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Figure S1. First electrochemical cycle of the hard carbon anode vs. Na*/Na in half—cell configuration.
Galvanostatic charge—discharge curves were collected at a current density of C/15 (1C = 372 mA g7)
between 0.005-2.0 V.
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Figure S2. Top view of the transition metal layer used in DFT calculations, showing the fixed, ordered
honeycomb—like arrangement of Mn (purple) and Ni or Cu (grey) atoms within the P2—type structure.
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Figure S3. Rietveld refinements of (a) P2MnNi, (b) P2MnNiCu and (c) P2MnCu materials. Red dots
represent the observed XRD data, black lines the calculated diffraction patterns, and blue lines the
difference between observed and calculated intensities. Vertical green ticks mark Bragg peak positions of

the refined phase, while magenta ticks indicate Bragg peaks of CuO impurity.



Table S1. Crystallographic data of P2MnNi calculated from Rietveld refinement of XRD pattern.

Phase 1: P2 phase (100 wt%)

Space group: P63;/mmc

Atom X Y V4 Biso (A2) Occupancy
01 0.66670 0.33330 0.08702(1) 0.70(9) 2.000
Mnl 0.00000 0.00000 0.00000 0.67(3) 0.667
Nil 0.00000 0.00000 0.00000 0.67(3) 0.333
Nal 0.00000 0.00000 0.25000 5.3(4)* 0.260(4)
Na2 0.33330 0.66667 0.25000 5.3(4)* 0.407(4)

a=b=2.88688(1) A, c=11.1566(1) A, a =p=90°,y=120"°,V = 80.524(1) A3

Rp = 20.4, Ryp = 21.2, Reyp = 5.9, X2 = 12.9

Table S2. Crystallographic data of P2MnNiCu calculated from Rietveld refinement of XRD pattern.

Phase 1: P2 phase (99.3wt% * 0.6)

Space group: P63;/mmc

Atom X Y Z Bio (A2)  Occupancy
01 0.66670 0.33330 0.08794(1) 0.667(6) 2.000
Mn1l 0.00000 0.00000 0.00000 0.868(2) 0.667
Nil 0.00000 0.00000 0.00000 0.868(2) 0.167
Cul 0.00000 0.00000 0.00000 0.868(2) 0.167
Nal 0.00000 0.00000 0.25000 6.8(5)* 0.253(5)
Na2 0.33330 0.66670 0.25000 6.5(5)* 0.414(5)

a=b=2.89308(1) A, c=11.1684(1) A, a=p=90°,y=120"°, V = 80.954(1) A3

Phase 2: CuO (0.7wt% £ 0.1)

a=4.6877(5) A, b=3.4246(3) A, c=5.1327(5) A, a=y=90", B =99.53(7) °, V = 81.258(1) A3

Rp = 21.6, Ryp = 28.2, Reyp = 0.58, x2 = 2380



Table S3. Crystallographic data of P2MnCu calculated from Rietveld refinement of XRD pattern.

Phase 1: P2 phase (97.9wt% * 1.1)

Space group: P6;/mmc

Atom X Y Z Biso (A2) Occupancy
o1 0.66670 0.33330 0.08866(1) 0.143(1) 2.000
Mnl 0.00000 0.00000 0.00000 0.986(1) 0.667
Cul 0.00000 0.00000 0.00000 0.986(1) 0.333
Nal 0.00000 0.00000 0.25000 6.6(9)* 0.270(2)
Na2 0.33330 0.66670 0.25000 8.5(9)* 0.395(2)

a=b=2.8969(1) A, c=11.1756(1) A, a=p=90°,y=120°, V = 81.219(1) A3
Phase 2: CuO (2.1wt% £ 0.2)

a=4.68009(1) A, b=3.43357(1) A, c =5.12555(1) A, a =y =90 °, B = 99.52774(1) °, V =
81.228(1) A3

Rp = 31.1, Ryp = 36.5, Reyp = 13.95, x2 = 6.86

*The large B, values for sodium reflect its high mobility in the prismatic position.

Figure $4. SEM images of (a) P2MnNi, (b) P2MnNiCu and (c) P2MnCu materials.
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Figure S5. Rietveld refinements of Na,;sMn;,;sNiy 0, using (a) P63/mmc (b) Cmcm and (c) C2/c space
groups. The left panels show the full diffraction patterns, while the middle and right panels display
enlarged views of selected Q regions (1.10-1.15 A and 2.1-2.9 A=, respectively). Red dots represent the
observed XRD data, black lines the calculated diffraction patterns, and blue lines the difference between
observed and calculated intensities. Vertical green ticks mark Bragg peak positions of the refined phase.
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Figure S6. Comparison of hexagonal and monoclinic unit cell representations (left) in the a—b plane and

(right) in the a—c plane. Since different space groups have been used, corresponding to different unit cells,

the values for the C2/c space group used for P2MnNi and P2MnCu are transformed into the hexagonal unit

cell for comparative purposes by applying the following transformation: Qpexa = Gmonos DBhexa =

1 2 2
E«l bmono + Lnono

and Chexa = Cmona/5in(6)-

Table S4. Crystallographic data of P2MnNi (Na,,;3Mn,3Ni;50,) calculated from Rietveld refinement of
XRD pattern using Cmcm space group.

Space group: Cmcm

Atom X Y Z Biso (A2) Occupancy
o1 0.00000 0.33333 0.59060 0.559(1) 1.000
02 0.00000 0.16667 0.08794 0.295(1) 1.000

Mnl 0.00000 0.00000 0.00000 0.360(1) 0.666
Nil 0.00000 0.00000 0.00000 0.586(2) 0.333
Nal 0.00000 0.00000 0.25000 4.3(9) 0.085(2)
Na2 0.00000 0.33333 0.25000 7.3(9) 0.134(1)
Na3 0.16667 0.50000 0.25000 5.6(9) 0.171(2)
Nad 0.16667 0.16667 0.75000 3.4(9) 0.271(2)

a=8.667037(2) A, b=4.99638(1) A, c =11.1566(2) A, a =B =y =90"°, V = 483.124(1) A3

Rp = 22.3, Ryp = 21.3, Rep = 6.55, X2 = 10.6



Table S5. Crystallographic data of P2MnNi (Na,;3Mn,3Niy50,) calculated from Rietveld refinement of
XRD pattern using C2/c space group.

Space group: C2/c

Atom X Y Z Biso (A2) Occupancy
01 0.00000 0.33333 0.58852 0.306(1) 1.000
Mnl 0.00000 0.00000 0.00000 0.155(1) 0.666
Nil 0.00000 0.00000 0.00000 0.155(1) 0.333
Nal 0.00000 0.00000 0.25000 2.7(2) 0.374(1)
Na2 0.00000 0.33333 0.25000 9.2(3) 0.334(1)

a=2.88292(1) A, b =5.00626(1) A, c=11.15358(1) A, a=y=90"°,
B =90.07433(2) °, V = 160.975(1) A3

Rp = 14.8, Ryp = 15, Reyp = 5, X2 = 9.03
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Figure S7. Rietveld refinement of Na,;3Mn,,;;Cu;,30, material. Red dots represent the observed XRD data,
black lines the calculated diffraction patterns, and blue lines the difference between observed and
calculated intensities. Vertical green ticks mark Bragg peak positions of the refined phase, while magenta
ticks indicate Bragg peaks of CuO impurity.



Table S6. Crystallographic data of P2MnCu (Na,;sMn;,3Cu;30,) calculated from Rietveld refinement of
XRD pattern.

Phase 1: P2 phase (98.1wt% * 1.3)

Space group: C2/c

Atom X Y Z Bio (A2) Occupancy
o1 0.00000 0.33333 0.59060 0.318(1) 1.000
Mn1l 0.00000 0.00000 0.00000 0.854(2) 0.666
Cul 0.00000 0.00000 0.00000 0.854(2) 0.333
Nal 0.00000 0.00000 0.25000 9.8(9) 0.362(2)
Na2 0.00000 0. 33333 0.25000 4.7(9) 0.308(2)

a=2.8989(1) A, b=5.01351(1) A, c =11.17253(1) A, a =y =90 °,
B =90.07102(2) °, V = 162.378(1) A3
Phase 2: CuO (1.9wt% + 0.2)
a=4.68009(1) A, b =3.43357(0) A, c=5.12555(1) A, a =y =90"°,
B =99.52774(1)°, V = 81.228(1) A3

Rp = 36.1, Ryp = 39.6, Reyp = 13.94, X2 = 8.06

Table S7. Comparison of electrochemical performances of different materials at C/10, between 2.0 —
4.2V vs Na*/Na.

L Capacity Capacity
. Initial discharge . .
Materials . retention after retention after
capacity (mAh g?)
50 cycles 100 cycles
Naz/gan/gNil/goz 131.6 52% 37%
Naz/3Mn2/3CU1/6Ni1/602 92.9 97% 92%
Naz/3Mn2/3CU1/3OZ 93.4 41% N/A
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Figure S8. Capacity retention plot in half cell for P2MnNi and P2MnNiCu in the 2.0-4.2 V voltage window
for 100 cycles. The cycling data represent the average values obtained from independent cells, with the
shaded area indicating the standard deviation.
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Figure S11. Complete operando SXRD contour plots during charge for (a) P2MnNi, (b) P2MnNiCu and (c)
P2MnCu over the full Q-range. * and * markers indicate peak positions of Al and Na metal arising from the
cell stack.
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Figure S12. Operando SXRD during a full cycle for (a) P2MnNi and (b) P2MnNiCu. * and * markers
indicate peak positions of Al and Na metal arising from the cell stack.
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Figure S14. Comparison of stacking arrangements in layered oxides. From left to right: ideal P2 structure
with prismatic Na coordination (ABBA sequence); P2 structure containing a local O—type stacking fault,
highlighted in red, where octahedral Na coordination occurs (ABC segment); OP4 structure showing
alternating P and O stacking blocks, corresponding to ABBA—CAAC—BCCB repetition.
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Table S8. Cell parameters and atomic positions used to describe the P2-to-O2 FAULTS model.

Cell Parameters:

a=b=2.89645A a=p=90°
c=11.1771A y =120°
Layer 1 (P-type)
Atom X y z Occupancy Biso
01 0.33333 0.66667 0.33784 1 0
02 0.66667 0.33333 0.16216 1 0
Mn1 0 0 0.25 1 0
Nal 0 0 0 0.5 0
Na2 0.33333 0.66667 0 0.5 0
Layer 2 (P-type)
Atom X y z Occupancy Biso
01 0.66667 0.33333 0.33784 1 0
02 0.33333 0.66667 0.16216 1 0
Mn1 0 0 0.25 1 0
Nal 0 0 0 0.5 0
Na2 0.66667 0.33333 0 0.5 0
Layer 3 (O-type)
Atom X % z Occupancy Biso
01 0.33333 0.66667 0.33784 1 0
02 0.66667 0.33333 0.16216 1 0
Mn1 0 0 0.25 1 0
Nal 0 0 0.025 1 0
Layer 4 (O-type)
Atom X y z Occupancy Biso
01 0.33333 0.66667 0.33784 1 0
02 0 0 0.16216 1 0
Mn1 0.66667 0.33333 0.25 1 0
Nal 0.33333 0.66667 0.025 1 0
Layer 5 (O-type)
Atom X y z Occupancy Biso
01 0.33333 0.66667 0.33784 1 0
02 0.66667 0.33333 0.16216 1 0
Mn1 0 0 0.25 1 0
Nal 0.33333 0.66667 0.025 1 0
Layer 6 (O-type)
Atom X y z Occupancy Biso
01 0.33333 0.66667 0.33784 1 0
02 0 0 0.16216 1 0
Mn1 0.66667 0.33333 0.25 1 0

15




Nal | 033333 | 0.66667 0.025 1 0

Table S9. Transition vector probabilities and translation vectors used in the FAULTS model to generate a
P2 structure with 10% of O—type stacking faults.

Translation vectors:

Translation  Probability X Y z
L11->L2 90% 0 0 0.5
L1> L4 5% 0 0 0.45
L1->L6 5% 0.66667 0.33333 0.45
L2->L1 90% 0 0 0.5
L2->13 5% 0.33333 0.66667 0.45
L2>L5 5% 0.66667  0.33333 0.45
L3>1L2 90% 0 0 0.5
L3>14 10% 0 0 0.45
L4->11 90% 0.66667 0.33333 0.5
14->13 10% 0 0 0.45
L5 > L2 90% 0 0 0.5
L5 > L6 10% 0.66667 0.33333 0.45
L6 > L1 90% 0.66667 0.33333 0.5
L6 > L5 10% 0.33333 0.66667 0.45

Table S8 and Table S9 show the used layers and transition vectors to generate a P2 structure
with a 10% of O-type stacking faults using FAULTS. Layers 1 and 2 correspond to P—type stacking
sequence, while layers 3—6 correspond to O-type stacking sequence. Note that odd layer
numbers refer to a specific MOg octahedra orientation while even layer numbers refer to the
inverted orientation. Therefore, only transitions even—odd—even are permitted in this simulation.
The O—type layers require to be duplicated to ensure a proper location of the sodium atom within
the interlayers. Also note that the P—0O transition distance is shorter than P—P in the z direction
because the O-0 interlayer distance is known to be shorter. Also, the atomic position of Na in
the O—type layers do not lay at z = 0 but instead at z = 0.025. The reason for this is to ensure that
the Na atom stays in the proper position within the transitions.
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materials.
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Figure S19. Ex situ X—ray Raman scattering spectra of (a) Ni L—edge and (b) Mn L—edge at different charge
states for P2MnNi material.
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Figure S20. Contour plots of Fourier Transform Operando EXAFS of P2MnNi and P2MnNiCu during charge.
(a) Evolution of the Ni—O and Ni—TM shells in P2MnNi as a function of capacity. (b) Evolution of the Ni—
O/Ni-TM and (c) Cu—O/Cu—TM shells in P2MnNiCu. The reciprocal changes in amplitude—decrease of the
Ni—0O shell intensity and increase of the Cu—O shell intensity—highlight the sequential involvement of Ni
and Cu in charge compensation.
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Figure S21. Representative EXAFS fits in R—space at the Ni K—edge for P2MnNi at (a) open—circuit voltage
(OCV) and (b) end of charge (EOC). Fourier—transformed EXAFS spectra and corresponding fits are shown
as a function of radial distance.
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Figure $22. Representative EXAFS fits in R—space in P2MnNiCu for the Ni K—edge at (a) OCV and (b) charged
state and for the Cu K—edge at (c) OCV and (d) charged state. Fourier—transformed EXAFS spectra and
corresponding fits are shown as a function of radial distance.

Table $10. EXAFS fitting parameters of MCR—ALS components of Ni K—edge in P2MnNi material.

Component Shell N Rineo (A) Rsi (A) o? (A?)
ocv T™M-0 6 1.986 2.03(6) 0.002(1)
TM-TM 6 2.885 2.85(2) 0.003(1)
TM-Na 8 3.248 3.26(1) 0.0004(2)

EOC TM-0 6 1.986 1.92(6) 0.007(1)
TM-TM 6 2.885 2.82(6) 0.003(1)
TM—Na 8 3.248 3.245(3) 0.008(2)
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Table S11. EXAFS fitting parameters of MCR-ALS components of Ni K—edge in P2MnNiCu material.

Component Shell N Rineo (A) R::: (A) o? (A?)
ocv TM-0 6 1.986 2.05(8) 0.003(1)
TM-TM 6 2.885 2.887(2) 0.004(1)
TM—Na 8 3.248 3.29(4) 0.004(2)
Charged state ~ TM-O 6 1.986 1.95(1) 0.009(1)
TM-TM 6 2.885 2.85(2) 0.002(7)
TM—Na 8 3.248 3.33(8) 0.012(6)

Table $12. EXAFS fitting parameters of MCR—ALS components of Cu K—edge in P2MnNiCu material.

Component Shell N Riheo (A) Rsi (A) o? (A?)
ocv T™M-0 6 1.986 1.98(1) 0.016(7)
TM-TM 6 2.885 2.83(8) 0.008(2)
TM—Na 8 3.248 3.23(5) 0.0004(9)
Charged state ~ TM-O 6 1.986 1.95(1) 0.007(2)
TM-TM 6 2.885 2.81(6) 0.003(4)
TM—Na 8 3.248 3.21(3) 0.001(5)

The amplitude reduction factor was fixed at 0.9 for all fits. EXAFS models including a classical
Jahn—Teller—type 4+2 splitting of the TM—0 shell were tested but did not improve the fit quality.
A simpler single—shell TM-O model was therefore adopted, with the apparent octahedral

distortion captured through the Debye—Waller factor.
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Figure S23. Extended cycling performance of the full cell of P2MnNiCu material, showing gravimetric
energy (Wh kg™) retention as a function of cycle number. The cell maintains ~80% of its initial gravimetric
energy up to 310 cycles and ~50% capacity after 1400 cycles.
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Figure $24. Comparison of the electrochemical behaviour of P2MnNiCu in half- and full-cell configurations.
(a) Differential capacity (dQ/dV) curves and (b) corresponding voltage profiles of the cycles 10 and 100.



