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Table S1. Stoichiometry from inductively coupled plasma optical emission spectrometry/mass

spectrometry (ICP-OES/MS) results of NFMM-1.

Elements  Content(mg/kg)  mol ratio

Na 16.19 0.65(7)
Fe 19.98 0.33(4)
Mg 0.27 0.03(8)
Mn 36.40 0.62(3)




Table S2. Stoichiometry from inductively coupled plasma optical emission spectrometry/mass

spectrometry (ICP-OES/MS) results of NFMM-2.

Elements  Content(mg/kg)  mol ratio

Na 16.31 0.66(2)
Fe 19.68 0.32(9)
Mg 0.52 0.08(1)
Mn 29.40 0.58(4)




Table S3. Stoichiometry from inductively coupled plasma optical emission spectrometry/mass

spectrometry (ICP-OES/MS) results of NFMM-3.

Elements  Content(mg/kg)  mol ratio

Na 16.24 0.65(8)
Fe 19.44 0.32(5)
Mg 1.02 0.16(4)
Mn 34.06 0.49(8)
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Fig. S1. Low magnification SEM images of (a) NFMM-1, (b) NFMM-2 and (c) NFMM-3 powders. High
magnification SEM images of (d) NFMM-1, (¢) NFMM-2 and (f) NFMM-3 powders. EDX analysis of (g)
NFMM-1, (h) NFMM-2 and (i) NFMM-3 powders. Note that the ratios in EDX are atomic ratios.



Table S4. Refined crystallographic parameters by Rietveld analysis for NFMM-1. S.G. P63/mmc, a =b =
2.90(9) A, c=11.26(8) A, a = f=90°, y = 120°, R,,,=3.07%, x* = 0.3565.

Atom Site X y z Occupancy Uiso
Nal 2b 0 0 0.25 0.3776 1.4(5)
Na2 2d 0.3333 0.6667 0.75 0.3045 1.4(7)
Mg 2a 0 0 0 0.0385 0.76(3)
Fe 2a 0 0 0 0.3333 0.51(2)
Mn 2a 0 0 0 0.6222 0.39(1)
) 4@ 0.3333 0.6667 0.0872 0.9835 0.74(2)

P63/mme:a=b=290953) A c=11.2681(7) A V=282.71(6) A3
D (Na) =3.6688 A D (TM) =1.9652 A
R,=241%  R,,=3.07% GOF(2) = 0.3565

Rietveld refinement was conducted using hexagonal space group P63/mm and by placing ~ 3.85 mol % Mg
ions in transition-metal layer. The refinement shows excellent goodness of fit with this model (GOF(y?) =

0.3565), which confirms the proposed structural model.



Table S5. Refined crystallographic parameters by Rietveld analysis for NFMM-2. S.G. P63/mmc, a =b =
2918) A, c=1127(7) A, a = f=90°, y = 120°, R,,,=2.29%, y* = 0.3221.

Atom Site X y z Occupancy Uiso
Nal 2b 0 0 0.25 0.2623 1.7(5)
Na2 2d 0.3333 0.6667 0.75 0.4622 1.7(8)
Mgl 2a 0 0 0 0.0689 0.68(1)
Mg2 2d 0.3333 0.6667 0.75 0.0123 0.35(2)
Fe 2a 0 0 0 0.3333 0.24(2)
Mn 2a 0 0 0 0.6171 0.25(8)
0] 4f 0.3333 0.6667 0.0872 0.9973 0.79(3)

P63/mmec:a=b=29184(5)A ¢=1127793) A V=183.18(3) A3
D (Na) =3.7690 A D (TM) =1.9849 A
R,=182%  R,,=2.29% GOF(z?)=0.3221

Rietveld refinement was conducted using hexagonal space group P63/mm and by placing Mg ions in
transition-metal layer (~6.89 mol %) and Na layer (~1.23 mol %). The refinement shows excellent goodness

of fit with this model (GOF(y?) = 0.3221), which confirms the proposed structural model.



Table S6. Refined crystallographic parameters by Rietveld analysis for NFMM-3. S.G. P63/mmc, a =b =
2.923) A, c=1125(5) A, a=p=90°,y =120, R,,=9.05%, * = 0.8274.

Atom Site X y z Occupancy Uiso
Nal 2b 0 0 0.25 0.2503 2.3(3)
Na2 2d 0.3333 0.6667 0.75 0.4025 2.3(3)
Mgl 2a 0 0 0 0.1270 0.88(4)
Mg2 2d 0.3333 0.6667 0.75 0.0368 0.46(2)
Fe 2a 0 0 0 0.3333 0.34(7)
Mn 2a 0 0 0 0.4972 0.35(6)
0] 4f 0.3333 0.6667 0.0872 0.9969 0.89(8)

P63/mmc:a=b=29231(8) A c=11.2558(4) A V=283.28(2) A3
D (Na)=3.5682 A D (TM)=2.0647 A
R,=698% R,,=9.05% GOF(y?) =0.8274

Rietveld refinement was conducted using hexagonal space group P63/mm and by placing Mg ions in
transition-metal layer (~12.70 mol %) and Na layer (~3.68 mol %). The refinement shows excellent

goodness of fit with this model (GOF(?) = 0.8274), which confirms the proposed structural model.
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Fig. S2. HAADF-STEM images of the pristine (a) NFMM-1, (b) NFMM-2 and (c) NFMM-3 particles
viewed along the [011] direction. (d-e) The corresponding FFT patterns for a-c. (g-1) The line scan profiles
along the corresponding rectangles in a-c (note that the insets in a-c are the schematic structural diagrams,

legend: orange (Na), red (Nay) and green (Mg/Fe/Mn)).
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Fig. S3. Electrochemical performance of Na,;Fe;3Mn,;30, cathode with mass loading of

~2 mg cm? in the voltage range of 1.5-4.5 V vs. Na*/Na. (a) Rate capability (0.1C-2C) in the
voltage range of 1.5-4.5 V, (b) Representative charge/discharge curves of NFMM cathode at
0.1C in the voltage range of 1.5-4.5 V, (c) Charge/discharge capacity and Coulombic efficiency

as a function of cycle number.

To facilitate comparison, the Na,sFe;3Mn;,;0, cathode (denoted as NFMM) was synthesized
and its electrochemical performance was evaluated in a Na-half cell. The cathode mass loading
is ~2 mg cm=. From Fig. S3, it can be observed that compared to the NFMM-2 cathode, the
NFMM cathode exhibits inferior rate capability and cycling stability. Specifically, under a high
current rate of 2C, the reversible capacities of the NFMM cathode are only 76.99 mAh g,
which is approximately 38.69% of the initial reversible capacity (198.99 mAh g).
Additionally, after reducing the current rate back to 0.1C, there is a rapid decay in capacity for
this material with a capacity retention of only 33.05% after 100 cycles. As for cycle stability,
after 100 cycles, the NFMM cathode retains a low capacity of merely 56.74 mAh g! and

demonstrates a capacity decay rate of approximately 0.71% per cycle.
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Table S7. Comparison of the electrochemical properties of Mg-doped layered cathode materials for sodium ion batteries based on anionic redox.

Initial i
Voltage . Coulqmblc Capacity at high- . .
. reversible Efficiency Capacity retention
Electrode materials range . rate . Reference
capacity of the 2nd After cycling
V) (mAh/g)
(mAh/g) cycle
P2-Nay ¢Mgj3:Mny ;0, 1.5-4.4 210 (0.05C) 97.9% 52 (20) 50% (0.05C, 50 cycles) S1
P2-Na,sMgj»sMng 7,0, 2.0-4.5 150 (0.1C) 100% / / S2
P2-Na,;sMg;sMn;,;0, 2.0-4.5 164 (0.1C) 98.6% (0.2C) 125 (1C) 80% (1C, 100 cycles) S3
P3-Na,;s3Mg;3Mn,;50,. 1.6-4.4 222 (0.05C) 95.45% (0.05C) 75 (20) 76.5% (0.1C, 30 cycles) S4
P2-Nag 6;Mg(,Mny 3O, 1.8-3.8 158 (0.1C) 96.7% 107 (5C) 96% (0.1C, 25 cycles) S5
P2-Nay;3[Mny,0Mgi901/9]0; 1.5-4.5 212 (0.10) 83% (2.1-4.4 V) 87(1C 2.1-4.4 V) No capacity fading (0.1C, 50 cycles) S6
P2-N30'63[D0'036Mg0_143M1’1()'820]02 1.54.5 198 (OOSC) 97% / / S7
P2-Nay;Mng ¢Nig,Mgg 10, 1.5-4.2 130 (0.2C) 96.6% 72 (2C,2.5-42V) 79% (1C, 1000 cycles) S8
) 59.7% (20 mA/g, 100 cycles,
P2—NaOA773Mg0.03L10.25Mn0.7502 2.0-4.5 192 (15 mA/g) 97% 119 (600 mA/g) S9
2.6-4.5V)

P2-Nao_67Mg0'1ZI’1()JM1’10_802 1.5-4.5 230 (OIC) / 125 (SC) 71.7% (OIC, 50 cycles) S10
P2-Nay Mg 15Mng 7Cug 150, 2.0-4.5 157 (0.1C) / 88.5 (20) 95.8% (1C, 200 cycles) S11
P2-Na2/3Mn0,72Cu0_22Mg0,0602 2.0-4.5 107.6 (OIC) 97% 87.4 (2C) 87.9% (1C, 100 CYCICS) S12
P2-Nay 75Lig,Mgo.05Alp 0sMng 70, 1.5-4.5 245 (0.05C) 93.8% 80 (20) 54% (0.05C, 50 cycles) S13
P2-Nay g4Mny ¢7Nig 3..Mg, 00,0302 1.8-4.4 153 (0.1C) / 117.3 (20) 98.3% (0.1C, 50 cycles) S14
P2—Nao_66Li0_18M1’10'71Mg0.21C00'0802 1.5-4.5 166 (01C) 97% 110.8 (IC) 82% (OIC, 100 cycles) S15
P2-Nay ¢;Mng 71Cug 02Mgp.02Nig 250, 1.54.5 152 (0.1C) / 108 (2C) 86% (0.1C, 100 cycles) S16
P2-Na2,3[Fe1/3Mg1/12Mn7/12]02 1.5-4.5 253 (O.IC) 98.54% 115.44 (ZC) 50.8% (O.IC, 100 cycles) This work
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Fig. S4. Electrochemical performance of Na,;[Fe;3:Mg.Mn,;.]O, cathode with mass

loading of ~2 mg/cm in the voltage range of 1.5-4.5 V vs. Na*/Na. The charge/discharge
profiles at different current rates (0.1C-2C) of the (a) NFMM-1, (b) NFMM-2 and (¢c) NFMM-3

electrodes in the voltage range of 1.5-4.5 V vs. Na*/Na. Typical galvanostatic charge/discharge
profiles (1%, 2nd, 5t 10th, 20t 50, 100t™) of the (d) NFMM-1, (¢) NFMM-2 and (f) NFMM-3

electrodes at 0.1C in the voltage range of 1.5-4.5 V. Average discharge voltage vs. cycle number

plots of the (g) NFMM-1, (h) NFMM-2 and (i) NFMM-3 electrodes within 100 cycles.
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Fig. S5. The transient voltage response of (a) NFMM-1, (b) NFMM-2 and (c) NFMM-3
electrodes during GITT for the first cycle and second charge between 1.5 and 4.5 V versus

Na*/Na; Calculated Dy, of (d) NFMM-1, () NFMM-2 and (f) NFMM-3 electrodes.
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Fig. S6. (a) EIS results of the (a) NFMM-1, (b) NFMM-2 and (c) NFMM-3 electrodes during

rate performance testing.
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Table S8. Fitting results of the impedance parameters and the corresponding ion conductivities

of the (a) NFMM-1, (b) NFMM-2, and (c) NFMM-3 electrodes during rate performance testing.

Samples State R. (Q) R () 6 (S cm™)
Pristine 4.09 84.95 1.22510°3

0.1C 4.46 195.62 5.31510°

0.2C 4.77 221.48 4.69(510°6

NFMM-1 0.5C 5.51 240.49 4320510
1C 5.98 268.81 3.86510°

2C 6.04 288.64 3.60510°

Pristine 4.02 57.59 1.80°10°

0.1C 448 132.28 7.85¢510°

0.2C 4.70 149.12 6.97@5'10°

0.5C 5.07 160.47 6.47510°

NFMM-2 1C 5.14 174.28 5.9610°
2C 5.53 203.97 5.09510°

Pristine 4.15 184.59 5.63310°

0.1C 4.74 295.31 3.52510°

0.2C 541 349.29 2.97@510°6

0.5C 5.84 371.54 2.803°10°¢

NFMM-3 Te 6.05 406.20 2.56@510°6
2C 6.39 440.67 236510

15
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Fig. S7. Electrochemical performance of Na,;|[Fe;3:Mg.Mn,;]O, cathode with mass
loading of ~5 mg cm2. (a) Rate capability (0.1-2C) of the NFMM-1, NFMM-2 and NFMM-3
electrodes in the potential range of 1.5-4.5 V versus Na*/Na. (b) Cycle performance of the
NFMM-1, NFMM-2 and NFMM-3 electrodes in the potential range of 1.5-4.5 V versus Na*/Na.
(c) Typical charge/discharge curves of the NFMM-2@HC full cell cycled between 1.5 and 4.4
V at a 0.1C rate. (d) The charge/discharge capacity and coulombic efficiency versus cycle
number at the 0.1C rate for the NFMM-2@HC full cell. Note that the specific capacities were

calculated based on the mass of cathode material.

Compared to batteries with lower cathode mass loading (~2 mg/cm?), the overall
electrochemical performance of NFMM-1, NFMM-2, and NFMM-3 electrodes with higher
cathode mass loading of ~5 mg/cm? is diminished (Figure S7). Specifically, NFMM-1, NFMM-
2, and NFMM-3 electrodes exhibit reduced initial charge-discharge capacities of
140.79/204.57, 147.20/222.31, and 136.39/183.43 mAh g! respectively at 0.1C (Figure S8d-f).
Under a high current rate of 2C, the reversible capacities of NFMM-1, NFMM-2, and NFMM-3
electrodes are significantly decreased to 79.53, 92.67 and 42.35 mAh g respectively,
indicating a decline in high-rate performance (Figure S7a and S8a-c). Furthermore, within 50
cycles, the capacity decay rates for each cycle of the NFMM-1, NFMM-2, and NFMM-3
electrodes reach 0.99%, 0.85%, and 1.10% respectively, suggesting a decrease in cycling
performance as well (Figure S7b). From Figure S8g-i, it can be observed that the voltage
retention rates of NFMM-1, NFMM-2, and NFMM-3 electrodes after 50 cycles are 85.65%,

16



87.71%, and 84.52% respectively, indicating a more pronounced voltage decay issue.
Additionally, the cycling performance of the full cell with the NFMM-2 electrode decreases to
only 35.20% after 50 cycles (Figure S7c-d). These degradation phenomena in performance
primarily stem from sluggish electrode kinetics. However, it is important to note that compared
to NFMM-1 and NFMM-3, the NFMM-2 still exhibits superior overall electrochemical

performance without any fundamental changes in its electrochemical characteristics.
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Fig. S8. Electrochemical performance of Na,;[Fe;3;Mg.Mn,;.,]O, cathode with mass

loading of ~5 mg cm2. The charge/discharge profiles at different current rates (0.1C-2C) of
the (a) NFMM-1, (b) NFMM-2 and (c) NFMM-3 electrodes in the voltage range of 1.5-4.5 V
vs. Na*/Na. Typical galvanostatic charge/discharge profiles (1st, 2nd, 5th, 10th, 20th, 50th) of
the (d) NFMM-1, (e) NFMM-2 and (f) NFMM-3 electrodes at 0.1C in the voltage range of 1.5-
4.5 V. Average discharge voltage vs. cycle number plots of the (g) NFMM-1, (h) NFMM-2 and

(1) NFMM-3 electrodes within 50 cycles.
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Fig. S9. Electrochemical performance of NFMM-2 cathode with mass loading of ~2 mg
cm? in the voltage range of 2.0-4.5 V vs. Na*/Na. (a) Rate capability (0.1C-2C) in the voltage
range of 2.0-4.5 V, (b) Representative charge/discharge curves of NFMM-2 cathode at 0.1C in
the voltage range of 2.0-4.5 V, (c) Charge/discharge capacity and Coulombic efficiency as a

function of cycle number.
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