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Abstract

The large-voltage hysteresis remains one of the biggest barriers to optimizing Li/Na-ion
cathodes using lattice anionic redox reaction, despite their very high energy density and relative
low cost. Very recently, a layered sodium cathode Na,Mn3;07 (or Nay7Mng/;,;,70,, [] is vacancy)
was reported to have reversible lattice oxygen redox with much suppressed voltage hysteresis.
However, the structural and electronic structural origin of this small voltage hysteresis has not
been well understood. In this article, through systematic studies using ex situ/in situ electron
paramagnetic resonance and X-ray diffraction, we demonstrate that the exceptional small-voltage
hysteresis (< 50mV) between charge and discharge curves is rooted in the well-maintained oxygen
stacking sequence in the absence of irreversible gliding of oxygen layers and cation migration from
the transition metal layers. In addition, we further identify that the 4.2 V charge/discharge plateau
is associated with a zero-strain (de)intercalation process of Na* ions from distorted octahedral
sites, while the 4.5 V plateau is linked to a reversible shrink/expansion process of the manganese-
site vacancy during (de)intercalation of Na™ ions at distorted prismatic sites. It is expected these
findings will inspire further exploration of new cathode materials that can achieve both high energy

density and efficiency by using lattice anionic redox.



Introduction

The charge storage of conventional intercalation-based cathodes is achieved by the
extraction/intercalation of Li*/Na* ions in concomitance with the oxidation/reduction of transition
metal (TM) cations. Therefore, the capacities of these cathodes are often limited by the amount of
TM redox couples. Recently, a class of lithium-excess materials (with lithium partially replacing
TM cations on the TM layers) have attracted broad interest because of their high specific capacity
enabled by both cation and lattice oxygen redox couples.!-* However, the large voltage hysteresis
(>500mV) between charge and discharge curves leads to relatively low energy efficiency, together
with a large content of irreversible oxygen redox, hindering the optimization of this type of cathode
material. In the last decade there has been extensive efforts to reduce the voltage hysteresis and
minimize the subsequent voltage decay of Li-excess material via cation doping or surface
modification.” 1 However, progress remains relatively limited and the basic requirements for
commercial grade technologies remain unfulfilled. Therefore, much effort has been devoted to
exploring novel cathode systems where intrinsic reversible oxygen redox chemistry can be realized
with minimized voltage hysteresis. In order to stabilize the cathode structure upon electrochemical
cycling including lattice oxygen redox, 4d and 5d TMs (such as Ir and Ru) have been introduced
to both lithium ion batteries (LIBs) and sodium ion batteries (SIBs).!!- 12 It is thus important and
timely to extend these concepts to the low-cost 3d TM-based cathodes. More recently, reversible
lattice oxygen redox with very small voltage hysteresis (~ 200mV) has been observed in the P3-
type Nag¢Lig,Mngg0,.!13 14 Real reversible oxygen redox in this system can be ascribed to two
aspects: first, the large interlayer spacing occupied by Na* is very unfavourable for Mn*" due to
its small ionic radii (0.53 A, eight coordinated),!5 effectively preventing TM cation migration and

irreversible gliding of oxygen layers at deep charge states. Second, the presence of relatively



narrow oxygen 2p bands corresponding to the nearly unhybridized oxygen 2p orbitals of the Na-
O-Li or [-O-Li configuration, leading to very flat charge/discharge plateaus.'® This inspires us to

search for other sodium-ion cathodes that may possess similar reversible oxygen redox capability.

It is generally believed that one (of three) oxygen 2p orbitals is nearly unhybridized in the Li-
O-Li (or Na) configuration in the layered (or rock-salt) Li(Na)TMO, due to the large energy
difference between the Li 1s and O 2p orbitals, or the very strong ionic nature of the Na-O bonds.
Thus, if Li" ions on the TM layer are replaced by vacancies, the degree of orbital overlapping is
expected to be further decreased, especially in the fully charged state (when large amounts of
interlayer Na* are removed). Thus, narrower non-bonding oxygen 2p states can be created in the
vacancy-rich layered sodium oxides in both charged and discharged states. Although creating large
amounts of vacancies on the TM layers is generally believed to be a thermodynamically
unfavourable process, a few natural phyllomanganite minerals have been reported to possess
appreciable amounts of Mn vacancies, such as chalcophanite (ZnMn;O;-H,O or
Zn,7;Mng71)1,0,-H,0, Figure S1).!7 More recently, we and others also demonstrated that vacancy-
rich sodium or copper analogues of the mineral chalcophanite can be synthesized via soft methods
at relatively low temperatures.!® These discoveries encourage us to explore the plausibility to
achieve TM vacancy induced lattice oxygen redox activity in this family of compounds. Moreover,
very recently, several groups reported that nonbonding 2p orbitals of oxygens neighboured by the

Mn vacancies within Nay;[Mng; [ 1/7]0, contribute to the oxygen-redox capacity without

making the Mn—O bond labile.!>?! Surprisingly, the voltage hysteresis is relatively small

compared to most of other electrode materials harvesting oxygen-redox capacity. Nonetheless, it

is still unclear why the oxygen redox is highly reversible in this system with exceptionally small



voltage hysteresis in the view of the evolutional changes in the crystal structure and the electronic
structure upon (de)sodiation. In this report, we will show detailed experimental evidence on the
reversible oxygen redox activity induced by TM vacancy, with specific attention paid to the

structural evolution upon (de)sodiation of Nay;—[Mng; L] 1,7]0, and its impact on the lattice
oxygen redox reaction.

Experimental
Preparation of Na,Mn;0,

Phase pure Na,Mn3;0; was synthesized using a conventional solid-state reaction.?> NaNO; (J.T.
Baker, A.C.S. Reagent) and MnCOj; (Aldrich, > 99.9%) were first mixed in stoichiometric amounts
and the precursor was thoroughly ball milled for 1 h, followed by heating at 600 °C for 12 h under
an oxygen flow. Dark brown powders were obtained as final product after naturally cooling down

to room temperature.

Electrochemical testing

The as-prepared Na,Mn;0; powder was mixed with carbon black (Super P) and polyvinylidene
fluoride (PVDF) in a weight ratio of 8:1:1 using N-methyl-2-pyrrolidone (NMP) as solvent. The
slurry was then cast onto an aluminium foil before drying overnight at 120 °C in a vacuum oven.
The loading density of working electrode (diameter ~ 1.1 c¢m) is typically ~ 2-3 mg-cm2. The
electrochemical performance was tested using coin cells (size CR2032, Hohsen Corp. Japan) by
assembling the working electrode, Na disk, and separator (Celgard 2325) soaked in Na electrolyte
in an argon-filled glovebox. The electrolyte contains 1 M NaClOy dissolved in propylene carbonate
(PC) and fluoroethylene carbonate (FEC) in a volume ratio of 98:2. The theoretical capacity was
set to 150 mAh-g-! and electrochemical window to 3.0 — 4.65 V (vs. Na*/Na) unless otherwise

specified. For all ex situ electrodes, the cells were charged to 4.2, 4.4, and 4.65 V, respectively;



or first charged to 4.65 V and then discharged to 4.4, 4.2, and 3.0 V, respectively. All cells were
held for at least 6 h when reaching the setup voltage before disassembly in the argon-filled

glovebox. Note that all as-collected electrodes were not washed to avoid unexpected reactions.

Structure characterizations

High-resolution synchrotron X-ray diffraction (XRD) data were collected at beamline 11-BM
at Argonne National Laboratory with a wavelength of 0.412748 A. Rietveld refinement was carried
out using the fundamental parameters approach in TOPAS software (version 6).2> 2* High-
resolution transmission electron microscopy (HRTEM) was performed using an aberration-
corrected FEI Titan S 80-300 STEM/TEM microscope equipped with a Gatan OneView camera
at an accelerating voltage of 300 kV. Room temperature neutron total scattering data were
collected at the NOMAD beamline at the Spallation Neutron Source (SNS) at ORNL.?5 About 0.4
g powder sample was loaded into a 3 mm quartz capillary. Four ~30 min scans were collected and
then summed together to improve the statistics. The detectors were calibrated using scattering from
a diamond powder standard prior to the measurements. Neutron powder data were normalized
against a V rod and the background was subtracted. The total scattering structure factor S(Q) data
were then transformed to PDF data G(r) using the specific IDL codes developed for the NOMAD
instrument with a Q range of 0.5-25.0 A, For small-box least square refinement, the instrument
parameters dQ and Qyoaq Were determined to be 0.046 A and 0.030 A-2 from the refinement of the
PDF pattern of standard NIST Si-640e. The empirical PDFgui-type 61 (31/r) term was used to

model correlated motion effects with the refined 81 being 1.30(9) A 26-28

X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS)

X-ray absorption spectroscopy (XAS) measurements were performed at the 8-ID beamline of

the National Synchrotron Light Source II (NSLS II) at Brookhaven National Laboratory (BNL) in



transmission mode. The X-ray absorption near edge structure (XANES) and Extended X-ray
absorption fine structure (EXAFS) spectra were processed using the Athena software package.?’
The AUTOBK code was used to normalize the absorption coefficient, and separate the EXAFS
signal, y(k), from the isolated atom-absorption background. The extracted EXAFS signal, y(k),
was weighted by k? to emphasize the high-energy oscillations and then Fourier-transformed in a k

range from 3.0 to 13.6 A-! to analyze the data in R-space.

X-ray Photoelectron Spectroscopy (XPS) measurements were collected on a PHI 3056 XPS
spectrometer with a Mg Ka (1253.6 eV) X-ray source operated at 15 kV and 350 W. Samples were
transferred under vacuum from an Argon-filled glove box to a cryo-pumped vacuum chamber for
measurements at 10 torr or less (10-!! torr base pressure). Survey scans were collected at 93.9 eV
pass energy with 0.5 eV energy steps while high resolution scans were acquired at 23.5 eV pass
energy and 0.05 eV energy steps. All spectra were collected for 20-60 repeats to improve the signal
to noise ratio. Spectra were calibrated relative to the adventitious carbon peak (284.8 eV) to correct

for minor charging.

Electron paramagnetic resonance (EPR)

The cycled electrodes were dried under vacuum at room temperature for an extra 6 hours before
sealing in air-tight plastic bags under argon atmosphere and then transferred for EPR
measurements. To check their structural stability, EPR measurements were performed for the same
sealed samples after being stored in the argon-filled glove-box for an additional 7 days.
Continuous-wave electron paramagnetic resonance (CW-EPR) spectra were acquired on a Bruker
Elexsys E680 spectrometer in X-band (9.4 GHz) (Bruker BioSpin, Billerica, MA), using a High
Sensitivity cavity (ER 4119HS). The recording window was set to 500 mT with 4096 points,

covering the broad Mn** EPR peak. The microwave power and modulation amplitude were set to



0.2 mW and 5 G, respectively. Both converse time and time constant were set to 40.96 ms. The
spectra were plotted using Easyspin®? with the assistance of MATLAB. Spectra were normalized
according to the weight of samples and measured Q values in order to analyze the intensity of all

paramagnetic species.

In situ X-ray diffraction

An electrode pellet (10 mm diameter, 160 pm thick) was prepared by mixing Na,Mn;0; with
carbon black (Cabot, Vulcan XC72R), graphite powder (Alfa Aesar, 99% - 300 mesh), and
polytetrafluoroethylene powder (Sigma-Aldrich, 1 um particle size) in a 6:1:1:2 weight ratio. The
pellet was assembled into the “AMPIX” electrochemical cell?! with a glass fiber separator
(Whatman GF/A), Na metal foil and liquid electrolyte (1M NaClO, in PC/FEC (98:2 in volume))
within an Ar atmosphere glovebox. A room temperature (RT) galvanostatic charge/discharge
experiment was carried out with a cycler (Maccor Model 4300) at 8 mA-g™! between 4.65 and 3.0
V. Operando XRD data were recorded within the AMPIX cell using high energy X-rays (A =
0.2113 A) provided by beamline 11-ID-B at the Advanced Photon Source at Argonne National
Laboratory. Diffraction images were recorded at 30 min (or 0.05 Na) intervals in a Debye—Scherrer
geometry using an amorphous silicon-based area detector. The data were calibrated using GSAS-
IT software (0.05—16° 26 range) using a CeO, standard (SRM674b) as calibrant and integrated

within GSAS-II.3

Results and discussion
Structure and electrochemical properties of Na,Mn;0-

The major diffraction peaks of the as-prepared Na,Mn;05 can be indexed using a structure similar
to the refined chalcophanite structure (S.G. R-3). However, extra weak reflections cannot be

indexed using this model, instead, the space group has to be lowered to P-1 in order to index all



Bragg reflections.?? Rietveld refinement of the structure using synchrotron XRD is shown in
Figures 1a, le and Table 1. In the structure one out of every seven Mn sites is vacant on the TM
layer. This Mn-vacancy ordering model is further confirmed by the least square refinement of the
local structure using neutron PDF (Figures 1b, S2, and Table S1). It is speculated that such local
Mn-vacancy ordering would introduce orphaned oxygen 2p orbitals pointing toward the vacancy
site as shown in Figure 1f. As a result, the total unhybridized oxygen 2p bands (purple coloured)
would be much narrower in the present 0-O-Na configuration relative to the Li-O-Li (or Na)
configuration in the conventional layered Li (or Na) excess layered cathodes (Figures 1g and S3).
In fact, both speculations have been confirmed by the theoretical calculations in the recent
reports.!® 20 Though the oxygen follows a distorted P3-type stacking sequence (AABBCC...) in
this structure, the two distinct sodium ions are not randomly distributed on the prismatic sites.
Instead, one Na* ion is found to occupy the distorted prism site (Nal) above and below the vacant
Mn site, while the other one occupies the distorted octahedral site (Na2). This unique sodium
coordination environment differs drastically from previously reported layered sodium-ion
cathodes, where in the single sodium layer sodium ions occupy either the prismatic or the
octahedral site, but not both. Thus, the current compound represents a rare example of hybrid
sodium coordination environment where half the sodium ions occupy prismatic sites (P) while the
other half occupy the octahedral sites (O), which we would like to name as a hybrid P-O system.
The refined composition indicates that Mn is in the oxidation state of 4+, which is consistent with
the Mn K-edge XAS data (discussed later). TEM images (Figure 1c) clearly show the layer
stacking nature of the as-prepared sample, and the corresponding cation arrangements in HRTEM

(Figure 1d) are consistent with the refined structure from the synchrotron XRD and neutron PDF.



The electrochemical properties of Na,Mn;0; as SIBs are examined. Figure 2a shows the
charge/discharge curves and the corresponding dQ/dV plots of the initial two cycles of Na,Mn;0.
4.65 V was set to be the cut-off voltage in order to explore the plausibility to use all possible charge
storage capacity from the oxygen redox, similar to a recent report on Na,Mn30-.!7 The charge and
discharge capacities are 111 and 72 mAh-g'! respectively for the 1% cycle, but decay to 69 and 55
mAh-g! for the 2" cycle. However, coulombic efficiency (CE) of only 65 % is observed for the
15t cycle and 80 % for the 2™ cycle. It is likely this low CE is mainly due to the oxygen gas release
from the particle surface (and partially from bulk), similar to various Li-excess materials.’? In
addition, although there is no phase transition during deintercalation and re-intercalation of Na*
ions from Na,Mn;05, the original particles became less crystalline and accumulated a significant
amounts of stress after the initial cycle, which is evident by the much broaden peaks in the
diffraction pattern after discharging to 3.0 V (Figure 4(a)). Such decrease of crystallinity and

increase of stress may also contribute to the poor CE during the 1 cycle.

Two plateaus emerge at ~ 4.2 and ~ 4.5 V with relatively small voltage hysteresis (~ 40 mV)
between charge and discharge curves, indicating an excellent reversibility in view of both
crystallographic and electronic structures. The slightly different charge/discharge profiles and
capacities compared to the previous studies are presumably due to either the various raw materials
or the different synthetic conditions used to prepare the sample. For Na,Mn;O,, the first
desodiation reaction takes place when x reduces from 2.0 to 1.3, whilst the second one occurs
when x reduces from 1.3 to 0.67, as shown in Figure S4. In a similar layered structure
Nag LigoMnyg0,, Du et al.’? and Rong et al.’# also showed reversible plateaus at 4.2 V (vs.
Na*/Na) attributing to a reversible oxygen redox. Thus, it is believed that in Na,Mn;0O5 the crystal

chemistry also triggers the oxygen redox. The specific structural feature in this case is the vacancy
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in the transition metal layers rather than the Li* ions in the previous cases. In fact, this plateau
voltage of oxygen redox (~ 4.2 V) in the Na system perfectly matches its counterpart in a Li system
(~ 4.5 V) because the 0.3 V difference exactly matches the difference of the standard potential
between Li*/Li (-3.04 V) and Na™/Na (-2.71 V) couples. An ordering between Na ions and Na
vacancies and/or various oxygen redox potentials is speculated to be the main reason for the two
different charging plateaus. The corresponding structural evolution will be shown with in situ XRD
in a later section. Moreover, the 4.5 V plateau is much less reversible than the 4.2 V plateau if
comparing the first two cycles. This is even more obvious in Figure 2b, where the cycling data
using different charge cut-off voltages, trend to merge after just a few cycles. Figures S5a and S5b
compare the corresponding charge/discharge curves upon these cycles. As pointed out by the
dashed arrow in Figure S5b, the discharge capacity contributed from the 4.5 V plateau almost
vanishes upon a few cycles, while the discharge capacity contributed from the part lower than 4.2
V remains almost constant. Figure S5a highlights the high reversibility of the 4.2 V plateau even
though the discharge voltage decays step by step. This observation is reminiscent of the voltage

decay phenomenon in the Li-rich Ni-Mn-Co (NMC) cathodes.?* 33

Evidence of oxygen redox activity

The X-ray absorption near edge structure (XANES) part of XAS for the Mn K-edge is shown
in Figure 2c. It clearly indicates that in the pristine sample, Mn is tetravalent which can be seen
from the spectra comparison among Na,Mn;0;, Mn,0O3; and MnQO, (all Na,Mn;0; curves fall on
top of one another, and largely match the behaviour of MnO,). A relatively weak pre-edge
indicates that Mn should exclusively occupy the octahedral site in the structure. Interestingly, XAS
results show that there is essentially no edge shift observed upon charging, and this is also true for

the discharging process. These results strongly suggest that Mn is not involved in the redox
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reaction and it is very likely that oxygen is solely responsible for the charge/discharge capacity.
To better understand the local structure of the pristine sample, Fourier transformed extended X-
Ray absorption fine structure (EXAFS) part of XAS is fitted against an O3-type model structure
(Figure 2d). After several trials, it is found that a satisfactory fit can only be obtained by
considering at least two types of TM-TM shells (which differ by 0.2 A), reducing the TM-TM
coordination number to around 5.3. This is in accordance with the fact that there is a large amount
of vacancies in the transition metal layer, as shown in the refinement using synchrotron XRD
(Figure 1a and Table 1) and neutron PDF (Figures 1b and Table S1). A detailed fitting procedure

is explained in the SI.

The oxidation states of Mn and O at the particle surface of Na,Mn3;0; upon the 1% cycle are
studied by XPS, and the spectra of Mn 2p and O 1s orbitals are shown in Figures S6a and S6b. All
spectra fittings are based on a binding energy calibration of C 1s orbital to 284.8 eV. The main
peak at 642.9 eV in the range of Mn 2p3/2 core spectra is identified as Mn*" for the pristine
sample.3® The binding energy position of Mn*" did not change during the 1% cycle, indicating no
obvious redox reaction involved with Mn as shown by the dashed line in Figure S6a. This agrees
well with the XANES results. Regarding the O 1s spectra (Figure S6b), the peaks located at 530.2,
531.8, 533.2 €V are attributed to the lattice O%, COs*> or oxygenated deposited species, and the
ClOy, respectively.'® 3% 37 The last one at 535.2 eV is possibly a satellite peak due to many body
effects from Mn’*-0.38 Another interesting observation from the change of Ols spectra is that the
peak position shifts to the lower binding energy upon charging and then shifts back upon discharge.
The most significant shift is observed for the 4.65 V charged sample, with a 0.36 eV shift relative
to the pristine sample. A similar peak shift has been observed in a MoOj3_ thin film where vacuum

annealing could induce oxygen vacancies at the particle surface. These oxygen vacancies further
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enlarge the donor levels which may lower the binding energy of the electrons.?® Accordingly, we
speculate the surface oxygen release might be the reason for such peak shift to a lower binding
energy. In fact, in the layered system Nag¢Lip>,Mng 3O,, such a peak shift is also observed during
charge and discharge, implying similar underlying mechanisms of oxygen redox between the two

systems. !

The CW-EPR shows that pristine Na,Mn3;0; powder displays a broad symmetric signal under
X-band detection (dashed-green spectrum in C, in Figure 3a), which is attributed to the
antiferromagnetic Mn**. The Mn*" EPR signal exhibits a single Lorentzian line shape centered at
2~2.00.4%-41 Tn the pristine electrode film, the sharp peak originates from the delocalized electrons
within the additive of conductive acetylene black (as demonstrated with black line in Cy in Figure
3a). Upon charge, desodiation takes place from Na,Mn3;0;, where O? must be oxidized to keep
charge neutrality. The oxidized oxygen species O,™(n =4, 3, 2, 1 or 0 for O, release)’ change the
coupling within the Mn**-O cluster as demonstrated in C; and C,. The intensity of the 4.4 V sample
is slightly weakened when compared to the pristine sample. Greater reduction in intensity was
observed for the more charged state at 4.6 V. Six-fold O-Mn hyperfine patterns of the Mn*"
mediated by O,™ was also captured for the first time for the two desodiated samples as marked
with light-blue ellipses, which indicates the newly-formed Mn**-O," coupling is anisotropic.*> To
the best of our knowledge, the hyperfine configuration is rarely observed for such Mn*"-based
electrode materials.*>#® This observation is possibly attributed to the vacancy-mediated structure,
which shows anisotropy when Na is extracted. Further investigation indicates that the anisotropic
configuration is not stable and dynamically relaxed after 7 days as shown in Figure S7. The Mn
vacancy site presenting large reversible O-redox is reflected by a stronger Mn-O coupling, which

induces slightly reduced EPR integral when compared to Li;MnOj3 rich sample upon O evolution.**
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Upon discharge, however, smooth EPR spectra with more restored intensity are found for the
re-sodiated samples (D, D,, and D3). The fine structure with hyperfine interactions is not observed
possibly because the Na™ intercalation and injection of electrons show different dynamically
synergic effects; or it exhibits faster decay after being stored for half a day in the glovebox
(disassembly of cycled batteries and then packing samples). This encourages us to systemically
investigate the battery in situ, which will be detailed in a separate contribution. Increased signal is
obtained upon discharge, indicating the reversible O, (n = 4, 3, 2, 1) redox reaction takes place
apart from reduction of Mn*" to Mn3" since the latter case would induce weaker EPR signal. This
is in good agreement with the previous results from XAS measurements. Finally, the sharp peak
of conductive acetylene black does not participate in the EPR evolution upon battery cycling. In
short, EPR investigation unambiguously demonstrates that the oxygen anions are actively

responsible for the capacity of this cathode material.

Structural evolution and the impacts on the small voltage hysteresis

The structure evolution of Na,Mn;05 during the initial charge/discharge cycle was tracked via
in situ XRD (Figure 4). The detailed crystal structure changes can be readily followed through the
disappearance and reappearance of certain low intensity reflections. We find that the very strong
preferred orientation of the in sifu data hinders accurate structure refinement (e.g. Rietveld
refinement), but the well-defined Bragg diffraction peak positions enable symmetry identification
and lattice parameter refinements using parametric Le Bail fits. Visually from the waterfall plot
shown in Figure 4a, it is evident that there are two apparent stages during the 1%t charge. In stage
C1 (4.2 V plateau), the refined lattice parameters of the triclinic unit cell (S.G. P-1) barely change
although Na ions are continuously deintercalated from the structure (as evidenced by the

simultaneous increase of the charge capacity). The total volume decrease during this charge stage
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is less than 0.1% (~4 %eo), indicating it is an essentially zero-strain process. According to simulation
done separately, it is very likely that Na2 site (the octahedral site) is the first vacant sodium site
while the Nal site (the prism coordinated site) is well maintained (Figure S8). This can be
attributed to the much higher cation-cation repulsion on the octahedral site. It is also worth noting
that only ~80% Na™ (specific capacity of 65 mAh/g) was extracted from the octahedral site in stage

Cl.

In contrast, an immediate two-phase reaction occurs on further extraction of Na® from the
structure (switching from the 4.2 V plateau to the 4.5 V plateau). This is seen with the vanishing
(001)1yiclinic peak while a new peak arises at much smaller d-spacing (or higher 26 angle). It is
worth noting that the d-spacing associated with the (001)rciinic peak reflects the dimension of the
Mng/;L1;,70; plane, as can be seen in Figure S9. Therefore, the drastic decrease of the d-spacing
associated with the 001 reflection indicates the shrinking of the Mng/[ 1,70, plane. This could be
an effect of either the decrease of Mn-O bond distances (e.g. resulting from the oxidation of Mn*")
or the shrinkage of the vacant MnOg octahedron. The former is unlikely to occur in the current
system since the valence of Mn** is well-maintained throughout the entire charging process (Mn
K-edge XANES in Figure 2c). Thus, it is very likely that removal of more than 0.8 Na* leads to
the shrinkage of the vacant MnOg octahedron (as illustrated in Figure S9) and the rearrangement
of the residual Na™. It is also expected this dimension lessening results in the asymmetric coupling
between the oxidized oxygen ions (likely to be short interlayer O-O pairs)'4 4° and Mn**
surrounding the vacant site. This asymmetrically coupled Mn-O complex may be the underlying
reason for the observed six-fold hyperfine structure observed in the EPR (Figure 3). A more
detailed local structure investigation (e.g. via neutron PDF) is required to draw a more

comprehensive conclusion.
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Moreover, the disappearance of extra diffraction peaks such as (11-1), (101) and (020)
(highlighted in the patterns of Figure 4a) suggests an increase of the crystallographic symmetry of
the desodiated phase. This is indeed confirmed by pattern indexing, which reveals that the
remaining Bragg reflections can be effectively indexed using the space group R3 with refined
lattice parameter a =7.4740 (16) A and ¢ = 16.5033(99) A, similar to that of the dehydrated layered
chalcophanite but with the centrosymmetry lifted (the oxygen ions follow the O3-type stacking in
the dehydrated chalcophanite but show the P3-type staking sequences in the current charged
phase).”% 3! However, substantial distortion exists, as evidenced by the position mismatch of some
reflections when refining against the proposed space group (see highlight in Figure S10a). This
distortion can be modelled by introducing monoclinic shearing (see highlight in Figure S10b), a
common phenomenon observed for various layered oxide cathodes.3? 33 It turns out that the pattern
can be modelled using the S.G. Cm with refined lattice parameter of a = 7.2957(24) A, b=
12.4916(56) A, ¢ = 5.8448(8) A and B = 106.328(14)°. This increase of structure symmetry after
the first charge stage (C1) is further confirmed by »*Na NMR spectra (Figure 5): two distinct
sodium environments are identified in the pristine state, corresponding to the two different sodium
sites (with prismatic and octahedral coordination, Figure 4c). The 14 ppm peak (Na2) vanishes
after charging to 4.2 V while the -2.8 ppm peak (Nal) is reserved but becomes significantly
sharper, indicating that one of the sodium ion environments is maintained but with much higher
mobility (or higher hopping frequency). This can be attributed to the increased symmetry in the
sodium depopulated phase that possesses the degenerated prismatic sites for Na*. It is also possible
that the remaining Na* ions occupy two different prism sites but with the Na*® exchange rate

(between the two sites) higher than the NMR time scale, as can be seen in Figure 4c. The
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conclusion is fully consistent with previous literature reports on the P2-Na,[Li,Ni,Mn,_,_,]O, (0 <

X,V,Z < 1)_54, 55

In order to better monitor the lattice parameter evolution (especially the volume change)
throughout the initial charge/discharge, the original triclinic space group P-1 (instead of the
trigonal or monoclinic space group) was adopted for the parametric Le Bail fits of the in situ
diffraction patterns (as seen in Figures 4b, 4c, and S11). A similar reversible lattice parameter
evolution was observed during the initial discharge, though three different stages are apparent
instead of two. Stage D1’ is a reversible process of sodiation with small volume change, despite a
significant decrease in amount of Na* ions that are re-intercalated relative to the levels of initial
deintercalation. During the stage D2’, a two-phase reaction proceeds where the (001)rciinic peak
vanishes while the peak at much lower 20 grows back in, indicating that Na ions start to re-occupy
the distorted octahedral site with symmetry lowering to the original triclinic S.G. P-1. This is
further confirmed by the recovery of the triclinic (11-1), (101) and (020) reflections (highlighted
in the patterns of Figure 4a). In stage D3’, the intensity of (001 )rcinic peak increases slightly as
further intercalation of Na* ions proceeds. Taken together, these observations suggest that the
deintercalation and re-intercalation of sodium ions in the current structure only affects the
dimension of the TM plane, while barely changing the overall stacking sequences of oxygen ions,
i.e. the near P3-type stacking (AABBCC...) of oxygen ions are well maintained. In addition, the
interlayer distance along the layer stacking direction is also well-maintained through the entire
charge/discharge process, as evidenced by the well-maintained diffraction peak at around 26 =
2.17° (003 reflection for the trigonal S.G. R3 or the 10-1 reflection for the triclinic S.G. P-1). This
is in clear contrast to many P-type sodium layered oxide cathodes, where the removal of

appreciable amounts of sodium ions often leads to the irreversible P-type to O-type phase transition

17



and simultaneous decrease of the interlayer distances.3? %37 Taken together, the degree of voltage
hysteresis associated with lattice oxygen redox is most likely determined by two strongly
correlated factors. First, if an irreversible gliding of oxygen layers occurs during the de-
intercalation of Li* or Na*, the voltage hysteresis is often very large. Second, if there is irreversible
cation migration from transition metal (TM) layer to the Li/Na layer, the voltage hysteresis is also
significant. However, it is worth noting that the irreversible gliding of oxygen layers is often
correlated with or enhanced by the cation migration, such as in P3-type Na,;3Mg;3Mn,;30,.%3
Therefore, it is unlikely that the oxygen stacking sequence alone determines the extent of the
voltage hysteresis. However, they may be correlated to a certain level. This implies that although
P-type structure indeed helps on maintaining the structural integrity, it does not guarantee small
voltage hysteresis. Avoiding cation migration (or at least irreversible cation migration) is also

indispensable for achieving the small voltage hysteresis when using lattice oxygen redox.

Conclusions

Na,Mn;05 is demonstrated to work as a promising cathode for sodium-ion batteries using only
lattice oxygen redox. The cause of minimal voltage hysteresis between the initial charge and
discharge curve is likely to be rooted in the well-maintained oxygen stacking sequence in the
absence of irreversible gliding of oxygen layers or cation migration from the TM layer. The partial
depopulation of the Na* from the octahedrally coordinated site is an essentially zero strain process,
as evidenced by the very small volume decrease (less than 0.1%). The shrinking of the vacant
MnOg octahedra upon charging is identified as the major driving force for the large volume
decrease when Na* is removed from the prismatic sites. This discovery paves a new route to

achieve lattice oxygen redox in layered oxide cathodes without introducing large voltage
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hysteresis, and hence it may inspire the exploration of new cathode materials that can achieve both

high energy density and efficiency by using lattice anionic redox.
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Tables

Table 1 Refined structure of Na,Mn;0; using synchrotron XRD (L = 0.412748 A).

S.G. P-1 a = 6.6041(1) A, b = 6.8506 (1) A, ¢ = 7.5266(1) A, o = 106.1883)°, p =
106.632(3)°, v = 111.646(1)°
Site Wyck. X y z Bis, (A?)
Mnl 2 0.0730(5) 0.0737(4) 0.2236(4) 0.20(1)
Mn2 2i 0.3632(5) 0.3657(4) 0.0860(4) 0.20(1)
Mn3 2i 0.2238(4) 0.2250(4) 0.6455(4) 0.20(1)
Nal 2i 0.2440(8) 0.6985(8) 0.5059(3) 1.50(10)
Na2 2i 0.3264(10) 0.8216(9) 0.0803(9) 1.50(10)
o1 2i 0.3883(17) 0.2072(15) 0.2380(15) 0.50(6)
02 2i 02678(17)  0.0873(14)  0.8341(13) 0.50(6)
03 2i 0.0284(16)  0.2123(16)  0.0306(16) 0.50(6)
04 2i 0.1251(15)  03235(14)  0.4401(15) 0.50(6)
05 2i 0.691217)  0.5071(17)  0.1136(16) 0.50(6)
06 2i 0.1167(14)  09384(16)  0.4111(14) 0.50(6)
07 2i 04531(15)  0.6368(13)  0.2944(13) 0.50(6)
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Figure 1. (a) Rietveld refinement of the structure of Na,Mn3;0; using high resolution synchrotron

XRD (A =0.412748 A), the experimental data are shown in black dots, calculated curve in red and
difference curve in blue. The Bragg reflection positions are marked with olive markers. (b) Least
square refinement of the local structure Na,Mn;0; using short-range neutron pair distribution
function data (1-10 A). The experiment data are shown in black dots, calculated curve in red and
difference curve in blue. (¢) TEM and (d) HRTEM images of the as-synthesized Na,Mn30;. The
stacking plates in (c) highlights the 2D-like morphology of Na,Mn;05 due to the large d-spacing

of the layered structure. (e) Refined structure of Na,Mn;0; with Mn shown in orange, Na in green
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and O in red. Nal ions occupy the distorted prismatic sites above vacancies and Na2 ions occupy
the distorted octahedral sites. (f) Local coordination environment for Nal ion and the vacancy
presented above on the TM layer. The right side shows the orphaned oxygen 2p orbitals point
toward the vacancy site. The other two mutual oxygen 2p orbitals (which shall point toward the
two neighbouring TM) are omitted for clarity. (g) The band structure of layered sodium TM oxides
with honeycomb-type vacancy. It is expected the unhybridized oxygen 2p bands (purple coloured)
to be much narrower in the present 0-O-Na or 0-O-0 configuration relative to the Li-O-Li (or Na)

configuration in the conventional layered lithium-excess or sodium-excess TM oxides.
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Figure 2. (a) Charge/discharge curves of the initial two cycles of Na,Mn;0; at a cycling rate of
C/20 with the corresponding dQ/dV plots shown as an inset. (b) Cycling performance under a rate
of C/10 within two different voltage windows. (c) The XANES part of Mn K-edge XAS spectra
for the pristine and charged samples (charged to 4.4 and 4.6 V, discharged to 4.4 and 3.0 V).
Reference spectra of Mn,O3 and MnO, are also shown to indicate the valence state of the samples,
all of which are tetravalent (have similar character to MnQ,). (d) Fitting to both the magnitude and

the real part of Fourier transformed EXAFS spectrum of the pristine sample.
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Figure 3. (a) Ex situ CW-EPR spectra for cycled Na,Mn;0; cathodes, spectra are normalized
based on cathode mass and measured Q values. The identically separated grey-dashed lines are set
to the intensity magnitude of pristine Na,Mn3;0; and serve as guidelines to the eye. The sharp peak
is assigned to conductive additive. The corresponding electrochemical profile is displayed to the

right. (b) Schematic indicates how active O evolution correlates with the possible change of Na-

O-Mn configuration.
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Figure 4. (a) In situ synchrotron X-ray diffraction and lattice parameter evolution of Na,Mn;0;
during the initial charge/discharge cycle. (b) Unit cell volume and lattice parameter ¢ (using
triclinic S.G. P-1 for straightforward comparison across phase transitions) refined using in situ
XRD patterns. (¢) The coordination environments of sodium ions in the pristine sample and the

sample charged to 4.2 V. The amount of residual Na* was estimated from the charge capacity.
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Figure 5. 2>Na magic-angle-spinning (MAS) NMR spectra of NMO electrodes at different cycling
states. [sotropic peaks with the first order of spinning side bands (SSBs) are enlarged to the right.
Asterisks indicate SSBs. The 2Na MAS NMR experiments were performed on a Bruker Avance
IIT spectrometer in a 19.5 T magnetic field. Electrodes were packed into 3.2 mm rotors and spun
at a MAS rate of 14 or 15 kHz as noted to each spectrum. The recycle delay was 1.0 s and the 90°
pulse length was 1.6 us. NaCl, with a 2*Na chemical shift at 7.21 ppm was used as a reference.
The pristine sample shows large anisotropy up to 1000 ppm for full spectral width (covering all
SSBs), with two distinguished isotopic peaks at 14 ppm (Na2) and -2.8 ppm (Nal). The cycled
electrodes have relatively small anisotropy of ~500 ppm and larger mobility as reflected with
narrower line-width. The presented vacancy with such special configuration induces much smaller

Fermi effect on Na atoms compared to the reported electrodes.>> 38
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