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and contributes to the activation of oxygen activityFor oxygen
redox to be activated in layered cathode materials, pure oxygen O
(2p) states are required to be slightly below the Fermi 1&¥alhis
condition can be triggered by the O-TM stoichiometry and bonding
environment®24-26
In sodium 3d TM layered cathode materials, oxygen activity has
been observed in two cases. In thest case, sodium cathode
materials are substituted with Li, such asyMag-Mng g0, and
Nao 7211 0.2MNg 7602.2"%8 The oxygen redox mechanism for these
Li-rich Na-ion layered compounds is proposed to be identical to the
one for LbMnOs and Li-rich Li-ion layered compounds, where the
lone-pair oxygen electrons in the Na (Li)-O-Li bond are oxidized for
charge compensation during Na (Li)-extraction. However, the
substitution of Li is not necessary to create such O 2p nonbonding
orbitals?® In fact, similar oxygen redox behavior has also been
reported in Mg-substituted samples such as;Ngg »dVing 720, >°
In the second case, using a similar concept, under coordinated
oxygen caused by vacancies in the TM layer, can trigger oxygen
*IMn**, redox in the following compounds:  NaMngO,
NiZ*/Ni**, Ca* /Co*, etc.) is utilized to maintain a charge balance Nag 7dNip 2MnoedD2, and Na gsMno 6240232 A table of NIB
as Li*/Na" ions leave the compourid!® The capacity of these cathodes that are reported to have oxygen redox are shown in SI
cathode materials is limited by the cationic redox. Recently, oxygenTable I. It is notable that most of the compounds containing Ni do
redox has been accessed for cathodes in LIBs to increase theitot have reversible oxygen redox. Spexlly, the high voltage
capacity beyond the‘theoreticdl capacities based on cationic plateaus in these compounds lack reversibility even if the cation
redox*®*° This is observed in lithium rich layered oxide (LRLO) redox processes remain reversible. This leads to the question: does
cathode materials with the composition, XIMO3:(1  x)LiTMO, Ni play a role in irreversible oxygen redox, and if so, what is the
(TM = 3d, 4d, and 5d transition metals) as a nano compd3iteng mechanism of irreversibility?
charge and discharge, LRLO materials experience the redox of TMs While Ni has not been idented as the origin of irreversible
with simultaneous extraction/insertion of Li ions similar to classical oxygen redox in NIBs, Ni has been reported as a problematic
layered NMC materials. However, above 4.3V, LRLO materials component of Li-rich disordered rock salt cathodédn these
also experience redox activity of oxygen, which contributes sig- compounds, Ni, in contrast with Mn, induces irreversible oxygen
ni cantly to the large capacities of LRLE3?* In these materials, the  redox through oxygen gas release. Ni migration, in these disorder
excess lithium, which has a similar radius to TMs, sits in the TM rock salt cathodes, could play a role in the irreversible oxygen redox
layers. This creates an environment where the Li-O-Li bond has grocesses, where Ni migration within the structure could alter the
lone-pair of oxygen electrons that are oxidized for charge compenbonding environment of oxygen. This makes oxygen reduction
sation during Li-extractioR? In the voltage curve, this mechanism unfavorable during discharge, therefore inhibiting the oxygen redox
has a characteristic plateau at high voltage. Within lithium rich reversibility. Additionally, the negative impacts of TM migration
cathodes, ordering of the atoms in the TM layer is commonly seenwere previously reported for Li-rich layered TM oxide cathode
materials>> There are several unfavorable electrochemical proper-
ties in Li-rich layered oxides, such as the open-circuit voltage
- These authors contributed equally to this work hyster_esi;, that grise from _the drastic change in_ the local oxygen
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for suitable oxygen bonding environments, TM migration could software package. O K-edge spectra were performed at soft XAS
disrupt the ordered structure and inhibit further oxygen redox. Therebeamline (BL20A) with a uorescence yield (FY) mode in an
are examples of such phenomena in both Li-ion layered cathode andltrahigh-vacuum (UHV) chamber. Ex situ XAS samples were
Na-ion layered compounds:3® prepared by charging/discharging 2032 cells at a rate of C/10 as
In this work, we explore a pure phase spherical meso-structuredescribed in the electrochemical characterization section and then
controlled P2-type Ngglig.1Nig.2MNgeeO2> (NLNMO) with TM disassembled. The electrodes were rinsed with propylene carbonate
layer ordering that was synthesized using a carbonate co-precipita®C) and dried in an Ardled glovebox.
tion method. In NLNMO, a plateau region is observed at high  Operando synchrotron XRD (sXRD) and pair distribution func-
voltages during therst charge. Superlattice peaks are seen in the X-tion (PDF) data were collected at 11-ID-B in Advanced Photon
ray diffraction pattern, which indicate TM metal layer ordering. This Source (APS) at Argonne National Laboratory with a wavelength of
ordering can potentially alter the environment of the oxygen atoms0.2115 A. An AMPIX cell was assembled with a NLNMO cathode
and this allows oxygen redox to become favorable. After thet and Na metal anode and cycled at a rate of C/15¥1C18 mA g %)
electrochemical cycle, the TM ordering disappears along with thebetween 2.0V to 4.4 V. GSAS®*2 was used to extract the XRD
oxygen plateau. Ni migration is identd as the cause of the pattern as well as to perform Rietveld rement to the collected
irreversible oxygen redox by disrupting the TM honeycomb ordering data. PDF data was analyzed through PDF suite and PD# giie
and inhibiting oxygen reduction during sodiation. These mechanism€Q-max used for the Fourier transfer is 20.5% In the PDF
could have a profound impact on the future design of sodiumre nement, the instrumental parameters Qdamp and Qbroad were
cathode materials. By controlling the reversibility of oxygen activity, set to be 0.0251 A2 and 0.0199 A2 separately.
the energy density of sodium cathode materials can be dramatically
increased. Electrochemical characterization.—Composite cathode elec-
trodes were prepared by mixing a slurry of NLNMO, acetylene
Experimental carbon black, and polyvinylideneuoride (PVDF) in a weight ratio
of 8:1:1, with n-methyl-2-pyrrolidone as the solvent. The slurry was
cast on aluminum foil and dried under vacuum at 80 °C overnight.
The electrodes were assembled in 2032 coin cells in an arligah
glove box (HO < 0.1 ppm) with Na metal as the counter electrode,
'_(’illass ber GF/D (Whatman) as the separator, and f®f 1 M
aPFR in PC as the electrolyte. The coin cells were allowed to rest
h before electrochemical testing on an Arbin battery cycler. The C-
rates were calculated with a theoretical spectapacity of 118
mAh/g and the voltage range was maintained betweeh42V.

Materials preparation.—Stoichiometric amounts of the pre-
cursor, Ni(NQ),-6H,0 and Mn(NQ@),-4H,O (Ni:Mn = 1:3 in molar
ratio), were dissolved in DI water for a total concentration of 1 M.
The TM nitrate solution and an aqueous solution of 0.2 MO{3;
were separately pumped into a reaction vessel to maintain the p
value at 7.8. The obtained mixture was aged at 80 °C for 12 h in ag
sealed vessel. The resulting spherical, Mn3,4,C0O; was washed
with deionized water to remove residual Nand NGQ? and then
dried at 80 °C overnight. The obtained;NMn3,4,COs; powder was
mixed with a 5% excess stoichiometric ratio of J&&5 and LLCOs.

The mixture was calcinated at 900 °G for 15 h in air. Computation study.—The electronic structure of NLNMO was

investigated in the spin polarized GGAJ approximation to Density
Functional Theory (DFT). Projector augmented-wave method
(PAW) pseudopotentials were employed, as implemented, in the
Vienna Ab initio Simulation Package (VASPJThe Perdew-Bruke-
Ernzerhof (PBE) exchange correlation and a plane-wave representa-

Materials characterization.—The crystal structures were char-
acterized by X-ray diffraction (XRD) using a Rigaku Smartlab XRD
with a copper kv source. Rietveld renement was applied to the
obtained diffraction pattern using FuII_Prof SoftV\_/are._The mor- o for the wavefunctiof were used, where a cut-off energy was
phology and meso-structure of the particles were ideutiusing a set at 450 eV. The Brillouin zone was sampled with a k-points mesh
Ziess Sigma 500 scanning electron microscope (SEM) with an ) P P

accelerating voltage of 1keV. Cross-section of the particles wasOf 4 x 4 for structural relaxations and 108 x 8 for density of

. - . . . tates (DOS) calculations. Effective U values used through all the
acquired and imaged using a FEI Scios DualBeam focused ion bear - - .
(FIB)/SEM. Inductively coupled plasma optical emission spectro- calculations were 3.9 for Mn and 6.2 for Ni, which are adopted from

- 3 .~ recent studies in the Materials ProjéttNa,,MngNi,Li O, was
Z(r:r(n)iggin()lr(l: EI ;Efg ;Z)aesct?ce):;%rtgf d using a Perkin Elmer 3000 optlcalLsed as a starting structure and density of states were calculated at
X-ray absorption spectroscopy (XAS) spectra were performed att he structure of Nay, with Li vacancy.
National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. Ni and Mn K-edges hard X-ray absorption spectra were
collected at the beamline BL17C by using the transmission mode. Ni  Pristine P2-Ngglig.1Nig.20MNng 60> (NLNMO) was prepared
and Mn reference foils were measured simultaneously to calibratdhy a modi ed meso-structure controlled co-precipitation method.
energy for each scan. Spectra were analyzed using the Demeter XABnlike previously reported methods which result in a hexagonal

Results and Discussion
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Figure 1. (a) SEM image of NLNMO powder with primary hexagonal particles of-BID nm in diameter and secondary spherical particles-8fun in
diameter. (b) A cross section of an NLNMO particle with large pores in its secondary structure. (c) XRD data of NLNMO with superlattice peakstighlight
with an orange square.
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particle morphology, this modéed co-precipitation yields spherical redox. The environment and oxidation states of NLNMO are thus
secondary particles-3 pum in diameter comprised of hexagonal explored to determine the source of the high voltage plateau.
primary particles 106500 nm in diameter (Figla)*>** A cross To investigate the orgin of high-capacity in the meso-structure
section of a secondary particle is shown in Fifj. The secondary controlled NLNMO, the evolution of the oxidation state and local
particle contains pores that are beoil for electrolyte penetration environment of Mn, Ni, and O were probed by XAS. Ex situ samples
into the bulk of this material. Electrolyte penetration into the bulk of of NLNMO were prepared at six different states of charge and
the material enables all of the primary particles in the meso-structuralischarge as shown in Figb, including pristine, charging to 3.2V,
to be electrochemically active. The spherical shape of the carbonatd.2V and 4.4V (red circles and preed as*“C’), and then
precursors (Sl Fig. 1 (available online stacks.iop.org/JES/168/ discharging to 2.9V and 2.0V (blue circles and pted as“D").
040539/mmediy is retained in the nal product of NLNMO. X-ray absorption near edge spectroscopy (XANES) spectra at Ni K-
The composition of NLNMO was commed with ICP-OES (SI edge and Mn K-edge are shown in Figd&a and 3b. Based on
Table Il). NLNMO diffraction peaks can be well indexed to space comparison with standard references (NiO, MnO, JMl§ and
group P6s/mmc(Fig. 1c) with Rietveld re nement results (SI Table MnOy), the pristine NLNMO is suggested to predominantly consist
1) con rming that the material is a pure phase P2 layered materialof Mn** and N?*. The Mn K-edge shifts negligibly during therst
A P2-type layered structure, as ded by Delmas et al., has ABBA cycle (Fig. 3e, signifying that Mn does not participate in the
oxygen stacking sequence where Na ions are located in the trigonadlectrochemical charge transfer reaction. On the other hand, Ni K-
prismatic sites Additionally, the XRD data of NLNMO have small  edge shifts to higher energy when charged to 4.2 V, indicating that
but noticeable peaks between-28 degrees that do not correspond Ni“" has been oxidized to Rii (Fig. 3d). The Ni K-edge at 4.4V is
to the otherwise pure P2 phase. These peaks indicate superlattichifted to lower energy than the edge at 4.2 V. This implies that
ordering in the TM layer. A. R. Armstrong et al. reported that these between 4.2V and 4.4V, Ni is slightly reduced even though that
peaks correspond to ordering of Li/Mn/Ni in the TM layéWhen region of the voltage curve delivers 30 mAh'gof capacity. Given
the radii of the ions in the TM have a difference of 15% or larger, that N?*/Ni** redox occurs below 4.2 V, a different charge transfer
TM layer ordering is favorabl&> The ionic radii of the ions in the ~ mechanism must contribute to the capacity in the high voltage
TM layer t this criterial Li*(0.76 A), N#"(0.69A), and plateau between 4-2.4 V. This high voltage mechanism is not Mn
Mn** (0.53 A)#¢ Although such TM ordering is thermodynamically redox because, based on the XANES Mn K-edge observations,
favorable, it may be dependent on the synthesis method. This man** is redox inactive. Therefore, it is likely that oxygen partici-
explain why some previous reported sodium layered cathodepates in the high voltage charge compensation process, similar to
materials containing Li/Ni/Mn do not have TM layer orderifig. other Ia%/ered sodium cathode materials with oxygen redox
To explore the electrochemical properties of NLNMO, half cells, activities>>32 To further explore this charge compensation process
with sodium metal as the anode, were prepared and cycled inn NLNMO at high voltage, the O K-edge was used to investigate
galvanostatic mode at various rates, C/1, C/10, and C/50 where thexygeris participation in the redox mechanism.
theoretical capacity is 118 mAh § based on the N /Ni** redox The pre-edge peak position and intensities of the O K-edge
(Fig. 2). At a rate of C/50, there is a prominent voltage plateau in the XANES spectra can provide structural and chemical bond informa-
rst charge voltage curve between-421 V (Fig. 2a). This plateau  tion between the oxygen and transition metal species, as shown in
increases therst charge capacity from 118 mAh §to 180 mAh Fig. 3c. The O K-edge can be divided into two regions: the pre-edge
g L. The extent of the high voltage plateau during thst charge is  peaks below 535 eV, which correspond to electronic transitions from
rate dependent. At a faster rate of C/10 (Rib), the high voltage the O 1s state to the O 2p-TM 3d hybridized state, and the broad
plateau is reduced but still contributes20 mAh g * to the rst peaks above 535 eV, which correspond to transitions to O 2p-TM
charge capacity. For a fast rate of C/1 (FRr) no plateau is  4sp hybridization state® For the lower energy peaks, the possible
observed in rst charge. Given the capacity limitations of the Ni O K-edge sXAS transitions anticipated for these states are shown in
redox, high charge capacity at slow rates cannot solely be the resusl Fig. 2. The dominant TM ions in NLNMO at 4.2V are Kin
of the NF*/Ni*" redox. Because the high voltage plateau is rate (3d°) and Ni** (3c°).2® There are seven possible sXAS transitions
dependent and does not contribute to the discharge capacity cmssociated with M : three spin-downg, two spin-up g, and two
subsequent cycles, irreversible oxygen redox could be the originspin-down g For Ni*", there are four possible sXAS transitions: two
Furthermore, in previous literature of NLNMO, neither a high spin-up g and two spin-down gtransitions. Given that per unit
voltage plateau during therst charge nor superlattice ordering in formula Mr** = 0.66 and Nf* = 0.22, Mrf* accounts for 84% of
the XRD data were reportéd.The TM ordering in NLNMO of this  the expected sXAS transitions to the unoccupied states and thus
study may alter the oxygen bonding environment and this triggersdominates the spectrum. The peaks around 529 eV and 532 eV can
oxygen redox. The extra capacity disappears for subsequent cycles be assigned to the unoccupied hybridized orbitals of O 2p-JM t
all rates. This suggests that the environment of the oxygen atomand O 2p-TM g respectively’” The O K-edge spectrum of pristine
likely changes after therst charge, which inhibits further oxygen NLNMO shows a peak at 534 eV, which is ascribed to the
unoccupied hybridization orbital of O 2p-Na 3p, and its intensity
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Figure 2. Voltage pro les of NLNMO half cells cycled at rates of (a) C/50, (b) C/10, and (c) C/1. In voltagel@id) the numbers mark the voltages where ex
situ XAS data was recorded.
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Figure 3. The ex situ XANES spectra and respective positions of the (a), (d) Ni K-edge, and (b), (e) Mn K-edge of NLNMO at different states of charge. (c) e
situ XANES spectra of the O K-edge (FY mode) and the (f) integrated pre-edge intensity of the O K-edge at different states of charge.

re ects the amount of Na in the lattié8As the NLNMO is charged,  parameter changes later. A maged region of the (002) peak and
the O 2p-Na 3p signal diminishes, in agreement with desodiationthe superlattice peak is presented in Fg, where a decrease of the
The peak intensity of O 2p-TMy§ and g increase upon charging, superlattice peak intensity can be observed during thecycle. As
which indicates hole generation in the O 2p-TM orbital. Hole a comparison, the (002) peak maintains the same intensity level
generation in the O 2p-TM orbital could be created to compensateduring the whole cycle, with the peak shifting in both charge and
the positive charge of the Naion leaving the cathode structure. discharge process. The decrease of superlattice peak after cycling
Although O K-edge alone cannot prove the electron holes in oxygerindicates severe degradation of the TM ordering in the TM layer in
are present due to strong hybridization of O 2p-TM, it is highly NLNMO. Such degradation corresponds to the loss of the honey-
likely given the observations that Mn remains in thie dtate and Ni  comb superstructure within the TM Ie}/er that may be caused by
becomes slightly reduced at the fully charged state. migration of TM ions in the structuré*

On discharge, the peaks due to O 2p-THj and O 2p-TM ¢ The changes in the overall crystal structure are characterized with
decrease and the O 2p-Na 3p peak increases upon sodiation. At thedc lattice parameters change through Rietveldnement (Figs4d,
fully discharged state (2.0 V), the O-TMtand O-TM g signals are  4e). The pristine material has a lattieeparameter of 2.89 A that
minimized, with lower intensity than the pristine state. This may shrinks to 2.83 A at the end of thest charge. The reduction in tle
indicate an irreversible change in the TM-O bond, which may inhibit lattice parameter corresponds to shortening TM-TM bonds due to
further oxygen redox. Oxygen loss from the lattice during tinst oxidation of the TM upon chargin$ During the discharge, tha
charge is common in oxygen redox cathode materials and mayattice parameter increases due to reduction of the TMs and returns
contribute to the irreversible capacity loss seen in NLNRRCThe to 2.86 A at the end of the discharge. Lattice paramateannot
Ni K-edge is shifted to lower energy upon discharge and at the fullyfully return to its initial state due to decreased ordering of the TM
discharged state, the Ni ions are reduced back to their divalent statéayer which inhibits bond lengths from returning to their original
This demonstrates that the Ni redox reaction is completely rever-state.
sible, unlike the case of irreversible oxygen redox. Mn K-edge shifts  The changes in the lattice parameter over cycling are more
negligibly during discharge, implying that it stays electrochemically complex than the changes in lattiee The c lattice parameter is
inactive. 11.05A in the pristine state and it increases to a maximum of

The structure changes of NLNMO during thest electroche-  11.32 A around 4.05V in the charging, and then decreases to
mical cycle were explored with operando sSXRD shown in Fg. 11.29 A at the end of charge. The initial increase in thiattice
The operando cell has a specicharge capacity of 165 mAh § parameter is due to the increased electrostatic repulsion between the
and a specic discharge capacity of 113 mAh § The collected  negatively charged oxygen layers along with the removal of the
sXRD patterns over cycling were plotted into a contour plot and positively charged sodium ions. The following decrease of ¢he
shown in Fig.4b. All the peaks in the data can be well indexed to lattice parameter from 4.05V to 4.4V could be due to the oxidation
P6s/mmcspace group, except for the peak at=2 2.46°. This peak  of oxygen which reduces the magnitude of repulsion between the
is at the position of LiMnNOs; (0 2 0) peak and is known as a oxygen layers. The magnitude of repulsion is decreased due to
superlattice peak in layered structures and corresponds to a&harge of oxygen reducing from2 to a value closer to 1. During
honeycomb superstructure within the TM layér? After the initial the discharge, the lattice parameter increasesst to 11.30 A
cycle, the XRD patterns indicate that the P2 structure remains witharound 3.80V and decreases to 11.18 A at the end of discharge.
slight peak position shifts, which will be quanéid with lattice Similar to the charge process, the oxidized lattice oxygen could
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Figure 4. (a) Voltage prole of the initial cycle of NLNMO in the operando sXRD data collection; (b) contour plot of the sXRD pattern obtained over cycling;
(c) magni ed (002) peak and superlattice peak region; (d) latiice) latticec and (f) unit cell volume obtained from Rietveld mement; (g) renement of PDF
pattern of pristine NLNMO powder, detailed nieement results are listed in Sl Table IlI; (h) operando PDF of NLNMO durirsy cycle between 2-@.4 V.

initially be reduced, which increases the repulsion between the2.88 A, c= 11.00 A) are consistent with the Rietveld reed values
layers until 3.80 V and where the reduction of electrostatic repulsionfrom sXRD. The anisotropic thermal displacement parameter was
by the addition of sodium ions reduces th&attice parameter. And  modeled as U12 in the PDF reement and shows an increase in the
similar to a lattice parameter, the lattice parameter cannot fully re nement liability, which indicates anisotropic behavior of this
return to its initial state due to irreversible changes in TM layer material.
ordering. The volume of NLNMO unit cell was calculated from The changes of local environment in NLNMO over cycling was
re ned a and c lattice parameters. The initial unit cell volume is studied with operando PDFig. 4h). A series of PDF patterns were
79.81 A and decreases to 78.68 At the end of charge. It recovers collected while an NLNMO AMPIX cell was charged to 4.4V and
in the discharge process and increases back to 79°45the end of  discharged to 2.0 V. The peak positions of different local bonding
discharge. Similar to lattica and latticec, the shrinking of the total ~ species evolve distinctly during cycling. The bond length cfNi1
volume cannot fully recover even at the end of discharge, indicatingbonds (M= Na, Li, Ni, Mn) decreases during charge and increases
the loss of honeycomb ordering within the TM layer. The initial during discharge, which is in good agreement with the decreased
lattice parameters are essentially identical to the parameters ofttice parametea observed in sXRD. The decrease ofM bond
previously reported structures but have larger changes during théength during charge is primarily caused by the oxidation of TM
charging and do not return to their initial states, indicating a differentions, and this bond length increases during discharge as the TM ions
mechanism of redox reactions in the material reported here. are reduced. Similarly, the TM-O bond length is observed to
The overall structure of NLNMO was explored with sXRD and decrease during charging and the bond length increases during
the loss of TM ordering within the TM layer is observed with the discharging (TM= Ni, Mn, Li as here Li are within the TM layer).
severe decrease of superlattice peak. The local environment ofhe potential contribution of oxygen redox was also investigated
NLNMO was probed with pair distribution function (PDF) shown in with the changes of N&@ bond length in operando PDF. In the
Figs. 4g, 4h. PDF results of pristine NLNMO powder were reed charge process, an increase of-®abond length was initially
through small box (unit-cell based) neements. The observed PDF observed, followed by a slight decrease at the end of the charge. The
pattern matches the calculated pattern frB/mmcspace group. initial increase of NaO bond length is caused by the reduced
The a andc lattice parameters obtained from PDF nement (&= electrostatic attraction between oxygen and sodium ions with the





