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Methods
Experimental details for GITT measurements

GITT analysis was carried out to determine the sodium-ion diffusion coefficient of
Naz.4Alp.aMn3 607, Dna®, according to Fick’s laws of diffusion through the following equation:
[1,2]

D= i(mva)Z (AES)Z (S1)

nt \ MgS AE;

Where 1 is the time interval during current flux, m;, = 3 mg is the mass of the component, Vu
= 169.81cm® mol? is the molecular volume, Mg = 320.812 g mol?tis the molecular weight of
the compound (estimated from XRD data) and S is the area of the sample-electrolyte
interphase. In this case, the surface has been estimated assuming perfect spherical particles
with an average size determined from SEM images, S = 123.73 cm?. AE; is the change in the
equilibrium voltage, and AE; is the change of the cell voltage during the current pulse,

neglecting the ohmic (iR) drop (see Figure S13).



Computational details for the construction of model structures

The PBEsol functional [3], a variation of the Perdew-Burke-Ernzerhof (PBE) [4] generalised-
gradient approximation (GGA) functional revised for solids, was used to find optimized
geometries of partially and fully sodiated NaxMnzO; and NaxAlo.4Mn2607. Standard density
functional calculations, however, are incapable of correctly describing the strongly correlated
Mn d orbitals, owing to the self-interaction error inherent to such functionals. This is typically
the case for materials containing strongly localized orbitals, such as transition metal d states
or rare-earth f states. To resolve the poor description of these orbitals, the +U correction has
been applied on GGA functionals for a variety of materials. In this calculation, we used the
PBEsol+U [5,6] method, where a U value of 3.9 eV was used to correct the interactions of Mn
d-electrons, to optimize the primitive cell of Na;Mns;O- retrieved from the Inorganic Crystal
Structure Database (ICSD) [7]. The magnetic arrangement of Mn was set to be ferromagnetic
since it was found to be the most stable one among all possible symmetrically unique magnetic
arrangements (Figure S1). The optimized Na:MnzO- structure was then expanded into a
supercell with ten formula units (120 atoms), to construct partially sodiated NayMnz;O7 and
NaxAlp sMn2 607 structures. To minimize the interatomic interactions with their corresponding

periodic images, the Na;Mn3;O; supercell was generated by introducing a transformation

-1 -1 1
matrix P=| 0 —2 1| that renders the shape of the supercell to be close to a simple cubic
1 0 2

cell [8]. From the resultant cubic-like Na,Mn3zO7 supercell, the partially sodiated NayMnz;O~7 and
NaxAlp sMn2 607 structures were generated by adjusting the number of Na atoms and
substituting Mn with Al atoms (Figure S2). However, unlike Na-poor structures (NaxMnzO7 and
NaxAlo sMn2 607 with x < 2.0) that can be readily modelled by creating Na vacancies and Alun
antisites, the construction of NaxAlo4sMn,sO; with x > 2.0 cannot be realised without
understanding the interstitial sites where excess Na atoms can intercalate. For this reason,
we first predicted 12 Na interstitial sites in the primitive NaMn3sOy structure, using the Voronoi
tessellation methods [9], followed by performing a screening with DFT geometric
optimizations. This yields four symmetry unique stable interstitial sites, where the Wyckoff
positions of these sites correspond to 1h (0.5,0.5,0.5), 2i (0.20,0.70,0.74), 2i (0.09,0.61,0.14),
and 1f (0.5,1.0,0.5). Depending on the atomic arrangements of Na interstitial/vacancy and Alun
antisites, numerous structures can be generated for NaxMnzO7 and NayAlo.sMn207. Among
those arrangements, we selected the most stable atomic configuration for each NaxMnzO7 or
NaxAlo.sMn2 607 structure, which results in 11 NayMn;O; (x = 2.0, 1.6, 1.2, 1.0, 0.8, 0.6, 0.5,
0.4, 0.3, 0.2, and 0.1) and 16 NaxAlo.4sMn, 607 structures (x = 2.4, 2.3, 2.2, 2.1, 2.0, 1.6, 1.4,
1.2,0.8,0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and 0.1). This was done in three steps: 1) Calculation of

the electrostatic energy using the Ewald summation method for all possible symmetrically



unique atomic configurations, 2) DFT geometry optimizations of the five lowest electrostatic
energy structures with PBEsol+U, and 3) Selection of the most stable configurations by
comparing the DFT total energies of the structures calculated in 2). All DFT geometry
optimizations of NaxMnzO7 and NaxAlo.sMn2,607 structures were carried out until the forces on
all atoms become less than 0.01 eV, The cell parameters of the optimized structures in this
study are listed in Table S1. All structures to reproduce the results discussed in this study can
be found in the data repository at https://doi.org/10.5281/zenodo.5787489

Computational details for the theoretical voltage calculations

Theoretical voltages were calculated from the difference in DFT total energies of cathode
structures before and after sodiation. The discharge process of NaxMn3zO7 and NaxAlg.4Mn2 60+

involving Na intercalation by an Ax amount can be expressed as:
Na,Al,Mn3_,0; + Ax Na* + Ax e~ = Nayyp AlyMnz_, 0, (S2)

Where Al content (y) is 0 and 0.4 for NaoMnzO7 and Naz.4Alo.4Mn2 607 cathodes, respectively.
The theoretical voltage (V) for Eq. S2 can then be predicted using the total energies of

NaxAlyMn3.yO7 (Ena, ar,mn;_y0,)r NaxaxAlyMnayO7 (Eng,, . a1,Mn,_y0,), @Nd Na (Eyg):

05
V = (Eng,at,mn;_y0, T 8% Eng — Ena,, yoa1,mn,_y0,) /D% (S3)

Here, NaxAlyMn3,O7 and Nax:axAlyMn3z.,O, of which Na contents determine the endpoints of
theoretical voltage plateaus, are two adjacent ground state phases that can be predicted
from the convex hull diagrams of the formation energies. The details of the method can be
found elsewhere [10,11]. For this reason, we calculated the formation energies of all
constructed model structures and then plotted the formation energy convex hull diagrams of
NaxMnz;O; and NaxAlp4sMn2s07 (Figure S3). The predicted ground state structures are
Nao1Mn307, NaMnz:O7, Na:Mn:O7;, and NasMns;O; for the Na.Mn3:O; cathode, and
Nao.1Alo.4Mn2.607, Nao.7Alo.4Mn2.607, Na1.4Alo.saMn2,607, Na2Alo.4Mn2607, and Naz.4Alo.4Mn2.607
for NaxAlo.aMn2.607.

To roughly predict the discharge voltage plateaus in the 2.0 < x < 3.0 range of NayMnzO7, we
modelled Na.sMn3;07 and NasMnzO~ by adding one and two extra Na atoms to the predicted
interstitial sites of primitive Na;Mn3zOyv, followed by DFT geometric optimizations. Among all
possible atomic arrangements of Na interstitials, we used the most stable one to calculate the

voltage plateau.



Discussion on the structural changes after Al substitution

The most direct consequence of Al substitution on layered transition metal oxides is the
shortening of bonds between transition metal (TM) and oxygen. Under octahedral
coordination, the Al-O bond length is relatively shorter than that of Mn-O [12], which causes
the overall length of bonds in the TM layer to be reduced after Al substitution. In this context,
we first investigated whether Al substitution can change the TM size in Na:Mn3O7 and, in turn,
alter the shape of the Na* ion diffusion pathways. For this purpose, we estimated the octahedra
volumes in the constructed supercells of NaxMnzO- and NayAlo.4Mn2 607 (Figure S11). Overall,
octahedra volumes decrease when lowering the Na content as desodiation oxidizes oxygen
and reduces its ionic radius. Further examination of octahedra volumes reveals that, for the
same Na content, Al-substituted supercells have relatively smaller octahedral volumes,
showing the shrinkage of the TM layer after Al substitution. This shrinkage of the TM layer is
equivalent to the shortening of diffusion pathways along the in-plane direction, as quantified
by the decrease in cross-sectional area of the TMOs octahedra (Figure 11b). As a result, the
bond shortening effect from AIP* ions facilitates Na* ion diffusion, by reducing the in-plane
diffusion distances.

Another important effect of Al substitution is increasing the number of localized holes on non-
bonding oxygen atoms of the TM layer. Compared to Mn**, A** has a lower oxidation state
and thus, to satisfy the charge balance of a compound, generates extra holes on a cathode
under the same Na content. For instance, compared to pristine Na-MnzO7 where all oxygen
atoms are in (2-) oxidation state, the NazAlo.4aMn260- cathode has partially oxidized oxygen
atoms, as revealed by localized holes of its partial charge density (Figures S12a and S12b).
These extra holes on non-bonding oxygen atoms repel nearby Na* ions and, in turn, widen
the interlayer space between TM layers. This is especially the case when there is a large
amount of Na* ions that repel electron holes, as it can be shown from the widened interlayer
space of NaxAlo.«Mn2 607 supercells when x is greater than 0.7 (Figure S12c). Considering that
Na content varies from 0.4 to 3 during cycling (see Figure 4c in the manuscript), this suggests

that Al-substituted compounds have a greater interlayer spacing during cycling.



List of tables

Table S1. List of unit cell parameters of NaxyMn3zO- and NaxAlo.4Mn2O7 structures relaxed
using PBEsol and HSEO6 functionals. a, b, and c lattice parameters are given in A, whereas
a, B, and y angles are given in degrees (°). All supercell structures were transformed into

primitive ones for a better comparison with pristine Na>MnzO».

NaxMn3O7
Phase a b c a B Y
x=2.0 HSE06 6.77733 6.75603 7.64072 103.0508 109.9334 111.0403
PBEsol 6.63626 6.83558 7.56920 105.3968 107.3517 111.2885
Experiment [13] 6.5921(34) 6.8916(34)  7.5071(30) 105.022(46) 107.543(39) 111.651(37)
x=1.6 PBEsol 6.53901 6.89293 7.57044 105.2713 107.5410 111.4646
x=1.2 PBEsol 6.49227 6.87603 7.55720 103.6343 109.4874 111.3187
x=1.0 HSEO06 6.58901 6.90947 7.60827 100.4594 113.1645 110.9254
PBEsol 6.55827 6.83486 7.51020 101.4537 111.9576 111.4832
x=0.8 PBEsol 6.54185 6.87781 7.50581 101.7086 111.5290 111.7448
x=0.6 PBEsol 6.53624 6.91366 7.50772 102.1666 110.8863 111.9511
x=0.5 PBEsol 6.44802 6.99210 7.52746 105.1050 107.9244 111.9172
x=0.4 PBEsol 6.43831 6.93839 7.51348 104.2955 108.7172 111.6449
x=0.3 PBEsol 6.45894 6.85962 7.51342 102.7880 110.3275 111.2505
x=0.2 PBEsol 6.26508 6.84646 7.52312 106.7875 106.6523 110.0928
x=0.1 PBEsol 5.90978 6.50593 7.53054 104.3256 105.5894 111.2997
NaxAlo.4Mn2.607
Phase a b G a B y
x=24 HSE06 6.45731 7.03594 7.61736 105.2204 107.8233 111.4732
PBEsol 6.45731 7.03594 7.61736 105.2204 107.8233 111.4732
Experiment 6.585(2) 6.950(2) 7.586(2) 105.20(2) 107.33(2) 110.88(3)
x=2.3 PBEsol 6.54239 6.95519 7.61446 106.1328 106.8716 111.4323
x=22 PBEsol 6.59848 6.91980 7.60729 107.1621 105.7452 111.5287
x=21 PBEsol 6.61172 6.88273 7.59460 107.7603 105.2172 111.5310
x=2.0 PBEsol 6.67013 6.81046 7.57913 108.9198 104.1222 111.4929
x=1.6 PBEsol 6.52128 6.92271 7.54788 107.4843 105.0742 111.8614
x=1.4 HSE06 6.61299 6.91122 7.61474 106.6269 106.1193 111.5257
PBEsol 6.51455 6.91210 7.51535 106.1942 106.5347 111.9492
x=1.2 PBEsol 6.54048 6.93690 7.51910 102.6252 110.4572 112.0545
x=1.0 PBEsol 6.59450 6.79931 7.50280 101.2450 112.2007 111.5569
x=0.8 PBEsol 6.57411 6.87866 7.50472 102.3654 110.6731 112.1551
x=0.7 PBEsol 6.58618 6.82254 7.50710 101.8168 111.4703 111.7692
x=0.6 PBEsol 6.61256 6.74355 7.51500 101.4407 111.8499 111.5021
x=0.5 PBEsol 6.44802 6.99210 7.52746 105.1050 107.9244 111.9172
x=0.4 PBEsol 6.34489 6.78764 7.55854 103.8378 109.8516 110.4351
x=0.3 PBEsol 6.40578 6.77773 7.54894 103.9049 109.6610 110.5932
x=0.2 PBEsol 6.22438 6.84097 7.53199 104.7119 109.2913 109.8229
x=0.1 PBEsol 5.42407 6.65887 7.55243 119.7708 94.7115 103.6044




Table S2. Summary of structural data obtained by indexing X-ray diffraction data shown in
Figure S19 using the Le Bail method.

Rwp Rp

SG A b (A A ° ° ° V(A®
a(A) (A) c(A) a(’) B(®) y (%) A) 2 % (%)

Pristne  P1  6.578(8) 6.98(1) 7.542(8) 106.1(2) 107.62(3) 109.9(3) 281.3(1) 3.81 166 22.7

Ch-4.7 _
PI  6.821(3) 6.996(2) 7.586(3) 104.9(1) 107.4(1) 112.4(2) 289.7(2) 232 217 144

v
Disch- P1 6782) 7102 770Q) 1055(3) 1074(3) 1M27(4) 20413) 164
1.5V Pbma 9.10(2) 26.36(8) 2.84(1) 90 90 90 681.0(5) ' '




Table S3. Local bonding environments of all O sites in NaoMnzO7; and Naz4Alo.4Mn2607 and

their Madelung potentials. Coordination numbers and average distances were determined

from atoms adjacent to O atoms by less than 3.0 A.

Coordination number

Average distance (A)

Madelung

potential (V)

O-Na O-Mn O-Al 0-0 O-Na O-Mn O-Al 0-0
o1 2 2 0 7 2.34 1.87 - 2.76 25.25
02 1 2 0 7 2.22 1.85 - 2.75 24.88
Na:MnsO7
03 1 3 0 9 2.28 1.95 - 2.77 29.07
04 2 3 0 9 2.54 1.96 - 2.73 29.55
o1 2 2 0 7 2.36 1.86 - 2.76 25.16
02 3 2 0 7 2.43 1.89 - 2.76 25.88
03 3 1 1 7 2.31 1.87 1.88 2.75 23.93
04 1 2 1 9 2.26 1.94 1.91 2.69 27.42
Naz.4Al0.4Mn2.607
05 2 2 1 9 2.44 1.94 1.96 2.71 27.39
06 1 3 0 9 2.27 1.95 - 2.73 29.58
o7 2 3 0 9 2.56 1.97 - 2.72 29.14
(O]:] 3 3 0 9 2.45 1.97 - 2.72 29.86

10



Table S4. Local bonding environments of all Mn sites in Na>Mn3zO7 and Naz.4Alo.4Mn2607 and
their Madelung potentials. Coordination numbers and average distances were determined
from atoms adjacent to Mn atoms by less than 3.3 A.

Coordination number Average distance (A) e G

potential (V)

Mn-Na Mn-Mn Mn-Al  Mn-O Mn-Na  Mn-Mn  Mn-Al Mn-O

Mnl 2 5 0 6 3.20 2.92 - 1.93 -83.36
NazMn3zO7 Mn2 2 5 0 6 3.21 291 - 191 -82.85
Mn3 1 5 0 6 3.27 291 - 1.93 -83.10
Mnl 2 4 1 7 3.02 2.89 2.96 2.12 -83.42
Mn2 2 5 0 6 3.08 2.92 - 1.93 -81.4
Mn3 2 5 0 6 3.1 2.92 - 1.93 -82.17
Mn4 2 5 0 6 3.15 291 - 1.93 -82.8
Mn5 2 4 1 6 3.1 2.9 2.93 1.93 -83.46
Mn6 2 4 1 6 3.08 2.9 2.93 1.93 -82.98
Naz.4Alo.4Mn2.607
Mn7 2 4 1 6 3.07 291 291 1.93 -81.72
Mn8 0 4 1 6 - 2.89 2.94 1.93 -84.22
Mn9 1 4 1 7 2.92 2.88 2.92 2.12 -83.85
Mn10 4 4 1 6 3.15 2.94 2.86 1.93 -81.58
Mnl1l 2 3 2 6 3.03 2.94 2.85 1.94 -83.76
Mn12 1 5 0 6 2.89 2.93 - 1.93 -80.48
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Table S5. Linear combination fit analysis results for Na24Mn2sAlo4O7; XANES spectra at

different states of charge and discharge.

e Mn species composition (%) A_ver?ge Mn - 2
Mn2* Mn3* Mn#* oxidation state

Pristine 0.0+0.0 70.1+£6.0 299+23 33104 0.009 0.002
3.3 35+25 96.5+1.4 0.0+0.0 3.0+0.1 0.007 0.002
4.2 0.0+0.0 37517 62.5+3.3 36+0.3 0.006 0.001
4.7 0.0+0.0 253+1.8 74733 3.7+03 0.006 0.001
4.2 0.0+0.0 38.9+23 61.1+3.7 36+0.3 0.010 0.002
238 0.0+0.0 36.3+1.8 63.7+2.8 36102 0.006 0.001
1.5 53.3+24 0.0+5.5 46.7+7.6 29+0.7 0.015 0.002

12
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Figure S1. (a) List of symmetrically unique magnetic arrangements of Na:MnzO7. (b)

Comparison in total energy of NaxMnsO- calculated with different magnetic arrangements and

pseudopotentials. Ferromagnetic and antiferromagnetic arrangements are denoted by blue

and green boxes, respectively. The symmetrically unique magnetic arrangements are

obtained using the magnetic structure analyzer contained in Pymatgen [9].
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methodology of NaxMn;O; and

NaxAlp sMn2 607 structures employed in the present work. The transformation matrix for

generating cubic-like supercells was obtained using an algorithm for finding optimal supercell

shapes [8], implemented in an atomic simulation environment [14]. When enumerating all

possible atomic arrangements of NayMns;O7 and NaxAly.4sMn2607, symmetrically inequivalent

configurations were removed to reduce the overall computational cost, the algorithm of which

is described by Morgan et al. [15]. Electrostatic energies of structures were evaluated by the

Ewald summation method contained in Pymatgen [9].
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Figure S3. Convex hull diagrams of sodiation/desodiation reactions calculated for (@)
NaxMn:O; and (b) NaxAlp4Mn,sO7. Stable ground state structures are denoted by empty
circles and used to plot theoretical voltage profiles.
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Figure S4. XRD pattern and Le Bail refinement of Na;Mn3Oy. Pink circles are the experimental
results, grey line is the simulated pattern, blue line is the difference between experimental and

simulated patterns and grey tick marks correspond to calculated Bragg diffractions.

16



Flat holder ]

——— Spinning capillary

1/l 41

cooo0o
ONPOOO—

1 2 3 4 5 6
Q (A

Figure S5. Nax4Alp.4sMn2607 powder XRD data collected in a flat holder (black line) and a
spinning capillary (green line) and shown as a function of reciprocal space. Peak intensities
are normalised to the (-101) diffraction peak (located at 1.1 A'). Peak broadening in the

spinning capillary data is attributed to the short sample-detector distance in the diffractometer
used for data collection.
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. Mag Sum Spectrum

Figure S6. EDS spectrum corresponding to the elemental mapping shown in Figure 1c.
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I I
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Figure S7. 2Na MAS NMR spectra (MAS 20 kHz, 9.4 T) of (a) NazMn3zO7; and (b)
Naz.4Alp.4Mn2 607 pristine samples. Asterisks denote the positions of resonances discussed in

the manuscript.
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Figure S8. 2°Na MAS spectra (9.4 T) recorded at MAS rates of 20, 28, and 30 kHz for
Naz.4Alp.4Mn; 607. Dashed lines identify locations of isotropic peaks, identified from comparison
of spectra recorded at different MAS rates and using Dmfit software [16] to fit the experimental
spectra.
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Figure S9. #Na static and 20 kHz MAS spectra (9.4 T) of (a) Na.MnzO; and (b)
Naz.4Alp.aMn2607. NAMO and NMO samples. The static spectrum for Naz.4Alp 4aMn2 607 shows
two main regions of intensity centred at ~1000 and ~300 ppm.
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Figure S10. Normalised Mn K-edge XANES spectra of Naz.4sMn26Alo.4O7 at different states of

(a) charge and (b) discharge. (c) Summary of the Mn®* and Mn** ion ratios at different states

of charge. These data show that the pristine electrode has a composition of around 70% of

Mn3* and 30% of Mn“** ions. This is in good agreement with CV and galvanostatic data (Figure

3), where the Mn®*74* oxidation reaction is observed during the first cycle. Upon charge to 4.2

V, Mn%* ions will oxidise to Mn** ions and thus, the % of Mn** ions will increase cf. % Mn3*

ions. At 4.7 V, the % Mn** ions will decrease cf. to that found at 4.2 V due to oxygen loss and

subsequent reduction to Mn** ions. As expected, when discharging to 1.5 V, that is, below the

Mn**3* reduction potential, Mn is reduced to = 3+.
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Figure S11. Changes in average (a) octahedra volumes and (b) cross-sectional area (a) of
TMOs octahedra calculated for NaxMnsO7 and NaxAlo.4sMn2 607 supercells, with respect to their
Na contents. a values were estimated by averaging the cross-sectional area of octahedra

parallel to TM layers, as shown in the inset. All structures are obtained after DFT geometric
optimization using PBEsol functional.
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Figure S12. (a) Projected density of states of NazoAlosMn;eO7 supercells and (b)
corresponding partial charge densities (yellow isosurfaces), calculated from excess hole
states formed by AP* ion substitution. Hole states are highlighted by red dashed lines in (a).
Na layers are omitted for better visualization in (b). Changes in the (c) interlayer spacing, d,
between TM layers of NaxMn3;O; and NaxAlo.4sMn2607 supercells, with respect to their Na
content. The d values were measured from the distance between TMs perpendicular to TM
layers, as shown in the insets.
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Figure S13. (a) Voltage profile during GITT measurement. (b) Zoomed in area of GITT data

shown in (a) that indicates iR drop, AE; and AEs in a selected charge step.
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Figure S14. Sodium-ion diffusion coefficient in Naz4Alo.sMn,607, D, as a function of voltage

during the first charge-discharge cycle. Solid black and red triangles correspond to the

diffusion coefficient calculated using the active material surface area (based on patrticle size),

and open grey and orange triangles correspond to the values obtained using the electrode

surface area (nr?). Dashed lines have been added at 10'* cm? s* and 10'* cm? s as eye

guides.
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Figure S15. (a) CV curves of Na,Mn3;O7 at a scan rate of 0.1 mV s in the voltage range 1.5
—4.7 V vs Na*/Na. (b) Galvanostatic charge-discharge voltage profiles in the voltage range 1.5
—4.7 V vs Na*/Na at C/20 (8 mA g?) for cycles 1 and 2. (c) Discharge capacity (solid squares)
and Coulombic Efficiency (open circles) as a function of cycle number in the voltage range 1.5
- 4.7 V vs. Na*/Na at a current density of C/20 (8 mA g1). (d) Rate capability tests in the voltage
range of 1.5-4.7 V vs Na*/Na using current densities ranging from C/20 to 5C.
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Figure S16. Naz.4Alp.4sMn,607 voltage profiles at the 5" cycle at C/20, C/10, C/5, C/2, 1C and
5C rates, extracted from the rate capability test data shown in Figure 3d. The voltage profile

of C/20 after cycling (dashed lines) corresponds to the first cycle.
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Figure S17. Nyquist plots of Naz.4Alp 4sMn2 607 (blue) and Na:MnsO- (red) at selected states of
charge: (a) pristine state, (b) charge to 4.7 V, (c) discharge to 1.5 V, and (d) 100th discharge

cycle.
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Figure S18. Equivalent electric circuits used to fit EIS data shown in Figure S17. Both
equivalent circuits are derived from the modified Randles equivalent circuit [17]. EIS data
collected in a three-electrode cell were fit with the equivalent circuit from (a), which contains a
resistance (Rs) corresponding to the electrolyte, cell components and connections, and a
single semicircle (Rct||Qct), corresponding to charge transfer resistance. EIS data collected
in a coin-cell were fit with the equivalent circuit from (b), consisting of cell resistance (Rs), a
semicircle related to the anode side (Ra||Qa.), and a semicircle corresponding to charge transfer
resistance (Rct||Qcr).
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Figure S19. Ex situ XRD data of Naz.4Alo.4Mn2 607 pristine (black), charged to 4.7 V (red) and
discharged to 1.5V (blue) electrodes.
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Figure S20. Le Bail fit on XRD data of the NazAlo4Mn260- electrode discharged to 1.5V,
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reported structures [18].
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Figure S21. Ex situ 2Na Hahn echo MAS NMR spectra (30 kHz MAS, 9.4 T) collected for
Naz.4Alp.4Mn2 607 electrode materials at different states of charge: (a) OCV, (b) 4.3V, (c) 4.7
V and (d) 1.5 V. * Shaded areas show peaks discussed in the text. The different colours of
shading, with asterisk markers, indicate isotropic peaks present in the initial phase (red and
grey); and additional peaks that are observed upon charging (blue). At the MAS rate of 30 kHz
the isotropic peak at ~330 ppm is largely obscured by a spinning sideband of the isotropic

peak at ~0 ppm.
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Figure S22. Ex situ 2>Na Hahn echo MAS NMR spectra (30 kHz MAS, 9.4 T for collected for
Na:Mn30y7 electrode materials at different points along the electrochemical charge/discharge
cycle, (a) OCV, (b) 4.3V, (c) 4.7 V and (d) 1.5 V. * Shaded areas show peaks discussed in
the text. The different colours of shading, with asterisk markers, indicate isotropic peaks
present in the initial phase (red and grey); and additional peaks that are observed upon

charging (blue).
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Figure S23. Projected density of states of (a) Na;MnzO7 and (b) Naz.4Alg.4Mn2 0.
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Figure S24. Projected density of states of O sites in (2) Na:MnzO7 and (b) Naz.4Alo.sMn2.607.

The indices of O sites were determined by their local bonding environments, which are listed
in Table S3.
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Figure S25. Projected density of states plotted for NaoMn3;O- with differing Na vacancy sites.
The Na vacancy and associated electron removal cause the formation of hole bands in ~ 2.0
eV above the Fermi level. The insets show the partial charge densities (blue isosurfaces)

calculated for the hole bands, showing the localized hole states near the Na vacancy.
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Figure S26. Projected density of states plotted for Naz.4Alp.4Mn2 07 with differing Na vacancy
sites. The Na vacancy and associated electron removal cause the formation of hole bands in
~ 1.5 eV above the Fermi level. The insets show the partial charge densities (blue isosurfaces)

calculated for the hole bands, showing the localized hole states near the Na vacancy.
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Figure S27. Distributions of O-O bond lengths near unoccupied Mn sites of TM layers before
and after the desodiation of (a) NazMnzO-; and (b) Naz.4Alo.4Mn2s07. Contracted O-O bonds
are highlighted in blue. The excess holes formed near O-O bonds are denoted by yellow

isosurfaces and superimposed on the figures.
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Figure S28. Atomic structures of NaMn3Oy (a) before and (b) after the formation of an O;
dimer nearby a partially oxidized O™ at non-bonding oxygen sites. Partially oxidized O™ are
denoted by yellow spheres, and oxygen atoms participating in O, dimer formation are
highlighted by square dashed boxes. (c) Energy profiles of the O-O dimerization calculated
from the reaction pathway between (a) and (b). Empty spheres in the graph indicate the
intermediate images used for the energy barrier calculation. The initial energy before the
formation of the O, dimer is set to 0 eV as a reference point. Note that two adjacent oxygen
atoms of O% (red) and O™ (yellow) are bonded to each other to form a thermodynamically

more stable structure, i.e., Oz dimer (red spheres).
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Figure S29. (a-d) The local structures of Na-Mn3zOy after the formation of an O vacancy in (a)
01, (b) 02, (c) 03, and (d) O4. Mn atoms reduced by excess electrons are highlighted in red
and blue. (e-h) Projected density of states of Mn atoms before (Mnnest) and after (Mn1, Mn2,
and Mn3) the formation of O vacancies in (e) O1, (f) 02, (g) O3, and (h) O4 of NaMnz0O-. See
Table S3 and S4 for the details of individual O and Mn sites.
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Figure S30. (a-h) Local structures of Naz4Alo.4Mn2607 after the formation of an O vacancy in
(a) 01, (b) 02, (c) O3, and (d) O4. Mn atoms reduced by excess electrons are highlighted in
red and blue. (e-h) Projected density of states of Mn atoms before (Mnnost) and after (Mn1,
Mn2, and Mn3) the formation of O vacancies in (e) O1, (f) 02, (g) O3, and (h) O4 of Na:Mn30Ox.
See Table S3 and S4 for the details of individual O and Mn sites.
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Figure S31. (a-h) Projected density of states of Mn atoms before (Mnnos;) and after (Mn1, Mn2,
Mn5, Mn10, and Mn12) the formation of O vacancies in (a) O1, (b) O2, (c) O3, (d) 04, (e) O5,
(f) 06, (g) O7, and (h) 08 of Naz.4Alp.4Mn,s07. See Table S3 and S4 for the details of individual

O and Mn sites.
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