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A novel PZ'Nao_sLi0_11FEO_27Mn0_5202 cathode with oxygen redox
reaction for high-energy Na-ion batteries

Ming-Hui Cao,*2P Ren-Yan Li,2 Shi-Ya Lin,? Shao-Di Zheng,® Lu Ma,* Sha Tan,? Enyuan Hu,¢ Zulipiya
Shadike,*¢ Xiao-Qing Yang*® and Zheng-Wen Fu*®

Owing to the abundance of raw material reserves and low cost, Na-ion batteries (NIBs) have successfully gained widespread
attention from academic and industrial communities in the past few decades. However, the insufficient cathode energy
density is still one of the critical bottlenecks restricting the development of NIBs. Following a strategy of inducing Li* into the
transition-metal (TM) layer to enhance the oxygen redox reaction, a novel layered cathode material P2-
Nag eLig11Fe027Mng 6,0, (NLFMO) was designed and successfully synthesized. This NLFMO cathode not only delivers a large
initial reversible capacity of 207.3 mAh g, but also showing a good cyclic performance (104.2 mAh g after 80 cycles) and
rate capability (126.2 mAh g™ at 1C). The ultrahigh capacity is contributed by both cationic (Fe3*/Fe*, Mn3**/Mn*) and
partially reversible anionic redox (0*/0™) reactions, revealed by in situ X-ray absorption spectroscopy (XAS) and X-ray
photoelectron spectroscopy (XPS) techniques. Moreover, no detrimental P2-02 phase transition was observed through ex
situ X-ray diffraction (XRD) patterns, confirming the high structural stability during Na* deintercalation/intercalation
processes. These results provide valuable information about the high-energy density layered cathode materials based on

anionic redox reaction for NIBs.

Introduction

Na-ion batteries (NIBs), as one of the promising candidates for
lithium-ion batteries (LIBs), have been extensively studied for its
merits such as abundant Na reserves, low cost and analogous
physicochemical properties to Li.»® However, large radius of Na*
causes structural degradation and slow electrochemical kinetics,
which greatly restricts the development of high energy SIBs.! Up to
now, a large number of new cathode materials for NIBs have been
investigated, such as polyanion compounds,’1® Prussian blue
analogs'**3 and layered transition-metal oxides'#6. Unfortunately,
the electrochemical performance is still far from their counterparts
for LIBs. Therefore, increasing capacity, extending cycle life and
improving the structural stability through rational design and
modification of cathode materials promote the market
competitiveness of NIBs. From the point of view of electrochemistry
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and economics, Fe-Mn-based layered oxide, which has abundant
reserves and low cost in nature, meet the requirements for
sustainable and cost-effective NIBs. Therefore, high-capacity
NasFe,Mn,,0, cathode materials have been widely studied in
NIBs.17-19 Yabuuchi et al.2% firstly reported the electrochemical
performance of P2-Na,[Fe;;;Mn;/,]0,, which delivered a reversible
capacity of about 190 mAh g with relatively low average voltage of
only 2.75 V based on the Fe3*/Fe** redox reaction. O3-
NaFe;/,Mn;/,0, provided a reversible capacity of about 100-110 mAh
g within the potential range of 1.5-4.2 V, but exhibits a serious
voltage hysteresis. In recent years, Fe-Mn based multi-transition
metal oxides have been also reported for improving the overall
performance of cathode materials. Mu et al.?! synthesized and
studied the Na storage performance of 03-
Nag g[Feq30Mng.4sCug22]0,, which provided a reversible capacity of
about 100 mAh g! between the voltage range of 2.5-4.1 V and
showed a good cycle stability with an average voltage of about 3.2 V.
Yabuuchi et al.2? reported that 03-Na[FeqNig3Mng 3]0, provided a
reversible capacity of about 140 mAh g in the voltage range of 2.0-
3.8 V, with an average voltage of about 3 V. In addition, Sun et al.2
synthesized a series of 03-Na[NigsFeg,;Mng4Ti,JO, cathode
materials and investigated their electrochemical properties. Among
them, 03-Na[Nig4Feq,Mng,Tig,]0, (x=0.2) showed excellent cyclic
performance with an initial reversible capacity of about 145 mAh g
It can be seen that various design and modification strategies have
been applied for improving the electrochemical properties of Mn-Fe
based cathodes. However, the capacity is still not satisfactory due to
the limited charge contribution from the TMs as well as relatively low
working potentials.
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Since the discovery as an additional capacity source in Li-rich
cathode materials, anion redox reaction has attracted enormous
attention for further increasing the energy density of battery
materials.?*33 Inspired by this, some P2-type sodium-based cathode
materials have been reported to have extraordinary capacity beyond
cationic redox reactions.34** However, there are still many
unanswered questions about the basic understanding of these
systems, such as electrochemical properties, phase evolution in long
cycles and capacity fading mechanisms and so on. Here, we explored
a novel cathode material P2-NaggLig11Feg27Mng g0, (NLFMO) and
tested its electrochemical performance in Na half-cells. This material
showed a high initial reversible capacity of 207.3 mAh g?! and
maintained a reversible capacity of 104.2 mAh g1 after 80 cycles with
an average capacity fade of 0.62% per cycle at 0.1C rate within a wide
potential range of 1.5-4.5 V. Moreover, it exhibited a good rate
capability achieving a high reversible capacity of 126.2 mAh g at
current rate of 1C. XPS and in situ XAS results confirm that the
capacity is contributed by both cationic (Fe3*/Fe*, Mn3*/Mn**) and
anionic redox(0%/0™). Additionally, no undesired P2-02 phase
transition was detected through ex situ XRD techniques, suggesting
a high degree of structural stability during charging/discharging.
These results are quite valuable in guiding the preparation of low
cost and high-performance layered cathode materials for NIB.

Experimental
Material synthesis

P2-Nag gLig.11Fe0.27Mng 6,0, was prepared by a traditional solid-state
reaction method. A stoichiometric amount of Na,COs, Li,CO3, Fe,03
and MnO, were ground evenly in an agate mortar and pressed into
pellets under a pressure of 15 MPa. Then, the pellets were calcined
at 900 °Cin O, atmosphere for 15 h. As-prepared sample was cooled
to room temperature and stored in an Ar-filled glovebox ((H,0 < 0.1
ppm, O, < 0.1 ppm) to avoid air exposure.

Material characterization

Synchrotron X-ray diffraction (SXRD) pattern of the P2-
Nagelig.11F€027Mngs,0, Powder was collected at the BL14B1
beamline of the Shanghai Synchrotron Radiation Facility (SSRF). Cell
parameters were derived from Rietveld refinement of the SXRD data
obtained by the GSAS software package. The crystal structure of the
prepared electrode samples was characterized by XRD on a Bruker
D8 Advance diffractometer (Germany) using Cu-Ka radiation within
the 20 angle range between 10° and 70°. The particle morphologies
of the samples and the corresponding EDS elemental mappings were
evaluated via a scanning electron microscope (SEM, Phenom Prox)
equipped with an energy-dispersive X-ray spectroscopic detector.
The XPS of the samples was carried out on a PerkinElmer PHI 5000C
electron spectrometer using monochromatic Al Ko X-ray source.
Binding energies (BEs) of O element in samples were calibrated with
respect to the carbon C 1s peak (~284.6 eV). XAS measurements
were performed at beamline 7-BM (QAS) of the National
Synchrotron Light Sources Il (NSLS-1l) at Brookhaven National
Laboratory (BNL). The XAS spectra were collected with a Si
monochromator in transmission mode. Analysis of the XAS data were
carried out by using Athena software packages.*>46
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Electrochemical characterization

The prepared active materials (70 wt %) were mixed with acetylene
black (20 wt %) and polyvinylidene fluoride (10 wt %, Sigma-Aldrich)
in N-methyl-2-pyrrolidone (NMP). The slurry was coated on Al
current collector and dried at 70°C overnight under vacuum. Then
the electrode tapes were punched into discs with a diameter of
12mm. The mass loading of the active materials on each working
electrode is ~2 mg cm=. The coin cells (CR2032) were assembled in
an Ar-filled glovebox (H,0 < 0.1 ppm, O, < 0.1 ppm) using 1.0 M
NaClO, in propylene carbonate (PC) with 5 wt % fluroethylene
carbonate (FEC) as the electrolyte. Metallic sodium (Aladdin) served
as the counter electrode, and the glass fiber GF/F (Whatman) was
used as the separator. The charge and discharge measurements were
carried out on Neware battery test system at room temperature. The
cyclic voltammetry (CV) measurements at a scan rate of 0.1 mV s!
were performed on a CHI660D electrochemical working station.

Results and discussion
Structure of Pz-Nao.sLio_11F60.27Mn0.5202

A novel Li doped Fe-Mn-based layered compound with chemical
formula of Naggligi11Fep27Mnge,0, (NLFMO) was successfully
prepared by a traditional solid-state method. ICP-AES metal analysis
results show that the mole ratio of Na: Li: Fe: Mn is determined to be
0.597:0.108:0.274:0.618 (shown in Table S1 (ESI)). The SXRD pattern
shown in Fig. 1a characterizes the long-range structure of the as-
synthesized NLFMO Powder. The Rietveld refinement results indicate
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Fig. 1 (a) Rietveld refinement of the SXRD pattern of P2-NLFMO sample. Red circles:
experimental, black line: calculated, blue line: difference and magenta bars: Bragg
positions (inset: High magnification SEM image of NLFMO). (b) Crystal structure
schematic of the P2-NLFMO, legend: yellow (Na), green (Li), magenta (Mn), olive
(Fe) and red balls (0). (c) SEM image of NLFMO, and the corresponding EDS
elemental mapping of Na (magenta), Mn (cyan), Fe (wine) and O (green), along
with the magnified image of the sample (with EDS mapping).

all diffraction peaks of NLFMO can be indexed by a typical P2
structure (space group P63/mmc) without any impurities. The lattice
parameters of a=h=2.8420(8) A, ¢=10.8722(4) A and the unit cell
volume of V=75.940(2) A3are given in Table S2 (ESI). The SEM image
shown in the inset of Fig. 1a exhibits that the particle size of the as-
prepared sample is in the range of 2-5um. The EDS mappings were
also conducted, revealing that Na (magenta), Mn (cyan), Fe (wine)
and O (green) were uniformly distributed in the sample (shown in Fig.

This journal is © The Royal Society of Chemistry 20xx
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1c). The schematic diagram of the P2-NLFMO based on the refined
results is illustrated in Fig. 1b. Within this structure, Na and Li/Mn/Fe
atoms are alternately distributed in the oxygen framework, and the
hexagonal closest packing is carried out in ABBA...order. Among
them, Na* with a larger ion radius (1.02 A) are in prismatic
coordination, which behaves as two different types, namely Na¢
(sharing face with MOg) octahedron or Na, (sharing edge with MOg).
However, Li* with smaller radius (0.76 A) fills the octahedral sites
together with the Fe/Mn in the adjacent TM layer.

Electrochemical performance of P2-Nag gLig 11Feg.27Mng 6,0,

The electrochemical properties of P2-Nagglig11Fe0.27Mng 6,02
cathode was evaluated in Na-half cells at room temperature. Typical
galvanostatic charge/discharge profiles (1%t, 2nd, 5th, 10th) at 0.1C (~18
mA g1) in the voltage range of 1.5-4.5 V are presented in Fig. 2a. It
can be observed that the initial charge capacity is ~153.6 mAh g*
with a sloping voltage plateau centered at ~4.2 V, corresponding to
~ 0.55 Na deintercalated per NLFMO. The subsequent initial
discharge process yields a specific capacity of 207.3 mAh g with an
average voltage of ~2.7 V. As summarized in Table S3 (ESI), the as-
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Fig. 2 Electrochemical characterization of NLFMO in Na half-cells: (a)
representative charge/discharge curves at 0.1C in the voltage range of 1.5-4.5 V,
(b) cyclic voltammogram curves collected within a voltage range of 1.5-4.5 V at a
scan rate of 0.1 mV s, (c) rate capability (0.1C-1C), (d) charge/discharge capacity
and coulombic efficiency as a function of cycle number.

prepared P2-Nagglip11Fep27Mngs,0, shows a higher reversible
capacity and energy density compared with most of Na layered oxide
cathode materials reported previously. This should be attributed to
the labile oxygen (lone-pair O) electrons with a linear shape (Na-O-
Li) in the higher energy states are oxidized for charge compensation
throughout the Na-extraction, thereby increasing the capacity of the
material.2* During the second charge process, the characteristics of
the charging curve are very different from the initial one, which
includes a long new sloping voltage profile from 2.2 to 4.0 V and a
short plateau from 4.0 to 4.5 V. Nevertheless, the shapes of charge
and discharge curves in the subsequent cycles coincide well with
those in the second cycle. The voltage curves of the second and
subsequent cycles show a slope without obvious plateau, indicating
that the phase evolution process is dominated by the solid solution
reaction. This phenomenon is utterly different from the phase
evolution behaviors in the Li-free NaFe,Mn;,0, (0 < y < 0.5)
cathodes reported before.17-20 The electrochemical curves of these
Li-free materials usually show multiple voltage steps, demonstrating

This journal is © The Royal Society of Chemistry 20xx
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that there are one or more two-phase reactions, which leads to
deterioration of electrochemical performance. As shown in Fig. 2a,
the NLFMO electrode reveals relatively stable cycle performance
with charge/discharge capacities of 210.0/198.9 mAh g7,
195.1/189.3 mAh g'land 182.6/178.0 mAh g1 for the 2", 5t and 10t
cycles, respectively. Furthermore, P2-NLFMO still maintains a
reversible capacity of 104.2 mAh g after 80 cycles, and the average
capacity fade per cycle is 0.62%, which manifests a decent cycle
performance after the initial cycle (Fig. 2b). However, the continuing
capacity fade and voltage hysteresis (see Fig. S1 (ESI)) over 80 cycles
cannot be ignored, which may be ascribed to the irreversible loss of
alkali ions from the cathode due to the crystal structure destruction
stems from the escape of oxygen.37-40,47-48

The initial five CV curves of the Nag gLig.11Fep.27Mng 6,0, electrode are
shown in Fig. 2c. The sharp anodic peak centered at ~4.2 V
associated with oxygen activities in the initial CV profile,
corresponding to the extra capacity donated by the oxygen redox
reaction.38#4 The pair of anodic/cathodic peaks in the voltage range
of 2-3.5 V in the CV profiles can be assigned to the Mn3*/Mn** and
Fe3*/Fe** redox process. The CV results above further indicate that
the high capacity of the NLMFO is contributed by both transition
metal redox reactions and oxygen redox reaction, which is in good
agreement with the charge/discharge curves. In addition, the
charging and discharging polarization gradually deteriorates with the
increased number of cycles, which may be the cause of capacity
degradation and voltage hysteresis.

The rate capability of the Naggligi1Feg27Mnge,0, electrode is
presented in Fig. 2d. The cells were tested by a slow-charge-fast-
discharge mode at various discharge rates from 0.1C to 1C while
maintaining the charging rate constant at 0.1C. The corresponding
charge and discharge voltage curves of P2-NLFMO in Na half-cells at
different current rates (0.1C-1C) are shown in Fig. S2 (ESI).
Consequently, compared with the initial capacity at 0.1C rate (the
final capacity value of 5 cycles under each current rate), the
Nagslio.11Fe0.27Mng 6,0, electrode exhibits good capacity retentions
of 91.3%, 78.5%, 69.3% and 60.9% at C/10, C/5, C/2 and 1C rates,
respectively. When the current rate is reduced to 0.1C, the
Nagslio.11Fe027Mng 6,0, electrode still delivers a reversible capacity
of about 195.3 mAh g7, indicating a good rate capability.

As discussed above, the P2-NLMFO shows a moderate sodium
storage performance in the potential range of 1.5-4.5 V. It provides
an initial reversible capacity of ~207.3 mAh g, which corresponds to
0.74 mol of the Na* deintercalated/intercalated from/into the host
structure. Moreover, the remarkable capacity should be contributed
by both cationic (Fe3*/Fe**, Mn3*/Mn**) and anionic redox (0%/0™),
which will be revealed in the following sections.

For comparison, the electrochemical performance in the voltage
range of 2.0-4.5 V is presented in Fig. S3 (ESI), which exhibits better
electrochemical performance with relatively stable long-term
cyclability (104.9 mAh g* after 100 cycles with 0.36% for the average
capacity fade per cycle) and rate capability (63.1% of initial capacity
at 2C). However, the overall performance improvement is at the
expense of capacity (165.4 mAh g-*forthe initial reversible capacity),
which should be closely related to the degree of participation in the

J. Name., 2013, 00, 1-3 | 3
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oxygen redox reaction (as the oxygen plateau of the curves is
significantly shortened and disappears after the 5th cycle).

Structural evolution upon Na* deintercalation/intercalation

The ex-situ XRD measurements at different charge/ discharge states
were performed to monitor the structural evolution during
desodiation/sodiation in the potential range of 1.5-4.5 V at 0.1C (Fig.
3). The XRD patterns of the P2-NLFMO cathode within two theta
range of 14° to 17° and 30° to 34° are shown in the purple patches of
Fig. 3, corresponding to the clear evolution of the (002) and (004)
peaks.
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Fig. 3 (a) The initial and second charge-discharge profiles of the Na/NLFMO cell
under a current rate of 0.1C at voltage range of 1.5-4.5 V. (b) XRD profiles of the
NLFMO cathode cycled to different charge and discharge states, as marked by the
colored circles in (a). The asterisks mark the peaks of aluminum foil.

During the initial desodiation process, the (002) and (004) peaks first
moved to a lower angle and then slightly shift to a higher angle
without new phase formation, suggesting that a solid solution
reaction related to c-axis expansion/contraction was involved.
However, this phenomenon of "c-axis shrinkage" is utterly different
from the most of common P2-type cathode materials. This can be
attributed to the slight sliding of the TMO, layer to mitigate the
increased electrostatic repulsion between them, resulting in the
formation of a secondary P2 phase with shortened c lattice
parameter. Similar phenomena were also observed in some other
P2-type layered compounds in the high-voltage phase transitions
region.*>30 Although the intensity of (100), (102), (103), (104) and
(106) peaks are too weak to be detected, it can still be seen that they
move towards high angles after charging. During the initial sodiation
process, XRD pattern of P2-NLFMO underwent an almost completely
opposite phase transition pathway, indicating the structural
reversibility over the first cycle. During the second desodiation
process, the (002) and (004) peaks significantly moved to a lower
two-theta angle, resulting in a larger layer spacing, which can
account for the fact that the second charge capacity is as high as
210.0 mAh g1. Additionally, the (002) and (004) peaks almost return
to the pristine state after second cycle, further indicating a high
structural reversibility during subsequent cycles.

These results demonstrated that the NLFMO cathode always
maintains the P2 phase during the charge/discharge processes, and

phase was observed, which was commonly reported in previous
literature.51-53 In addition, unlike Na,MnO, or NasFe,Mn;_,0,,%-7 no
obvious splitting of the (00I) peak was observed when discharging to
1.5 V, which further proves that no P2' phase was involved in the
deep discharge state. Note that the presence of monovalent Li ions
in the TM layers allows more Na ions to reside in the prismatic sites,
stabilizing the overall charge balance of the compound.
Consequently, more Na ions remain in the compound upon charge,
the P2 structure is retained in the high voltage region, and the phase
transformation is delayed. In addition, the suppressed P2/02 phase
transition makes the electrochemical curves smoother.

To check the structural changes more intuitively, the cell parameters
(a, b, ¢, V) at various charge/discharge states calculated from the ex-
XRD results of NLFMO are demonstrated in Fig. 4. The unit-cell
volume changes before and after the first/second Na*
deintercalation were calculated as ~3.48% and ~1.30% (see Fig. 4),
respectively, and the latter is very close to zero-strain
characteristics.>®>° Additionally, the unit-cell volume change after
the second cycle is significantly smaller than that of the first cycle,
indicating that the material exhibits better reversibility during the
second cycle.

Since the overall crystal structure is relatively robust against the
irreversible structural change caused by the large amount of Na*
insertion/extraction, the P2-NLFMO exhibits good cycle reversibility
with ultrahigh capacities for the initial two cycles. However, the non-
negligible capacity decay and voltage hysteresis during discharge
may be mainly attributed to two factors: (1) TM migration, structural
distortion and stacking faults caused by the accumulated irreversible
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Fig. 4 (a) Lattice parameters of a/b in hexagonal crystal at different
charge/discharge states calculated from the ex-XRD results. (b) Lattice parameters
of c in hexagonal crystal at different charge/discharge states calculated from the
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no new phase is generated within wide voltage range except for the ex-XRD results. (c) Unit cell volume (V) of NLFMO during charge and discharge.

shift of the peak position and the change of the peak intensity. Even

) . lattice oxygen loss. (2) the formation of amorphous phase peroxides
charged to high voltage of 4.5 V, no notable sign of the 02 or OP4

(undetectable in XRD) that grow with cycling. 6°

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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In situ X-ray absorption spectroscopy (XAS) characterization

have contributed to a considerable capacity of ~¥86 mAh g in the
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Fig. 5 (a), (b), (d) and (e) Normalized XANES spectra of NLFMO at Fe K-edge at various states during the first and second charge/discharge processes in the voltage
range of 1.5-4.5 V, respectively. (c) and (f) Corresponding Fourier transform X-ray absorption near-edge structure (XANES) spectra at Fe K-edges of NLFMO
electrodes during the initial and second cycles (HC: half-charged, FC: fully-charged, HD: half-discharged, FD: fully-discharged).

To study the changes in the local structure and valence state of P2-
NLFMO, the in situ XAS data at Fe and Mn K-edges were collected
during the initial and second cycle, as shown in Fig. 5 and 6,
respectively. By comparing with the standard reference compounds,
the average valence states of Fe and Mn ions in the as-prepared
NLFMO can be estimated as 3+ and 4+, respectively.

For the Fe K-edge X-ray absorption near edge structure (XANES)
spectroscopy (Fig. 5a) in the initial cycle, an obvious shift of the
position of the absorption edge to higher energy can be seen during
charge, while the opposite change of the absorption edge position to
a lower energy was observed during discharge (Fig. 5b). By
comparing with the Fe K-edge XAS spectra of standard reference
compounds, the valence state of Fe can be determined at a state
between 3+ and 4+ after full charge and at 3+ after discharge. Note
that it can be inferred from the XANES result analysis that the
Fe3t/Fe3*™* redox contributed the same capacity of ~67 mAh g1
during the initial charge and discharge process, which is also

consistent with the characteristics of the first charge-discharge curve.

During the second charging/discharging process (Fig. 5d-f), Fe K-edge
XAS spectra and FT-EXAFS show similar trend in peak shifting as the
initial cycle. It should be noted that, Fe K-edge energy of the second
charging state is obviously higher than that of the initial charging,
indicating that Fe contributes more capacity (~76.5 mAh g?) during
the second cycle.

The valence change of Mn during cycling was also investigated.
As expected, the absorption edge of Mn keeps unchanged during the
first desodiation process (Fig. 6a), indicating that Mn did not involve
in charge compensation during the initial charging. Combined with
the valence change of Fe ion, it can be inferred that oxygen redox

This journal is © The Royal Society of Chemistry 20xx

initial charge process. However, the FT-EXAFS (Fig. 6c) shows
shortened Mn-O bonding after the initial charging, which could be
contributed by the local environment change around Mn. It has been
revealed in other Mn-based P2-type layered oxides that the oxygen
can also participate the charge compensation within higher voltage
region, thus the structural change around the Mn is possibly induced
by the oxygen redox. It can be clearly seen that Mn** was reduced to
Mn3+*4 after the first discharge process (Fig. 6b), corresponding a
capacity contribution of ~86.75 mAh/g. Combined with the valence
change of Fe ion, it can be inferred that the capacity contributed by
oxygen redox reduced to ~53 mAh g in the initial discharge process,
which could be attributed to the lattice oxygen loss caused by the
irreversible escape of oxygen. During the second charge processes
(Fig. 6d-e), the Mn K-edge absorption energy moved rigidly to higher
position, very close to the absorption edge of the MnO,, implying
that the average valence state of Mn ions in NLFMO can be estimated
to be ~4+. During the second discharge processes (Fig. 6d), valence
of Mn** reduced to Mn3*"# again, indicating high reversibility of Mn
during the electrochemical cycles. It should be noted that the
capacity contributed by Mn*/Mn3**4* during the second charge and
discharge process is the same as that during the initial discharge
process. This also indirectly confirms that the capacities contributed
by 0%/0,™ redox during the second charge and discharge process are
47 and 36 mAh g7, respectively. The decrease in the capacity
contributed by oxygen redox may be due to the formation of an
amorphous phase peroxide that grows with the cycle.®° As expected,
the Mn-0O bond length changes significantly in the first discharge
process and second charge/discharge processes (Fig. 6¢c, f), which is
consistent with the XANES results. Moreover, honexistence of Mn3*
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inhibit the inverse side reaction,®%-%6 which guarantees the structural
stability.
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disappears and the Ols spectrum returns to the initial discharged
state, further demonstrating that the anionic redox process is
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Fig. 6 (a), (b), (d) and (e) Normalized XANES spectra of NLFMO at Mn K-edge at various states during the first and second charge/discharge processes in the
voltage range of 1.5-4.5 V, respectively. (c) and (f) Corresponding Fourier transform X-ray absorption near-edge structure (XANES) spectra at Mn K-edges of
NLFMO electrodes during the initial and second cycles (HC: half-charged, FC: fully-charged, HD: half-discharged, FD: fully-discharged).

In order to make capacity attribution assignment more intuitive,
the contribution of Fe, Mn and O redox capacities in the first and
second cycles through careful analysis of in-situ XAS were quantified
and shown in Fig. S4 (ESI). The results above indicate that both Fe
and Mn ions exhibit strong electrochemical reaction activity during
the charging/discharging processes (except for the first charge
process). Nevertheless, the high initial charging capacity (153 mAh g
1) and discharge capacity (~207-210 mAh g?') of the NLFMO
apparently cannot be fully explained by the transition-metal redox
reactions. The exploration of oxygen redox will be further illustrated
as following part.

Exploration of anionic redox reaction mechanism

To investigate anionic redox activity during electrochemical
processes, the XPS experiments were performed on the P2-NLFMO
electrode at the first and second charged/discharged states as shown
in Fig. 7. The characteristic peak of 0% anions at ~529.5 eV in the
original NLFMO sample should be assigned to the crystalline network
(Fig. 7a). When charged to 4.5 V, a new peak (~530.5 eV) appears,
which can be attributed to the formation of (O,) ™ substances due to
presence of oxygen redox reaction in high-voltage region (Fig. 7b).%”-
68 |n addition, there is another new peak belonging to the oxygenated
deposited species, which are produced by the common side
reactions of electrolyte under high voltage. As expected, the peak in
the O1s spectrum disappears after discharge, indicating that (0,) ™
species are reduced to O% again (Fig. 7c). When recharged to 4.5 V
after a full cycle, the peak corresponding to oxygen redox reaction
emerges again but degraded, indicating the reduction of the oxygen
activity (Fig. 7d). However, after the second cycle, the peak

6 | J. Name., 2012, 00, 1-3

partially reversible (Fig. 7e). In conclusion, during the initial and
second cycle, the reversible anionic redox process (0%/0,™) have
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Fig. 7 O 1s XPS spectra collected from NLFMO cathodes at (a) pristine, (b) 1st
charged, (c) 1st discharged, (d) 2nd charged and (e) 2nd discharged states,
respectively.

been validated in the NLFMO electrode.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

P2-NaggLip.11Fep.27Mng 6,0, as a new cathode material has been
synthesized by a traditional solid-state method. The NLFMO
electrode not only provides a high initial reversible capacity of
207.3 mAh g, but also a good rate capability (126.2 mAh g1 at
1C) and cycle performance (104.2 mAh g! after 80 cycles). Ex-
situ XRD results revealed that Li substitution of Fe in NLMFO
exhibits a phase evolution process dominated by solid solution
reaction, which greatly improved electrochemical performance
and the structural reversibility of the electrode. In situ XAS and
XPS results demonstrated the high capacity is contributed by
Fe3*/Fe*, Mn3*/Mn** and the partially reversible 0%/0,™. The
extraordinary capacity of NLFMO proves the effectiveness of Li
doping in inducing oxygen redox reactions, and lays an
experimental and theoretical foundation for the design of more
high-performance layered oxide cathodes with reversible
anionic redox reactions. However, the excessive oxygen
oxidation during charging causes irreversible electrochemical
reaction processes. As the cycle number increases, the
accumulated irreversible lattice oxygen loss may trigger
detrimental TM migration, structure distortion and stack faults,
leading to capacity decay, voltage fade, poor cycling stability
and sluggish Na* deintercalation/intercalation kinetics.
Therefore, effective approaches for improving the cyclic
stability of NLFMO cathode should be considered in the future.
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