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As the representative layered oxide cathode for sodium ion batteries (SIBs) featuring the low cost, P2-type Na-Fe-
Mn oxide (NFMO) delivers a high capacity but a limited cycling stability, while O3-type NFMO shows extended
cycling lifespan but a lower capacity. Considering the complementarity of two phases in electrochemistry, we
successfully designed and fabricated a Fe/Mn-based layered oxide Nag g7Lig.11Fe0.36Mng.36Tip.1702 with a unique
P2/03 biphasic architecture through high-proportion Li/Ti co-substitution. High-proportion Li substitution in
transition metal layers triggers the reversible O redox below 4.2 V due to the formation of the special O bonding
environment, delivering a highest capacity of 235 mA h g! ever reported among all Fe- and Mn-based layered
oxide cathodes. Moreover, the unique intersected complex way at the phase boundary significantly suppressed
the P2—OP4 phase transition and decreased the lattice mismatch between two phases at high potentials, greatly
enhancing the cycling stability. This novel phase complex strategy benefits the design of promising cathode

materials with high capacity and long lifespan for SIBs and beyond.

1. Introduction

Lithium-ion batteries (LIBs) are widely applied in consumer elec-
tronics and electric vehicles due to their high operating voltage and
energy density. However, the increasing demand and limited reserves of
lithium cause a rapid rise in the cost. Thus the low-cost sodium ion
batteries (SIBs) appear as a promising candidate and set off a research
boom due to the earth abundance of sodium [1-6]. Compared with the
reported several types of cathode materials for SIBs, like polyanion
compounds [7-11], and Prussian analogs [12-14], sodium transition
metal layered oxides (Na,TMO;) have been extensively studied, due to
the high reversible capacity, suitable operating voltage (1.5-4.2 V) and
structural simplicity [15,16]. Recently, a series of important advances
were made in the Na,TMO;, system. Tarascon group reported an O3-type
NalLi; 3Mny,30, cathode showing a sustained reversible capacity of 190
mA h g~ and discernible voltage fade on cycling [17]. Li et al. designed
a P2-type Nag 7Mgp.2[Feg.oMng ¢[o.2102 cathode with the intrinsic va-
cancies, which implemented reversible oxygen redox in a wide potential
range of 1.5-4.5V [18]. Wang et al. revealed the impact of different Na™®
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occupancy sites on the electrochemical performance in a P2-type
Nag.67[Mng 66Nip 33102 cathode [19]. Among these Nay,TMO, mate-
rials, Fe- and Mn-based layered oxides (NFMO) attract much attention
due to the abundant reserves and low cost of Fe and Mn [20,21].
Moreover, the combination of two redox couples of Mn®>*/Mn** and
Fe3*/Fe*" makes it attain a relative high energy density (300-500 W h
kg™1). With these advantages, NFMO are considered as ideal candidates
for the large-scale energy storage devices [4,5,22,23].

In NFMO, the different Na contents lead to different Na™ crystallo-
graphic sites and anionic stacking sequences [24]. Two typical layered
structures are P2 and O3 [25]. In P2 structure, Na ions occupy at the
triangular prism sites and are facile to diffuse to adjacent sites directly,
leading to the fast Na* diffusion kinetics, thus the better rate capability
and the higher capacity, as compared to O3-type [26-28]. However,
P2-type materials undergo the irreversible phase transformation to OP4
phase (also called Z phase) upon repeated Na® extraction/insertion,
which causes a rapid capacity degradation [29,30]. In O3 structure, Na
ions locate at the octahedral sites and Na™ migration needs to surmount
the high energy barriers caused by the intermediate tetrahedral sites,
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leading to the sluggish diffusion kinetics and the low practical capacity
[21,31]. Nonetheless, O3-type materials are mostly in Na-sufficient
condition and exhibit superior structure stability. In general, the poor
cycling stability hinders the development of P2-type materials, while the
main bottleneck of O3-type is the low practical capacity [32].

Elemental doping is demonstrated to be an effective way to improve
the cycling stability of P2 phase. Ti substitution would not change the
phase structure, and the formation of strong Mn—O—Ti—O—Fe bond in
the TM layers greatly enhances the structure stability, but at the expense
of the capacity decrease due to the inactivity of Ti (the upper panel of
Scheme 1) [33-36]. The effects of Li doping greatly depend on the
substituted site. When Li ions take at TM sites, the P2 phase is main-
tained and Li ions can migrate to Na layers as pillars upon charge to
enhance the cycling stability [24,37]. When a large amount of Li ions are
introduced, P2-type structure tends to transform to O3-type structure
with the better structure stability [38-43]. However, Lit is also elec-
trochemically inactive, excessive Li substitution would lower the spe-
cific capacity [33,44]. In brief, the single elemental substitution can not
perfectly solve the concern of the poor stability for P2 phase without
sacrificing the capacity.

Considering the complementarity of P2 and O3 phases in electro-
chemistry and the different effects of Li* or Ti** substitution on tuning
the phase structure, we purposely created a P2/03 biphasic
Nayg,e7Lig.11Feg.36Mng 36Tig 1702 through high-proportion Li* and Ti*t
co-substitution in TM layers (the middle panel of Scheme 1). Detailed
structural analysis revealed a unique intersected complex way at the
phase boundary of two layered phases, which suppressed the phase
transformation and enhanced the structural stability. The electro-
chemical analysis combining with the charge compensation mechanism
study confirm the introduction of the reversible O redox during charge/
discharge. Therefore, it delivers an ultrahigh capacity of
~235mAhg ! with the great cycling stability (85.4% capacity
retention for 100 cycles). Our findings provide guidance to design new
cathodes with high energy and long lifespan for SIBs.
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2. Results and discussion
2.1. Determination of P2/03 biphasic structure

To study the impact of Li and Ti substitution on the phase structure,
three different strategies were applied in P2-type Nagg7FegsMng 502
(NFMO), including single Li substitution with 11% Li (denoted as
NLFMO), single Ti substitution with 17% Ti (denoted as NFMTO), and
Li/Ti co-substitution with 11% Li and 17% Ti (denoted as NLFMTO). The
actual elemental compositions were determined by ICP-OES (Table S1).
As shown in Fig. 1a-d, XRD patterns were collected to analyze the crystal
structures. The Bragg peaks of NFMO can be well indexed to a hexagonal
lattice with P63/mmc space group, a typical P2 phase (Fig. 1a). The high-
resolution transmission electron microscopy (HRTEM) image confirms
the layered structure with the (002) interplanar spacing of 5.57 A
(Fig. 1e). When incorporating Li into NFMO, XRD pattern of NLFMO is
distinctly different from that of NFMO (Fig. 1b), and can be indexed to a
new O3 phase with R-3m space group. This hints that a large amount of
Li substitution would induce the phase transition from P2-type structure
to O3-type structure [45,46]. Apart from the main O3 phase and the
little P2 phase, the impurity Li,MnO3 can be observed (marked by the
arrow in Fig. 1b), hinting an upper limit value for Li substitution
(< 11%). It would lead to an increased Na/TM ratio in the O3 phase than
that in the original P2 phase, which may be beneficial to the cycling
stability. Different with Li substitution, Ti substitution does not bring
significant phase change in NFMTO (Fig. 1c). Similarly, there is also an
upper limitation (< 17%) for Ti substitution, indicated by the impurity
of NaFeTiO4 (marked by the arrow in Fig. 1c). The structural analysis
above demonstrates that, it is difficult to incorporate single element into
NFMO by either Li or Ti with a high content. Surprisingly, XRD pattern
of NLFMTO can be indexed to P2 phase and O3 phase without any other
detectable impurity (Fig. 1d), further confirmed by Raman spectra
(Fig. S1). It manifests the synergistic effect of low valent cation Li" and
high valent cation Ti*". Rietveld refinements were performed and the
results were summarized in Table S2. It is clear to see that, the P2
component of NLFMTO has a much smaller ¢ value than Ti-doped
NFMTO, while the O3 component of NLFMTO has a much larger c
value than Li-doped NLFMO, which may reflect the larger amount of Ti
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Scheme 1. Schematic illustration of the design of the P2/03 biphasic structure for sodium Fe/Mn-based layered oxide cathode.
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Fig. 1. Determination of the P2/03 biphasic
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and Li substitution than NFMTO and NLFMO. According to the refine-
ment results, the weight percentages of P2 phase and O3 phase are 63%
and 37%, respectively.

To further check the local structure of NLFMTO at the atomic level,
HRTEM image (extracted from a small region marked by the yellow
dashed square in Fig. S2) and the fast Fourier transform (FFT) map are
shown in Fig. 1e. The lattice fringes with the interplanar spacing of 5.57
and 2.49 A can be ascribed to (002) plane for P2 phase and (— 11-1)
plane for O3 phase, respectively. Correspondingly, the reflection spots in
the FFT map can be assigned to (002) plane (red cycles) for P2 phase,
and (— 11-1), (010), (101) planes (blue cycles) for O3 phase, respec-
tively. The similar complex way can be observed at another phase
boundary (Fig. S3), and the corresponding TEM-EDX mapping confirm
the uniform elemental distribution of Na, Fe, Mn, and Ti across the phase
boundary. Accordingly, the unique complex way between two phases at
the phase boundary can be clearly demonstrated in Fig. 1f. (002) plane
of P2 phase is intersected with (— 11-1) plane of O3 phase at a certain
angle. Such unique intersected complex way is different from the layer-
stacking or shoulder-by-shoulder complex way reported before [44,
46-48], and would greatly affect the electrochemical performance,
especially the structural stability of P2 phase during cycling (depicted as
below). These local observations are consistence with the XRD results

above, confirming a P2/03 biphasic structure in NLFMO.

SEM images were also collected to analyze the influences of
elemental substitution on the morphology (Fig. S4). NFMO presents the
regular plate-like shape with the homogeneous particle size about
1-2 ym. With Li or Ti single substitution, NFMTO and NLFMO show the
irregular shape with the smaller particle size. After Li/Ti co-substitution,
NLFMTO exhibits a similar plate-like shape with NFMO, and a larger
particle size of 2-4 ym. Corresponding energy dispersive spectroscopy
(EDS) mapping indicate that, Fe, Mn, and Ti uniformly distribute in the
entire particle.

2.2. Ultrahigh capacity and enhanced cyclability

To study the impact of the different phase structures on the elec-
trochemical performance, NFMO, NLFMO, NFMTO and NLFMTO cath-
odes were fabricated using the same procedure and tested in sodium half
cells. Fig. 2a exhibits the charge-discharge profiles of the four cathodes
in the voltage range of 1.5-4.2 V at 0.1 C. NLFMTO shows the highest
initial capacity of 235 mA h g! ever reported among all the Fe- and Mn-
based cathodes (Table S3), much higher than that of NFMO, NLFMO and
NFMTO (183, 136 and 125 mA h g}, respectively). Combining with the
average voltage 3.0V, it delivers a high energy density of
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a b Fig. 2. Improved electrochemical performance.
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~ 700 W h kg%, The low capacity of NLFMO can be ascribed to the
increased oxidation state of Mn and the impurity LixMnOs3, accompanied
with the phase transformation from P2 phase to O3 phase with sluggish
Na™ diffusion kinetics. Similarly, the low capacity of NFMTO can be
ascribed to the decrease of Mn and Fe content and the formation of the
impurity NaFeTiO,. The theoretical capacity contribution from Mn>*/
Mn** and Fe®*/Fe** redox couples in NFMO and NLFMTO were esti-
mated in Table S4. One notable point is that, there is only Fe*t/Fe*t
redox couple during the 1st charge since Mn is + 4 in pristine NFMO and
NLFMTO. The practical 1st charge capacity for NLFMTO is around
160 mA h g~!, much larger than the estimated capacity from Fe>*/Fe**
redox couple (100.1 mAhg™!), hinting the oxygen redox couple
involving at high potentials.

To explore the charge compensation mechanism for the ultrahigh
capacity, the charge branch in the 2nd cycle was carefully examined. As
for four electrodes, the 2nd charge branch can be generally divided to
two parts (marked by the dashed vertical lines in Fig. 2a). The part
below 3V comes from the Mn®>"/Mn*" redox couple, while the part
above 3 V comes from Fe®* /Fe*" redox couple [29,38]. According to the
separate capacity contribution from each part, Mn3*/Mn*" couple
contributes 0.35 electrons, and Fe>*/Fe*" couple contributes 0.30
electrons for NFMO. Surprisingly for NLFMTO, the part above 3 V cor-
responds to 0.55 electrons, which is beyond for the theoretical capacity
contribution from Fe**/Fe*" redox couple based on the chemical for-
mula (0.36 electrons). Considering the electrochemically inactivity of
Li* and Ti*", the excessive capacity contribution can only be assigned to
0% /0" redox at high potentials. The reversible O redox may be triggered

by the special bonding environment of oxygen with Na*/Li* in both TM
layers and Na layers, similar to what has been frequently observed and
extensively discussed in the Li- and Mn-rich layered cathode for LIBs
[24,49]. It should be related with a large amount of Li substitution
(11%) in the lattice. The corresponding dQ/dV curves and the CV curves
during the initial several cycles are shown in Figs. S5 and S6, consistent
with the analysis above. The CV curve of NLTMTO is a combination of
those of NFMO and NLFMO, further reflecting a biphasic complex
structure.

To detect the possible 0% /0 redox occurred above 3 V, the O 1s XPS
spectra were collected on NLFMTO electrodes at different charge/
discharge states (Fig. 2b). Two peaks at around 533.4 and 532.0 eV
correspond to the C—O and C—=O0 bonds from electrolyte oxidation and
oxygen deposited species, respectively [50-53]. Notably, the signal of
lattice O™ (the orange peak) is observed at 531.1 eV when charged to
4.2V, and diminishes when discharged to 3.25 V, then disappears after
discharged to 2.5 V, indicating lattice O% anions are reversibly partici-
pated in the electrochemical redox reaction during the charge/discharge
process. In contrast, there is no O anionic peak during the whole
charge/discharge process of NFMO (Fig. S7), revealing the electro-
chemical inert of the lattice 0% anion in NFMO. O K-edge soft X-ray
absorption spectra (sXAS) further confirm the oxygen redox reaction in
NLFMTO. As shown in Fig. 2¢, a shoulder feature appears at 531 eV
(marked by a dashed ellipse) related to the oxygen redox (lattice O7)
when charged to 4.0 and 4.2V [54-57], and disappears when dis-
charged below 3.0 V. In addition, two peaks at 529.5 and 532 eV cor-
responding to the electron transition from O 1s state to TM t; and eg
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state, respectively, show negligible change, hinting the preservation of below 3V, consistent with the deduction above. To validate the
TMOg octahedra. The carbonate species at 533.6 eV disappears when reversibility of O redox, in situ differential electrochemical mass spec-
charged to 4.0 and 4.2 V, and re-appears when discharged to 3.0 and troscopy (DEMS) test was performed during the first cycle of NLFMTO
1.5V, which should be related with the surface side reaction between (Fig. S9). There is no significant Oy release, confirming the good
the cathode and the electrolyte. In addition, Mn L-edge sXAS spectra are reversibility of O redox. A small amount of CO, starts releasing above
deposited in Fig. S8a, which further confirms Mn®*/Mn** redox couple 3.5 V and gradually reaches the peak at 4.2 V, which may come from the
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Fig. 3. Phase transformation during the 1st cycle. The 1st charge/discharge curves with the selected voltage points (marked by the dots) as well as the corresponding
XRD patterns for NFMO (a) and NLFMTO (b) to track the phase transformation. The regions of 15.5-16.5° were enlarged on the right panels. (c) Schematic view of
the structure changes during the charge of NFMO and NLFMTO.
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side reaction of electrolyte decomposition at the particle surface.

The cycling performance was comprehensively evaluated. As shown
in Fig. 2d, when cycled in 2.0-4.2V at 1C (1 C=200mA g }),
NLFMTO shows the highest capacity retention of 85.4% after 100 cycles,
much better than NFMO, NLFMO and NFMTO (40.9%, 71%, and 63.4%,
respectively). Even after 300 cycles, it can still retain a capacity above
100 mA h g’l, in contrast to NFMO (< 50 mA h g’l, Fig. S10). The
average voltage was plotted as a function of the cycle number (Fig. S11),
indicating the best voltage retention for NLFMTO. The corresponding
charge-discharge profiles are presented in Fig. S12. The cycling results in
the voltage range of 1.5-4.2 V further confirm the best stability for
NLFMTO (Fig. S13). The relatively poor cycling stability in 1.5-4.2 V
than that in 2.0-4.2 V can be understood, since the charge/discharge
below 2 V would involve more Mn®* content, which may induce Jahn-
Teller distortion and structure degradation. The rate performance of
NFMO and NLFMTO are displayed in Fig. S14. NLFMTO retains a high
capacity of 172mAhg™' at 1C, while NFMO only retains
140 mAh g™t

2.3. Suppressed P2—OP4 phase transformation

To explore the mechanism of the enhanced cycling stability by the
P2/03 biphasic structure, XRD patterns at selected voltage points during
the 1st charge/discharge are collected to analyze the phase trans-
formation of NFMO and NLFMTO (Fig. 3a-b). When charged to 4.2V,
P2-type NFMO completely transforms to an OP4 phase (marked by the
inverted triangles in Fig. 3a). When discharged to 2.0 and 1.5 V, OP4
phase returns to P2 phase. The (002) peak does not go back to the
original position (the right panel of Fig. 3a), hinting the poor revers-
ibility. Such P2-OP4 phase transformation coincides with the previous
reports [20]. Accompanying with the phase transformation, the inter-
layer spacing of (002) peak undergoes a dramatic change from 5.61 A
(OCV), t0 5.09 A (4.2 V), then to 5.58 A (2.0 and 1.5 V). The big lattice
change would cause severe lattice mismatch and distortion at the phase
boundary during the phase transformation, which should be the struc-
tural origin for the poor cycling stability of NFMO. As shown in Fig. 3b,
NLFMTO with a P2/03 biphasic structure also transforms to OP4 phase
when charged to 4.2 V. Nonetheless, the main peak of OP4 phase
(marked by the inverted triangle) corresponds to a layer spacing of
5.28 f\, much larger than that of NFMO (5.09 A). In addition, there is
still a small (002) peak left when charged to 4.2 V (the right panel of
Fig. 3b), hinting the preservation of a small amount of P2 phase. These
two observations indicate that, the P2-OP4 phase transformation is
partially suppressed and the lattice mismatch between two phases is
greatly decreased in such a P2/03 biphasic structure. Moreover, the
(002) peak nearly goes back to the original position after discharged to
1.5 V (marked by the dashed vertical line in the right panel of Fig. 3b),
hinting the excellent reversibility of phase transformation. In the
meanwhile, the main peak (003) of O3 phase gradually weakens and
disappears when charged to 3.5 V and 4.2 V, and restores to the original
position and intensity when discharged to 1.5 V. It indicates that, a
reversible phase transformation for O3 phase concurrently proceeds
with that of P2 phase. These two kinds of phase transformations may
synergistically interact with each other, and contribute to the enhanced
cycling stability.

When combining with the unique intersected complex way between
P2 and O3 phase revealed above, we propose a mechanism to explain the
interplay of two phases for the excellent cycling stability. As shown in
the upper panel of Fig. 3c, for P2-type NTMO, the big lattice mismatch
between P2 and OP4 phase (Ad = 0.49 1°\) leads to the severe stress,
which results in the structure collapse and the destruction of the particle
integrity, and thus the poor cycling stability. Differently, NLFMTO has a
unique P2/03 biphasic structure, wherein the edge of P2 phase is pinned
by the TM layers of the O3 phase. By comparing the structure of P2 and
OP4 phase, the P2-OP4 phase transformation must undergo an inter-
layer sliding between neighboring TM layers in P2 phase (illustrated in
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Fig. S15). Once the layered structure of P2 phase is pinned by O3 phase,
the interlayer sliding is greatly suppressed upon charge, thereby leading
to the suppressed phase transformation. Finally, less OP4 phase is
formed with much smaller lattice mismatch (Ad = 0.28 /0\). Therefore,
the reversibility of the phase transformation is greatly enhanced,
delivering the better cycling stability for NLFMTO. Different from the
previous reports about the P2/03 biphasic cathodes [43,58-60], the
relationship between the biphasic complex way and the enhanced
electrochemical performance is clearly illustrated here.

2.4. Structure stability upon repeated cycles

To further investigate the structure stability after long-term cycling,
XRD patterns of NFMO and NLFMTO electrodes after 1 cycle and 100
cycles are collected. As shown in Fig. 4a, the main peak (002) of P2-type
NFMO obviously shifts to higher angle after 100 cycles as compared with
that after 1 cycle (the dashed line in the right panel of Fig. 4a), indicating
the big shrinkage of the corresponding interlayer spacing. In contrast,
the (002) peak for P2 phase in NLFMTO shows a much smaller shift,
indicating the suppressed structural degradation (the dashed line in the
right panel of Fig. 4c). While the main peak (003) of O3 phase presents a
large shift to higher angle. It hints that, O3 phase may undergo relatively
large structural change after long-term cycling. Furthermore, HRTEM
images are taken to examine the local structure change of NFMO and
NLFMTO cathodes after 100 cycles (Fig. 4b-d). As for NFMO (Fig. 4b),
the interlayer spacing is 5.46 A, much smaller than the initial value
5.61 A, which is consistent with the XRD results (Fig. 4a). The dispersed
reflection spots in FFT map also demonstrate that, the long-term cycling
leads to lots of structure disordering in NFMO. Most importantly,
massive intragranular micro-cracks can be observed, which should be
originated from the accumulated intragranular strain due to the large
lattice mismatch between P2 phase and OP4 phase mentioned above. As
for NLFMTO (Fig. 4d), the clear lattice fringes confirm a well layered
structure with an interlayer spacing of 5.56 A, close to the initial value
5.57 10\, and consistent with the XRD results (Fig. 4c). The spots in the
FFT map are still acute, indicating that the structure is still in highly
order. No micro-cracks can be observed, showing the good mechanistic
integrity of primary grains for NLFMTO.

Mn dissolution is always another important factor to result into the
structure degradation of Mn-based layered oxides during cycling
[61-64]. To quantitatively investigate Mn dissolution here, X-ray fluo-
rescence (XRF) test is carried out to quantify the Mn/Fe ratio in the
cathode electrodes after 100 cycles (Table S5 and Fig. 4e). As we can see,
NLFMTO shows a highest Mn/Fe molar ratio of 90.5%, indicating a little
Mn dissolution. By comparison, NFMO shows a much lower Mn/Fe ratio
of 76.9%, suggests a severe Mn dissolution in NFMO, which should be
related to lots of microcracks observed above. The more severe Mn
dissolution in NLFMO and NFMTO may be related to the formation of
the impurity.

Combined all these experimental results together, the structural
change after long-term cycling can be schematically illustrated in Fig. 4f.
NFMO undergoes the serious lattice mismatch during the P2-OP4 phase
transformation at high potentials of repeated cycles, which causes lots of
micro-cracks in the primary particles, increasing the contact areas with
the electrolyte, therefore leading to more side reactions and Mn disso-
lution. In NLFMTO, the phase transformation and the lattice mismatch
for P2 phase are greatly suppressed by the unique intersected complex
way with the O3 phase, enhancing the reversibility of the structure
change during cycling, and inhibiting the formation of micro-cracks and
Mn dissolution.

3. Conclusions
In summary, a P2/03 biphasic compound Nag7Lig11-

Feg.36Mng 36Tip.1702 was designed and synthesized by a Li/Ti co-
substitution strategy. High proportion Li substitution in TM layers
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Fig. 4. The structure stability after long-term cycling. XRD patterns of NFMO electrodes (a) and NLFMTO electrodes (c) after 1 cycle and 100 cycles in 1.5-4.2 V. The
main peaks marked by the dashed rectangles were enlarged on the right panel to examine the subtle structure changes. HRTEM images for NFMO electrode (b) and
NLFMTO electrode (d) after 100 cycles to check the local structure change. The insets are the corresponding FFT maps with the scale bars as 5 1/nm. (e) The Fe/Mn
relative contents and the deduced Mn/Fe ratio detected by XRF test for NFMO, NLFMO, NFMTO and NLFMTO after 100 cycles. (f) Schematic illustration of the
structural changes for P2-type NFMO and P2/03 biphasic NLFMTO after long-term cycling.

induced the formation of the unique O bonding environments similar
with those in Li-rich Mn-based layered oxides, which triggers the
reversible anionic redox activity. Thus an ultrahigh capacity
(~ 235 mA h g7!) is achieved among all Fe- and Mn-based layered ox-
ides ever reported for SIBs. In the meanwhile, the phase transformation
from P2 phase to OP4 phase at high potentials is partially suppressed
and the lattice mismatch between two phases is greatly decreased by the
unique intersected complex way between P2 and O3 phase. Therefore,
the lattice mismatch and distortion are mitigated to a great extent, and
inhibit the formation of micro-cracks and Mn dissolution. Eventually, a
great cycling reversibility (85.4% for 100 cycles) can be achieved
simultaneously. This work opens a new opportunity to design new high
performance cathode materials for SIBs through the complex structure
chemistry.

Supporting information
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characterization, elemental distribution, XPS analysis, soft X-ray ab-
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