02/0™) in the NFMM-2
electrode has been validated in the first and second cycles. However,
considering that the rate capability and cycling performance of the
material are still unsatisfactory, we speculate that subsequent
anionic redox reactions may lack sufficient reversibility. In fact,
despite our efforts to enhance anionic reversibility by controlling
Mg2* substitution amounts and site occupancy, 3d transition metals
fail to generate a reduction coupling mechanism.’%71 Moreover, the
unresolved decay in electrochemical activity of oxygen ions during
prolonged cycling processes further exacerbates material
degradation through a series of associated side reactions.

Conclusions

In this work, we demonstrated that precise Mg doping amount
as well as the site occupancy can effectively regulate the
reversibility of ARR. Specifically, the elaborately designed
Na/TM-Site Mg substituted P2-Nayss[Fe1/3sMg1/12Mn7/12]02
delivers an ultra-high initial reversible capacity of ~253.21 mAh
g1via both cationic and anionic redox reactions at 0.1C in the
voltage range of 1.5-4.5 V (vs. Na*/Na), which corresponds to ~
0.94 e transfers. More importantly, during the first 100 cycles,
a final capacity of up to ~128.78 mAh g1 and a small capacity
decay of ~0.49% per cycle were achieved. In addition, P2-
Nay/3[Fe1/3Mg1/12Mn7/12]0;2 exhibits a decent reversible capacity
of 93.31 mAh g1 at a high current rate of 2C. The preliminary
full battery performance proves that the P2-
Nay/3[Fe1/3Mg1/12Mny7/12)0,. cathode has certain prospects in

also

practical applications and needs further optimization. The
improvement in electrochemical performance has been verified
through various advanced experimental techniques, attributed
to the stable crystal structure and the highly reversible 02/0™
redox reactions. This study will provide valuable ideas and
insights for improving the reversibility of anionic redox
reactions in layered oxide cathode materials for low-cost and

high-energy sodium-ion batteries. However, as the number of
cycles increases, more Mn3* ions would gradually accumulate
on the electrode surface, leading to structural degradation and
adversely impacting the reversibility of ARR, ultimately resulting
in battery failure. Therefore, further exploration is needed to
investigate strategies such as bulk doping and surface coating
to regulate the oxidation state of Mn and reduce its dissolution,
thus mitigating the adverse effects on electrochemical
performance caused by Jahn-Teller effect of Mn3+.
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