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Abstract

Oxygen redox plays a prominent role in enhancing the energy density of Mn-based layered
cathodes. However, understanding the factors affecting the reversibility of oxygen redox is
nontrivial due to the complicated concurrent structural and chemical transformations. Herein, we
show that local Mn—O symmetry induced structural and chemical evolutions majorly dictate the
reversibility of oxygen redox of NaxLiyMn1yO> in Na cells. We find that NaxLiyMn:yO> with
Jahn-Teller distorted MnOs octahedra undergoes severe Mn dissolution during cycling, which
destabilizes the transition metal layer resulting in poor Li retention and irreversible oxygen redox.
Jahn-Teller distortion of MnOg octahedra can be suppressed by modulating the local charge of Mn
and Mn-O distance through Mg/Ti dual doping. This leads to reduced Mn dissolution resulting in
more reversible oxygen redox. Such stabilization significantly improves the electrochemical
performance of Mg/Ti dual doped NaxLiyMn1.yO2. Through this work, we show that promoting
reversible oxygen redox can benefit from structural stabilization at local length scale, and that
modifying the chemical environment through doping chemistry is an efficient strategy to promote

local structural stability and thus, oxygen redox.



Oxygen redox can break the limited energy density barrier of layered cathodes, which gives
opportunities to develop high energy cathode materials for alkali-ion batteries.>?> Oxygen redox is
widely studied in Li-rich layered oxides (Li[LixTM1.x]O2, where TM stands for transition metal
ions).>* In Li-rich layered oxides, unhybridized O 2p orbitals form along the Li-O-Li
configurations with Li sitting in both transition metal layer and interlayer.> These O 2p orbitals are
higher in energy than the bonding molecular orbitals but lower in energy than the antibonding
molecular orbitals, putting them closer to the Fermi level than the hybridized O 2p states. Hence,
the unhybridized O 2p orbitals are redox active in these materials. Similarly, Na—O-Li and Na—
O-Mg configurations are created in sodium layered oxides with 3d transition metals upon
substitution of some transition metals by Li or Mg.%" O 2p orbitals in these configurations are also

unhybridized and thus, redox active.®

Development of layered oxide cathodes with oxygen redox has faced many hurdles. One
such hurdle is the irreversible oxygen redox, which often leads to many unwanted phenomena such
as electrolyte decomposition and gas evolution.® The gas evolution can cause the collapse of the
crystal structure leading to the formation of cation dense phase.>!° Alkali/alkaline ions in the
transition metal layer that are responsible for triggering oxygen redox,'*'2 play a dominant role in
determining the oxygen redox reversibility. Bruce and coworkers have shown that Li loss from the
transition metal layer of NaxLiyMni1.yO. at high states of charge leads to the formation of
underbonded oxygen ions causing O, and CO> evolution.*? Many studies have shown that local Li
environment in the transition metal layer of Li-substituted Na layered oxides can be in dynamic
evolution between the transition metal layer and the interlayer at different stages of cycling.*?4
The interlayer space provides open channels for Li transport out of the material, leading to Li loss.

Hence, enhancing the reversibility of local Li environment is a key factor for stabilizing oxygen



redox. In addition, local transition metal environment provides challenges that can compound the
instability issues related to the local Li environment. Local structural distortion surrounding
transition metal ions causes lattice stress development, which is detrimental to the electrochemical
performance.’®> Mn containing layered oxides often show Jahn-Teller distortion® and such
distortion aggravates Mn dissolution from the cathode.® The accelerated Mn dissolution may
cause Li loss and degradation of the transition metal layer that can negatively impact the
reversibility of oxygen redox. Doping chemistry has been widely utilized to suppress Jahn-Teller
distortion. For example, Mg doping enhances the phase stability through breaking the alkali
ion/vacancy ordering and suppress Jahn-Teller distortion through raising the local charge of Mn
ions. % Ti doping can suppress Jahn-Teller distortion through reducing the bond length variation
along the axial and equatorial directions.*>?° Ti dopant is also known to enhance oxygen retention
in layered oxides due to its strong chemical bonding with oxygen.?*?? Such structural stabilization
through doping chemistry may also be beneficial towards the reversibility of the oxygen redox
process. Hence, a well-informed connection between the role of local structural reversibility of Mn
and Li and that of oxygen redox may lead to the stabilization of oxygen redox in Mn-based layered

cathodes.

In this study, we show a direct correlation between the local Mn and Li environment and
oxygen redox. We utilize Mg/Ti dual dopants on NaxLiyMn1.yO> as a tool to impart the local Mn
structural stability. Our study on NaxLiyMn1.yO, and Mg/Ti dual doped NaxLiyMn1.yO2 shows that
Mg/Ti dual doping can suppress Jahn-Teller distortion and make the local Mn environment more
reversible during electrochemical cycling. Such local structural reversibility of Mn leads to
suppressed Mn dissolution, stabilizing the Mn layer. This results in stabilization of local Li

environment and better overall Li retention. The combined reversibility of the local Mn and Li



environment enhances the stability of oxygen redox in Mg/Ti dual doped NaxLiyMn1.yO>, which

significantly improves the electrochemical performance in Na cells.
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Figure 1. Physicochemical characterization of the pristine Nao.sLio2Mgo.03Ti0.02Mno.7502

(doped-NLMO). (a) Neutron diffraction pattern with Rietveld refinement. The pattern is refined

with a P6z/mmc space group to figure out the preferred lattice sites the dopants (Mg and Ti), and

other elements (Li, and Mn) occupy. The table in the inset shows the occupancy of the elements

in either the transition metal layer (TM) or the interlayer (Na) of the crystal structure shown in b.

(b) Crystal structure of Nao.sLio.2Mgo.03Ti0.02Mno.7502 showing the lattice sites various elements



(Li, Mg, Ti, Mn, Na, and O) prefer to occupy. TM in the structure stands for transition metals (Mn
or Ti). (c) 3D fluorescence tomograph of Mn. The color bar shows the relative distribution of Mn
in each voxel. (d) 3D fluorescence tomograph of Ti. The color bar shows the relative distribution
of Ti in each voxel. (€) SEM image of the pristine particles of Nao.sLio2Mgo.03Tio.02Mno.7502. (f)
Mn K-edge XANES spectra of Nao.gLio.2Mgo.03Tio.02Mno.7s02 in the pristine state. The spectra with
dotted lines are for Mn in +2 (MnO), +3 (Mn203), and +4 (MnO) oxidation states. (g) O K-edge
XAS spectra in total electron yield (TEY) mode and fluorescence yield (FY) mode for pristine
Nao.sLio2Mgo.03Tio.02Mno.7502. The peak marked by the arrow originates due to the presence of

carbonate and/or bicarbonate species.

NaxLiyMn1.yO2 is synthesized through a solid-state synthesis method. The phase purity of
the material depends closely on the ratio of Na and Li, indicating that Na and Li have a limited
solubility (Figure S1). An excess of Li above the solubility leads to the formation of Li,MnO3
phase. An excess of Na above the solubility leads to the formation of NazMnO4 phase, in line with
reports by Komaba and coworkers (Figure S1).% By tuning the composition to NasssLi1aMnz4O;
(mentioned as NLMO hereafter), a phase pure P2-type layered oxide can be obtained (Figure S2).
Mg/Ti dual doped NaxLiyMn1.yO2 is synthesized through a coprecipitation method followed by
high temperature calcination (details in the materials and methods section). By tuning the
composition  (NaosLio2Mgo.03Tio.02Mno7s02; mentioned as doped-NLMO hereafter) and
calcination condition (850 °C for 10 hours followed by natural furnace cooling), a phase pure
material with P2-type crystal structure can be obtained (Figure S3). Crystal structure of both
materials can be defined by a hexagonal lattice with P6s/mmc space group, isostructural to P2-
NaxCoO; (Figure S4).2* An additional reflection is observed in the patterns which indicates Li/Mn

honeycomb ordering in the transition metal layer (corresponding to (1/3 1/3 1) crystal plane in



Figure S4).122 Rietveld refinement on neutron diffraction patterns is performed to figure out the
specific lattice sites the constituent elements prefer to occupy (Figure 1a and Figure S2). Our
refinement shows that both Mg and Ti share occupancy with Mn in the transition metal layer
(Figure 1b and Table S1). While all Li sits in the transition metal layer in doped-NLMO (Figure
1b and Table S1), 5% L. sits in the Na layer in NLMO (Table S1). Dopant distribution in doped-
NLMO is performed through scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDS images in Figure S5) and 3D fluorescence tomography (Figure 1c and 1d). SEM-EDS
is performed on bulk exposed doped-NLMO particles. The bulk of the particles are exposed
through a polishing method (details in the materials and methods section). The SEM-EDS images
on multiple particles of doped-NLMO show that both Mg and Ti are present throughout the
particles (Figure S5). This is further supported by the 3D fluorescence tomographs of Mn and Ti
(Figure 1c and 1d) which show that Ti is present within the entire individual particle. The 3D
distribution of Ti on the individual particle is somewhat heterogeneous (Figure 1d), which is
similar to Ti distribution in Li layered oxides.!”?® However, Ti shares the same lattice site with
Mn, Mg, and Li to form a single phase P2-type crystal structure (Figure 1a and 1b). We have not
reported the fluorescence tomograph of Mg because of significant self-absorption of Mg
fluorescence signal. Particles of NLMO and doped-NLMO have random to hexagonal plate type
morphology (Figure S6 and Figure 1e). The bulk oxidation state of Mn in doped-NLMO is
evaluated through hard X-ray absorption spectroscopy (Figure 1f). The bulk oxidation state of Mn
is little lower than +4 as can be observed by comparing the edge region of Mn K-edges in Figure
1f. This is consistent with the oxidation state determined from the molecular formula of doped-
NLMO (+3.81). Meanwhile, the oxidation state of Mn in NLMO is little lower than +4 (Figure

S7), which is also consistent with the calculated oxidation state from the molecular formula of



NLMO (+3.89). The chemical environment of oxygen is probed through O K-edge spectra in total
electron yield (TEY) mode and fluorescence yield (FY) mode. At the pristine state, O K-edge
shows a pre-edge feature (at around 530 eV-533 eV) originating from the transition of electrons
from O 1s orbital to the vacant states of the TM 3d-O 2p hybridized orbitals (Figure 1g). Surface
region shows carbonate species, which decreases at the subsurface region of the doped-NLMO

particle (compare the intensity of the peak marked by an arrow in Figure 1g).
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Figure 2. Charge compensation mechanism of Nao.sLio.2Mgo.03Ti0.02Mno.7502 (doped-NLMO)
during electrochemical cycling. (a) Mn K-edge XANES spectra in the first cycle (pristine, first

charge to 4.5V, and first discharge to 1.5 V). Cycling is performed at C/10 rate. The dotted spectra
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are for standard Mn K-edges at +2 (MnO), +3 (Mn203), and +4 oxidation states (MnO2). Oxygen
K-edge resonant inelastic X-ray scattering (RIXS) map at (b) pristine state, (c) 1% charge, and (d)
51% charge. The color bar shows the intensity of the emitted photons in arbitrary units. 1% charge
is performed at C/10 rate. Subsequent cycling is performed at 1C rate followed by 51°% charge at
C/10 rate. The red arrow in Figure 2c indicates the signal originating due to oxygen redox. (e)
Excitation spectra of the RIXS maps in (b-d). The excitation spectra are derived from the

integration of the signal in the vertical direction on the boxed region of RIXS maps in (b-d).

To determine the role of oxygen redox in the charge/discharge process, it is important to
understand the detailed charge compensation mechanism during electrochemical cycling. Mn K-
edge XANES spectra are collected during the first cycle of doped-NLMO and NLMO at C/10 rate
(Figure 2a and Figure S7). The small blueshift on the edge region of the Mn K-edge during the
charging process indicates that there is little oxidation of Mn during the first charge of both NLMO
(Figure S7) and doped-NLMO (Figure 2a). This indicates that oxygen must be redox active during
the charge and discharge process because there is no other redox active transition metal in the
material. To monitor the oxygen redox process, oxygen K-edge resonant inelastic X-ray scattering
(R1XS) maps are collected at the charged states of doped-NLMO and NLMO (Figure 2b-d and
Figure S8). O K-edge RIXS has become the tool of choice to ascertain oxygen redox.?® RIXS maps
can differentiate the signal due to the lattice oxygen redox through resolving the energy of the
emitted photons against the excitation energy.?”?® Such resolution has revealed a unique signal at
around 523.7 eV emission energy against a 531eV excitation energy (marked by the red arrow
within the white boxed region of Figure 2c). This signal has been revealed to originate from the
oxidation of lattice oxygen during the charging process.?® O K-edge RIXS maps of the charged

(4.5 V) doped-NLMO shows a clear signal due to the lattice oxygen redox (marked by the red



arrow in Figure 2¢) which is not present in the pristine state (Figure 2b). This proves the
participation of lattice oxygen towards redox reaction during cycling. We also utilize O K-edge
RIXS to probe the reversibility of oxygen redox in NLMO and doped-NLMO. After 51 charge,
the signal of oxygen redox is still present in the O K-edge RIXS map of doped-NLMO (Figure
2d). Excitation spectra derived from integrating the signal along the excitation energy regime on
the boxed region in Figure 2b-2c show an increased intensity at 531 eV excitation energy (marked
by the black arrow in Figure 2e) on 1% charge to 4.5 V. That increased intensity is still maintained
after 51% charge (Figure 2e), indicating a reversible oxygen redox process. However, one can
notice a slightly weaker signal due to oxygen redox in NLMO after comparing the O K-edge RIXS
maps of 51°% charge doped-NLMO and NLMO (Figure S8a-b). The intensity of the spectral feature
at 531 eV is also decreased at 51% charge of NLMO in comparison to doped-NLMO (Figure S8c).
Overall, our detailed charge compensation study shows that lattice oxygen takes part in redox
reactions in both materials and the oxygen redox is more reversible in doped-NLMO than the

undoped counterpart.
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Figure 3. Local Mn and Li structural evolution in NaosLio.2Mgo.03Ti0.02Mno.7sO2 (doped-
NLMO) during initial and long-term cycling. (a) Magnitude of the fitted Fourier transformed
Mn K-edge EXAFS spectra at different stages of cycling. The cycling is performed at C/10 rate.
(b) The evolution of Mn—-O distances during different stages of cycling determined from the
EXAFS fitting in Figure 3a. Req represents four Mn—O distances in the equatorial direction of the
MnOe octahedron. Rax represents two Mn—O distances in the axial direction of the MnOs
octahedron. Red spheres are for oxygen while the blue spheres are for Mn. (¢) Quantification of
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at C/5 rate. The error bars are included with the data points. (d) 'Li pj-MATPASS NMR spectra in

the pristine state and after 50 cycles. The cycling is performed at C/5 rate.

We study the local Li and Mn structural evolution in detail to rationalize the observed
oxygen redox reversibility in doped-NLMO. Magnitude of the Fourier transformed Mn K-edge
extended X-ray absorption fine structure (EXAFS) spectra shows two main peaks (Figure 3a). The
peak at around 1.5 A originates due to the single scattering of photoelectrons by nearest
neighboring oxygen scatterer. The peak at around 2.5 A originates due to the single scattering of
photoelectrons by either Mn or Li scatterer in NLMO or Mn, Ti, Mg, or Li scatterer in doped-
NLMO. However, the scattering intensity from Li is negligible due to the lighter mass of Li. We
perform fitting on the magnitude of the Fourier transformed Mn K-edge EXAFS spectra of NLMO
(Figure S9). The fitting shows an elongation in Mn—O bond length along the axial direction and
contraction along the equatorial direction in the pristine state and after long term cycling (Figure
S9 and Table S2). Jahn-Teller distorted MnOe octahedra are reported to be detrimental to the
electrochemical performance, leading to Mn dissolution because of the more basic nature of the
elongated axial Mn—O bond.*® Indeed, NLMO has much larger Mn dissolution in comparison to
doped-NLMO on electrochemical cycling (Figure S10 and Table S3). The instability of the
transition metal layer originating from Jahn-Teller distortion and Mn dissolution also leads to Li
loss from NLMO upon long term cycling (66.6% retention after 50 cycles at C/5 rate in Figure
S11). Simultaneous loss of both Li and Mn from the transition metal layer can lead to the
deterioration of the transition metal layer and formation of severely underbonded oxygen ions,
which can impact the reversibility of oxygen redox. Dahn and coworkers reported the formation
of underbonded oxygen ions due to the loss of Li from NaxLiyMn1.yOo, leading to irreversible

oxygen redox.'?> However, doping with Mg and Ti in doped-NLMO effectively suppresses Jahn-
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Teller distortion and makes the local MnOs evolution more reversible on electrochemical cycling
(Figure 3a). Mn—O distance determined through the fitted Fourier transformed Mn K-edge EXAFS
spectra shows that Jahn-Teller distortion in MnOsg octahedra is suppressed in the pristine state
(Figure 3a-b and Table S4). The evolution of the MnOe octahedra is also reversible on long term
electrochemical cycling. The suppression of Jahn-Teller distortion can originate from the
cooperative effect of Mg and Ti doping. Mg doping can locally enhance the charge of Mn,
reducing Jahn-Teller distortion. Ti doping can reduce the Mn—O bond length variations along the
axial and equatorial directions, leading to the suppression of Jahn-Teller distortion.?’ Ti can also
strengthen the transition metal (TM)-O bond through decreasing covalency which can enhance
oxygen retention.?>?? This leads to a reversible local Mn structural evolution in doped-NLMO.
Suppressing Jahn-Teller distortion leads to less Mn dissolution on long-term cycling of doped-
NLMO (Figure S11 and Table S3). Such reduced Mn dissolution will inevitably stabilize the
transition metal layer and global Li retention on long term cycling is also improved in comparison
to NLMO as a result (81.8% L.i retention after 50 cycles at C/5 rate in Figure 3c). We probe the
local Li environment in doped-NLMO closely with “Li projection magic angle turning-phase
adjusted sideband separation (pj-MATPASS) NMR. The spectra show a major peak at a chemical
shift bit larger than 2000 ppm with a small shoulder on the lower chemical shift (Figure 3d). The
major peak originates for the Li surrounded by 6 Mn ions. The shoulder forms when in addition to
Mn, Li is also surrounded by Ti or Mg.*® No accumulation of Li in the interlayer is observed from
the ‘Li NMR spectra in the pristine state and after long term cycling as there is no peak lower than
1000 ppm chemical shift in Figure 3d.'? Therefore, for both pristine and 50 cycles, the main peak
and the shoulder in the NMR spectra (Figure 3d) can be accounted for Li sitting on the transition

metal layer. Even after long term cycling, all Li can still be found in the transition metal layer with
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no accumulation of Li in the interlayer. Meanwhile, many studies show the accumulation of Li in
the interlayer space of Li substituted Na layered oxides on electrochemical cycling.** The
interlayer space provides an open channel for Li migration out of the material which can cause
permanent Li loss on electrochemical cycling. Overall, the stable local Li and Mn environment in
doped-NLMO ensures that there is less accumulation of Li in the interlayer. This along with
reduced Mn dissolution can stabilize the transition metal layer, which helps sustain oxygen redox
on long term cycling. Reversible oxygen redox also leads to stable interfacial chemistry as
observed through O K-edge spectra in FY mode. After 100 cycles at C/10, carbonate like species
is observed in NLMO whereas no such species can be seen in doped-NLMO (peak marked by the
arrow in Figure S12). This indicates a greater decomposition of the electrolyte to form carbonate

species on NLMO which can be facilitated by the less reversible oxygen redox in NLMO.%
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Figure 4. Electrochemical characterization of Nao.sLio.2Mgo.03Ti0.02Mno.7s02 (doped-NLMO).

(@) Charge and discharge curves of the Na cell containing Nao.sLio2Mgo.03Ti0.02Mno.7502 as the
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cathode material at C/10 rate within the voltage window of 1.5-4.5 V. (b) Charge and discharge
curves of Na cell containing Nao.sLio2Mgo.03Tio.02Mno.7s02 as the cathode material at 1C rate
within the voltage window of 1.5-4.5 V. The first cycle is performed at C/10 rate. (c) Capacity
retention against cycle numbers at C/10 and 1C rate of Naop.sLio.2Mgo.03Ti0.02Mno.7502 in Na cell.
The capacity retentions are averaged from multiple cells. (d) Average voltage at different current
densities delivered by NaoslLio2Mgo.03Tio02Mno7s02. (e) Cyclic  voltammogram  of
Nao.sLio2Mgo.03Tio.02Mno.7502 before and after cycling for various cycles at 1C. The scanning is
performed at 0.1 mV/s within 1.5-4.5 V. (f) Apparent Na* diffusion coefficient calculated from
the GITT measurement. GITT measurement is performed at C/10 rate with 1 hour of constant

current pulse followed by 10 hours of open circuit relaxation.

Reversible local structural evolution and oxygen redox lead to significant improvement in
electrochemical performance of doped-NLMO in comparison to NLMO (Figure 4 and Figure S13).
Doped-NLMO delivers an initial discharge capacity of 210 mAh/g at C/10 rate (Figure 4a) and
145 mAh/g at 1C rate (Figure 4b). In comparison, NLMO delivers an initial discharge capacity of
221 mAh/g at C/10 rate (Figure S13a) and 151 mAh/g at 1C rate (Figure S13b). NLMO delivers
comparable capacity to similar NaxLiyMn1yO> materials (similar or different x/y ratios) reported
in the literature.?*233 In comparison to NLMO, the capacity retention is substantially improved in
doped-NLMO at both C/10 and 1C rate (Figure 4c and Figure S13c). Likewise, energy retention
is also stabilized in doped-NLMO (Figure S13d and Figure S14a). A stable Coulombic efficiency
is delivered by doped-NLMO (Figure S14b) in comparison to NLMO (Figure S13e). A comparable
average voltage is delivered by both materials at C/10 and 1C but more stable average voltage is
delivered by doped-NLMO (Figure S13f and Figure S14c). Doping of Mg and Ti in NLMO can

also slow down the lowering of the output voltage at faster C-rates (Figure 4d, Figure S13g).
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Doped-NLMO delivers an average voltage of 2.57 V at 1C (180 mA/g current density) whereas
NLMO delivers 2.25 V average voltage at 1C. Even at 5C (900 mA/g), the average voltage of
doped-NLMO (2.31 V) is higher than NLMO at 1C (2.25 V). The CV profile of both materials at
0.1 mV/s scan rate shows a peak at 4.38 V on the direction of positive voltage sweep in the first
and second cycle, which can be attributed to high-voltage phase transformation (Figure S13h and
Figure S14d).3* This peak is observed even after cycling for 100 cycles at 1C (Figure 4e) when
scanned at the same scanning rate, even though a decrease in peak height can be seen. However,
the peak quickly diminishes in NLMO after cycling for just 50 cycles at 1C and replaced by a
solvent oxidation peak (Figure S15), indicating an irreversible phase transformation process. The
overall improvement of the electrochemical performance and the reversibility of oxygen redox
reaction also led to stable interfacial processes in doped-NLMO. Figure S12 shows that NLMO
undergoes severe interfacial side reactions with more carbonate-based surface products. This leads
to significant development of interfacial charge transfer resistance in NLMO in comparison to
doped-NLMO (Figure S13i and Figure S14e).® Kinetic measurement is performed through
galvanostatic intermittent titration technique (Figure 4f).3® The apparent Na* diffusion coefficient
of doped-NLMO during charging ranges from 5.43E-12 to 2.25E-9 cm?/s (Figure 4f). The
diffusion coefficient during the discharge process varies from 9.08E-10 to 1.22E-9 cm?/s (Figure
4f). Meanwhile, the apparent Na* diffusion coefficient of NLMO during the charging process
ranges from 2.94E-11 to 3.53E-8 and 1.56E-11 to 1.08E-9 during discharging (Figure S16).
Overall, the detailed electrochemical performance evaluation shows that making the local
structural evolution more reversible through Mg and Ti dual doping not only leads to stable oxygen

redox but also substantially improves the electrochemical performance.
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In summary, our work shows the critical role that the local structural environment in the
transition metal layer plays to stabilize oxygen redox in Mn-based layered oxide cathodes. Li-
substitution in the transition metal layer can trigger oxygen redox due to the formation of
unhybridized O 2p orbitals. However, the instability of Li and transition metal in the transition
metal layer can make the oxygen redox process less reversible. We probe the local structural
environment of Mn in NasLiyaMnz402 and observe Jahn-Teller distortion in MnOse octahedra
through EXAFS analysis. The distortion causes severe Mn dissolution upon long term cycling.
The instability of Mn leads to Li loss, an irreversible oxygen redox process, and unstable
electrochemical performance. Mn dissolution can be suppressed by reducing the Jahn-Teller
distortion through chemical modulation of local Mn environment by Mg and Ti dual doping. Such
stabilization of the transition metal layer causes better Li retention and stable local Li environment
with no Li accumulation in the interlayer as probed through ‘Li pj-MATPASS NMR (no peak at
lower than 1000 ppm chemical shift in Figure 3d). As a result, a reversible oxygen redox process
is observed through RIXS. Overall, the more reversible local Li and Mn environment and stable
oxygen  redox  significantly  improves the  electrochemical  performance  of
Nao.sLio2Mgo.03Ti0.02Mno.7502. This work provides fundamental mechanistic understanding on the
interplay between local Li and Mn environments and oxygen redox as well as showcases that
stabilizing local environment in the transition metal layer is a promising pathway for stable oxygen

redox.
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Materials and methods

Material synthesis. NaxLiyMn1.yO> was synthesized with stoichiometric amount of Na.COsg,
LiOH, and Mn0Oz3. The precursors were ball milled at a rate of 2100 rpm for 6 hours. The mixed
precursor was calcined in a box furnace under air atmosphere at 700 °C for 10 hours followed by
rapid quenching. For rapid quenching, the material was poured on a Cu plate placed in a sand bath
and allowed to cool down to room temperature. The material was preserved in a scintillation vial
filled with Ar for future use. The precursor of Mg/Ti dual doped NaxLiyMn1.yO> was synthesized
from the precipitation of a solution of MnSO4.H.0, MgSQO4.7H20, and titanium oxysulfate
solution. The salt solutions were precipitated to a mixed metal hydroxide by adding a basic solution
of NaOH/NH4OH (1.2:1 molar ratio). The reaction was performed in a nitrogen environment. The
precipitate was filtered and dried in a vacuum oven overnight at 120 °C. The mixed metal
hydroxide precipitate was mixed with a stoichiometric amount of Na,COz and LiOH. The
precursor was calcined in a box furnace under an air atmosphere at 700 °C and 850 °C for 10 hours.
The calcined material was cooled down either by rapid quenching as described earlier or by letting
the heated material cool down naturally inside the box furnace after the heating was completed.

The calcined material was stored in an Ar filled scintillation vial for further use.

Electrochemical characterization. Composite electrodes of NaxLiyMn1.,O> and Mg/Ti doped
NaxLiyMn1.yO2 were made from 80% active material, 15% carbon black, and 5% polyvinylidene
difluoride (PVDF) as the binder. A slurry was made with the aforementioned components by
utilizing N-methyl-2-pyrrolidone as the solvent to dissolve PVVDF. The slurry was casted on a
carbon coated aluminum foil by the Doctor blade method, dried in vacuum oven at 120 °C
overnight, cut into disks of 10 mm diameter, and stored in the glovebox. The Na cells were

assembled with NaxLiyMn1.yO> composite electrode and Mg/Ti doped NaxLiyMn1.;O> composite
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electrode as cathodes, Na metal as the anode, Whatman glass fiber (1827-047934-AH) as the
separator, and 0.56 M NaPFs in propylene carbonate (containing 2 volume% fluoroethylene
carbonate additive) as the electrolyte. Cycling was performed at C/10 rate (18 mA/g current
density) and 1C rate (180 mA/g current rate) using Wuhan Land battery cyclers. Kinetic
measurement through galvanostatic intermittent titration technique (GITT) was performed on
Wuhan LAND battery cycler by applying a 1-hour constant current pulse at C/10 rate followed by
open cell relaxation for 10 hours until the voltage reaches to 4.5 V during the charging process or
1.5 V during the discharging process. The apparent diffusion coefficient of Na* was calculated

through the following formula:

5 _ 4 (mpVm\2 (AEs),

D - T[T( MpgS ) (AEt)
Where, D is the Na* diffusion coefficient (cm?/s), T is the duration of the constant current pulse
(s), mp is the mass of the active component of the cathode (g), M3 is the molar mass of the active
component of the cathode (g), Vm is molar volume (cm?/mol), S is the contact area of the electrode

and the electrolyte (cm?), AEs is the steady state voltage change due to the constant current pulse,

and AE:is the voltage change during the constant current pulse, excluding the iR drop.

Materials characterization. XRD patterns of the materials were collected on a benchtop Rigaku
Miniflex II diffractometer working on a Cu Ka radiation of 1.54 A wavelength. A step size of 0.02°
and a scanning rate of 1°/min were utilized to acquire the patterns. Morphology of the materials
was evaluated using LEO 1550 scanning electron microscope operated at a 5.0 kV accelerating
voltage. SEM-EDS imaging was performed on FEI Quanta 600 FEG scanning electron microscope
with Bruker EDX detector operating at a voltage of 20 kV. Polishing method was utilized to expose

the bulk of the particle for SEM-EDS analysis. The particles were dispersed in epoxy resin and
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dried overnight for solidification. After the epoxy was hardened, it was polished with sandpaper
to remove the surface region and expose the bulk of the particles. Elemental quantification in
pristine material and transition metal dissolution in electrolyte was performed through Thermo
Electron iCAP-RQ inductively coupled plasma mass spectrometer (ICP-MS). 3D tomographic
images were acquired in hard X-ray nanoprobe beamline at National Synchrotron Lightsource II.
X-ray beam of 9.6 keV energy and 60 nm spot size was utilized to acquire images. The voxel size
of the 3d images was 30 nm x 30 nm x 30 nm. Image reconstruction was performed in an open-
source code called TomoPy. Soft XAS measurements are performed in beamline 10-1 at Stanford
synchrotron Radiation Lightsource. Measurement was conducted at ultrahigh vacuum condition
(10° Torr) at room temperature. A ring current of 350 mA and a 1000 l.mm™ grating
monochromator were utilized for data collection. Data was collected at total electron yield (TEY)
mode by collecting the sample drain current and in fluorescence yield more (FY) with a silicon
diode. Samples were loaded on an aluminum sample stick with double sided tape. A nitrogen filled
glovebag was used for sample transfer to minimize exposure to air. Hard X-ray measurement (Mn
K-edge) was performed in beamline 20-ID at Advanced Photon Source (Argonne National
Laboratory). Si(111) monochromator was utilized to monochromatize the beam. Mn K-edge
spectra were acquired in the transmission mode. Oxygen resonant inelastic X-ray scattering is
performed in the beamline 10-1 at Stanford Synchrotron Radiation Lightsource with a TES
spectrometer.>? The TES spectrometer is positioned at a 90° angle with respect to the incident X-
ray. Ultrahigh vacuum condition (5E-9 Torr) was utilized for data acquisition. Exposure to air
during sample transfer was minimized through a nitrogen-filled glovebag. The data calibration is
performed through a reference sample containing C, N, and O. ’Li magic angle spinning (MAS)

NMR experiments were performed on a Bruker DMX 300 NMR spectrometer using Bruker 4.0
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mm HX MAS probe. The samples were packed in 4.0 mm rotors in an argon filled glove box and
were spun at 10 kHz for spectra acquiring. We employed the projection-MATPASS (pj-
MATPASS) pulse sequence to obtain high-resolution spectra. The recycle delay was set to 0.01 s
and the 90° pulse length was 2.56 ps. The ‘Li shift was referenced to solid LiCl at -1.11 ppm.
Neutron diffraction (ND) was performed on Nanoscale Ordered Materials Diffractometer
(NOMAD) BL-1B, Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. About
0.2-0.3 g powder sample was loaded into the quartz capillary (3 mm) and each measurement took
about 1 h. The refinement of neutron diffraction patterns was conducted using the software GSAS
EXPGUI. For each sample, three histograms with different d-spacing range were used
simultaneous for combined refinements. The average structure was first investigated by
performing Pawley fits on the as collected ND data. For each Pawley fit the background terms,
unit cell parameters, and peak profiles were refined. The results of the Pawley fit were used as
starting models for the analysis using the Rietveld method where the scale factor, atomic positions
and atomic displacement parameters were also refined. The instrument parameters were calibrated

by refining a standard Si powder (SRM 640e from NIST).
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Figure S1. Figuring out the phase pure composition of NaxLiyMn1.yO2. X-ray diffraction
(XRD) patterns of NaxLiyMn1.yO- at various Na, Li, and Mn composition. Tuning the composition
of NaxLiyMn1.yO2 to NassLiyaMnz402 can get rid of the impurity phases.®
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Figure S2. Crystal structure of phase pure NaxLiyMn1yO2. Neutron diffraction pattern with
Rietveld refinement of Nas/sLi14Mnz4O2 (NLMO).
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Figure S3. Figuring out the calcination condition and composition of phase pure Mg/Ti dual
doped NaxLiyMn1yO2. XRD patterns of Mg/Ti dual doped NaxLiyMn1,O> at various calcination
condition and composition. The composition along with the calcination conditions (temperature
and cooling procedure) are chosen based on the phase purity of the prepared material (minimizing
the amount of impurity phases). A phase pure material can be obtained when the composition of
the Mg/Ti dual doped NaxLiyMn1,O: is adjusted to Nao.sLio.2Mgo.03Ti0.02Mno.7502, and calcination
temperature to 850 °C for 10 hours followed by natural furnace cooling.
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Figure S4. XRD pattern of phase pure NassLizaMnzsO2 (NLMO), and
Nao.sLio.2Mgo.03Ti0.02Mno.7502 (doped-NLMO). All peaks in the pattern can be explained in terms
of a hexagonal P2 phase with P63/mmc space group. The superlattice reflection of the (1/3 1/3 1)
plane originates from the Li/Mn honeycomb ordering in the transition metal layer.*
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Figure S5. Dopant distribution (Mg and Ti) in doped-NLMO. SEM-EDS images of the
exposed bulk of the doped-NLMO particles. The bulk of the doped-NLMO particles was exposed
by the polishing method as explained in the “Materials and methods” section.
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Figure S6. Morphology of NLMO at different magnifications (a-b).
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Figure S7. Charge compensation mechanism of NLMO. Mn K-edge XANES spectra of NLMO
at different states of charge in the first cycle. Mn K-edge XANES spectra of three standards with
Mn in +2 oxidation state (MnQO), +3 oxidation state (Mn.0Os3), and +4 oxidation state (MnQO) are
included to evaluate the change in oxidation state of Mn in NLMO. The cycling is performed at
C/10 rate.
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Figure S8. Oxygen redox reversibility in NLMO and doped-NLMO. (a) Oxygen K-edge
resonant inelastic X-ray scattering (O RIXS) map of doped-NLMO after 51% charge. (b) O K-edge
RIXS map of NLMO after 51% charge. (c) Excitation spectra of doped-NLMO and NLMO derived
from the integration of the signal in the vertical direction along the white boxed region in (a-b).
Cycling is performed at 1C rate for 50 cycles followed by charging at C/10 rate at 51% charge.
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Figure S9. Quantification of the local Mn structural evolution in NLMO during
electrochemical cycling. Magnitude of the fitted Mn K-edge EXAFS spectra at different stages
of cycling. Cycling is performed at C/10 rate.
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Figure S10. Change in appearance of the separator after electrochemical cycling. (a)
Separator from the Na cell containing the doped-NLMO cathode cycled for 100 cycles at C/10
rate, and (b) separator from the Na cell containing the NLMO cathode cycled for 100 cycles at
C/10 rate. Separator from the cycling of NLMO changes more in appearance than the separator
from doped-NLMO.

41



o
©

5 -
ol
S 0.
€ 0.6
5 0.5 S hn
E, 0.4
o 0.3
- 0.2-6\\©
0.1-
0.0 .
Q(\‘-"\"\e epcﬂo\e
e

Figure S11. Li retention in NLMO after electrochemical cycling. Quantification of Li at
pristine state and after cycling for 50 cycles at C/5 rate through ICP-MS.
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Figure S12. Evolution of subsurface TM 3d-O 2p hybridization during electrochemical
cycling. (a) O K-edge spectra in fluorescence yield (FY) mode of NLMO at different stages of
electrochemical cycling at C/10 rate. The peak marked by an arrow indicates the appearance of a
carbonate and/or bicarbonate species. (b) O K-edge spectra in FY mode of doped-NLMO at
different stages of cycling at C/10 rate.
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Figure S13. Electrochemical characterization of NLMO. (a) Charge and discharge curves of
the Na cell containing NLMO as the cathode at C/10 rate for up to 50 cycles, (b) charge and
discharge curves of the Na cell containing NLMO as the cathode at 1C rate for up to 200 cycles,
(c) capacity retention against the cycle number at C/10 and 1C, (d) energy retention against the
cycle number at C/10 and 1C, (e) Coulombic efficiency against the cycle number at C/10 and 1C,
(f) average voltage against the cycle number at C/10 and 1C, (g) average voltage delivered by the
Na cell containing the NLMO cathode at various current rates, (h) first and second cycle CV curves
of NLMO (scan rate: 0.1 mV/s within 1.5-4.5 V), and (i) Nyquist plot of the Na cell containing
NLMO electrode before cycling and after 100 cycles at C/10 rate.
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Figure S14. Electrochemical performance of doped-NLMO. (a) Energy density delivered by
doped-NLMO against the cycle number at C/10 and 1C rate, (b) Coulombic efficiency delivered
by the cell containing doped-NLMO as the cathode at C/10 and 1C rate, (c) average voltage
delivered by doped-NLMO against the cycle number at C/10 and 1C rate, (d) first and second cycle
cyclic voltammetry (CV) curves of doped-NLMO. The scan was performed at 0.1 mV/s rate within
1.5-4.5 V, and (e) Nyquist plots of the Na cells containing doped-NLMO as the cathode material
before cycling and after cycling for 100 cycles at C/10 rate.
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Figure S15. Cyclic voltammetry (CV) curves of NLMO after cycling for 10 cycles and 50
cycles at 1C in a Na cell containing the NLMO cathode. Scanning is performed at 0.1 mV/s rate

within the voltage range of 1.5-4.5 V.
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Figure S16. Electrochemical kinetics evaluation of NLMO. Na* diffusion coefficients measured
from GITT. GITT was performed with 1 hour constant current charging/discharging at C/10 rate
followed by 10 hour open circuit relaxation.
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Table S1. Lattice occupancy of the elements determined by the Rietveld refinement of the
neutron powder diffraction pattern. TM stands for transition metal layer and Na stands for the

interlayer space between the two transition metal layer in the P2-type structure (see Figure 1b for
a schematic P2 type crystal structure).

Material | Lina Litm Mgna Mgtm | Titm Tina WRp Chi?

NLMO 5% 20% NA NA NA NA 0.04 11.70
Doped- 0% 20% 0% 3% 2% 0% 0.08 16.53
NLMO
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Table S2. Absorber (Mn) to scatterer (O) distance in NLMO determined by the fitting of the
EXAFS spectra.

Rax (axial Req 6’ (Deby-o?> (Deby-Rax/Req = R-factor
TM-0) (A)  (equatorial  Waller Waller
TM-0) (&) factor) (Rax)factor)

(A% (Rea) (A?)
Pristine 2.023+/-0.015 1.884+/-0.029 0.008+/-  0.0002+/- (1.07 0.055
0.004 0.003

1% charge 1.912+/-0.006 |1.866+/-0.006 0.009+/- 0.002+/- 1.02 0.011

0.002 0.002
1% 1.919+/-0.004 1.879+/-0.004 0.004+/-  0.009+/- 1.02 0.006
discharge 0.003 0.004
100" 2.016+/-0.009 [1.878+/-0.019 0.007+/-  0.001+/- 1.07 0.047
discharge 0.003 0.002
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Table S3. Quantification of transition metal dissolution after 100 cycles at C/10 determined
by ICP-MS on the separator.

Elemental composition Mn (ppb/mg-active material)
Nas/sLi14Mnz402 (NLMO) 370.4
Nao sLio.2Mgo.03Ti0.02Mno.7502 (doped-NLMO) 69.4
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Table S4. Absorber (Mn) to scatterer (O) distance in doped-NLMO determined by the fitting
of the EXAFS spectra.

Rax (axial | Req (equatorial = o? (Deby- | ¢?(Deby- = Rax/Req | R-factor
TM-0) (A) = TM-0) (A) Waller | Waller
factor) factor)

(Rax) (A% | (Req) (A?)

Pristine 1.927+/- 1.885+/-0.005 = 0.008+/- = 0.002+/- 1.02 0.019
0.005 0.002 0.002

1% charge 1.914+/- 1.873+/-0.004 | 0.009+/- | 0.003+/- 1.02 0.011

0.004 0.001 0.001
1% 1.927+/- 1.886+/-0.004 = 0.007+/- = 0.002+/- 1.02 0.014
discharge 0.004 0.001 0.002
100 1.919+/- 1.877+/-0.004 | 0.006+/- | 0.003+/- 1.02 0.017
discharge 0.004 0.001 0.001
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