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Supporting Information

Dual-site substitution enables high-voltage P2-
Nag 7Nig.33Mng 67,0, cathodes with superior wide-temperature
performance and enhanced ambient stability for sodium-ion

batteries
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Figure S1. Schematic representation of Ca/Mg-doped cathode synthetic procedure.
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Figure S2. XRD patterns of Pristine and Ca/Mg doped cathodes.
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Figure S3. Rietveld refinement results of (a) Ca-doped and (b) Mg-doped samples.
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Figure S4. SEM image of the Pristine sample.
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Figure S5. Elemental occupancy of the Ca/Mg-doped sample.
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Figure S6. (a) The XPS full spectrum of all samples. XPS spectra of (b) Ca 2p, (c) Mg 1s, (d) Na
Is, (e) Ni 2p, (f) Mn 2p and (g) O 1s of Ca/Mg doped sample.
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Figure S7. Cycling performance of Nag 47Nig 33Mny ¢;0, with different doping amounts of Ca?* and
Mg? at 1 C.
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Figure S8. Rate capabilities of (a, e) Pristine, (b, f) Ca-doped, (c, g) Mg-doped and (d, h) Ca/Mg-
doped cathodes within 2.0-4.3 V and 2.0-4.5 V, respectively.
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Figure S9. (a) long-term cycling stability of the synthesized samples tested at 8 C and (b) Long-
term cycling of Ca/Mg-doped cathode at 20 C .
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Figure S10. Low-temperature (-15 °C) performance with (a) charge-discharge profiles and (b) rate
retention, and (c) cycling stability of Ca/Mg-doped cathodes over 800 cycles at 1 C. High-
temperature (55 °C) performance with (d) charge-discharge profiles and (e) rate retention at 1 C.
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Figure S11. Electrochemical performance under high mass loading (5 mg cm™): (a) initial
charge/discharge profiles, (b) rate capability, and (c) cycling stability.
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Figure S13. The dQ/dV plots for as-prepared Ca-doped within 2.0-4.3V (a) and 2.0-4.5V (b), and
Mg-doped cathodes within (c) 2.0-4.3 V and (d) 2.0-4.5 V voltage.
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Figure S16. (a, b) Linear relationship of peak currents log(i) versus log(v) and the corresponding

linear fits. (¢, d) Contribution ratio of capacitive and diffusion-controlled behaviors at different scan
rates.

The b-value is utilized to assess the charge storage mechanism in cathode materials,
distinguishing between faradaic intercalation and surface-controlled capacitive
behavior. Based on the power-law relationship between peak current (i) and scan rate

(v), Eq. S1 be expressed as follows!S!l:

i=av’ Eq.(S1)
The capacitive contribution ratio can be determined through the functional relationship
between current (i) and voltage (V), as defined by Eq. S2:

i(V)=kv+ky'? Eq.(S2)
Where k; and k, are the calculated coefficients at that voltage. kv quantifies the

contribution of pseudocapacitance at voltage.
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Figure S17. Illustration of the relationship of AEs, AEt, and t in the sodium-ion

diffusion coefficient (Dy,+) calculation formula.

Galvanostatic intermittent titration technique (GITT) measurements were conducted
during the second cycle to determine the sodium ion diffusion coefficient (Dy,+) in the

prepared cathodes. The Dy,+ values were calculated using the following equation:

_ 4 (mBVm\, AEs\,
MBS | \AET

NaT 77

Eq.(S3)

where 7 represents the galvanostatic current pulse duration, mp, V), and Mp, denote the
active material mass, molar volume, and the molecular weight of the NFM sample,
respectively; Sis the electrode-electrolyte contact surface area, while 4E  and AE;

correspond to the steady-state voltage shift and the voltage variation during the pulse,

respectively!S2l.

S18



Pristine Ca-doped Mg-doped Ca/Mg-doped

4.24

5351

<

&

g 2.84 I

S \ N
L i iy i, 't IR iy e | " A1
1.4+ T T T T T T T T T T T T T T T T T T r -

0.0 0.3 0.6 0.9 1.2 0.0 0.3 0.6 0.9 0.0 0.3 0.6 0.9 1.2 0.0 0.3 0.6 0.9 1.2

Timex10° (s)

Figure S18. GITT measurements and corresponding Na* diffusion coefficients at 2.0-4.5 V.
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Figure S20. Formation energy comparison of Ca?" at Na, and Na sites.

Computational details

All the calculations are performed in the framework of the density functional
theory with the projector augmented plane-wave method, as implemented in the Vienna
ab initio simulation packagel®3l. The generalzied gradient approximation proposed by
Perdew, Burke, and Ernzerhof is selected for the exchange-correlation potential($4l, The
long range van der Waals interaction is described by the DFT-D3 approach!S3l. The cut-
off energy for plane wave is set to 500 eV. The energy criterion is set to 10-5 eV in
iterative solution of the Kohn-Sham equation. The Brillouin zone integration is
performed using a 3x3x1 k-mesh. All the structures are relaxed until the residual forces
on the atoms have declined to less than 0.03 eV/A. Employing the climbing image
nudged elastic band method (CI-NEB), we computed the minimum energy pathway of

the cyclization reaction along with its corresponding activation barrier.
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Figure S21. 3D Charge density difference maps for Pristine and Ca/Mg-doped structures.

S22



Table S1. The calculated formation energy of Ca?* or Mg?* at Na or TM sites in
Nag.67Ni0‘33MIl0_6702, unit: eV

E(doped) | ENNMO) | E(TM) | E(Na) | E(Ca or Mg) | AE(formation)
Ca-doped in Na | -442.623 | -439.903 -2.024
-2.168
Ca-doped in TM | -439.019 | -439.903 -2.833
Mg-doped in Na | -441.156 | -439.903 | -5.885 | -1.471 -0.926
Mg-doped in -1.799
-439.713 | -439.903 -3.897
™

The formation energy of Ca or Mg at Na or TM site in Na, ¢7Nij 33Mng 6,0, is calculated
by the following equation:

AE (formation) = E (doped) + E (Na) — E (NNMO) — E (Caor Mg) Eq.(S4)

AE (formation) = E (doped) + E (TM) — E (NNMO) — E (Caor Mg)  Eq.(S5)
where E (doped) represents the energy of Nay 7Nij 33Mng 670, with Ca or Mg doped at
Na or TM sites, E(NNMO) is the energy of the of the original Na ¢7Nig 33Mng 470,, and
E (Na), E (Ca or Mg), E (TM) are the chemical potential of Na, Ca or Mg and the
transition metal, respectively.

Discussion on the site preference of Ca?* and Mg?* in P2-Nay ¢;Nij33Mny 6,0,

DFT calculations were performed to evaluate the formation energy of Ca and Mg
at both Na and TM sites, as summarized in Table S1. The results reveal a pronounced
thermodynamic driving force for Mg to occupy the TM layer, with formation energies
of -0.926 eV at the Na site and -3.897 eV at the TM site. This strong preference is fully
consistent with the experimental observation.

For Ca, the calculated formation energy at the TM site (-2.833 eV) is slightly lower
than that at the Na site (-2.024 eV), indicating a marginal thermodynamic preference
for TM occupation under idealized equilibrium conditions. However, site occupancy
during solid-state synthesis can also be influenced by kinetic factors, which may
become relevant under the specific conditions employed in this work. Specifically, the
two-step synthesis protocol involves pre-forming a (Ni, Mg, Mn)-oxalate precursor that
establishes the TM-layer framework with Mg already incorporated. Only during the
subsequent high-temperature calcination are Na,CO; and CaCO; introduced

simultaneously. At this stage, Ca?" encounters a substantial kinetic barrier to diffuse
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into the pre-constructed, densely packed TM-O slabs, whereas the Na layer—already
designed with reduced Na occupancy (Na content intentionally decreased from 0.67 to
0.61 to accommodate 0.03 Ca>")—provides readily accessible vacancies. Given the
calculated thermodynamic preference and the constraints of the two-step synthetic
route, it is reasonable to infer that kinetic factors during the non-equilibrium calcination
process favor Ca occupancy in the Na layer over the TM layer. This interpretation aligns
with the crystallographic evidence from Rietveld refinement (Table S3), which shows
an expansion of the Na-layer spacing upon Ca doping and a contraction of the TM layer

driven by Mg substitution.
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Table S2. Designed compositions of four synthesized samples.

Doping Ca  Doping Mg

Designed Composition of Sample Abbreviations

atom % atom %
Nag 67Nig.33Mng 6702 Pristine 0 0
Nag 61Cag03Nig33Mng 670, Ca-doped 3 0
Nay ¢7Nig23Mgo.10Mng 670, Mg-doped 0 10
Nag.61Cag.03Nip 23Mgo.10Mng 670, Ca/Mg-doped 3 10
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Table S3. Results of XRD Rietveld refinement for Pristine, Ca-doped, Mg-doped and

Ca/Mg-doped cathodes.

Pristine Ca-doped Mg-doped Ca/Mg-doped
Ryp (%) 4.506 4.682 4.750 4.742
1> 1.84 1.96 1.92 1.88
a(A) 2.88735 2.89530 2.88521 2.88649
b (A) 2.88735 2.89530 2.88521 2.88649
c(A) 11.17090 11.18100 11.17460 11.14334
V (A%) 80.652475 81.170530 80.559632 80.405286
Na layer (A) 3.4742(4) 4.08(3) 3.8336(4) 3.6307(4)
TM layer (A)  2.11132(7) 1.51 1.7537(2) 1.9409(7)
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Table S4. ICP-OES results of as-prepared samples.

Theoretical chemical formula Measured atomic ratio

Na Ca Ni Mg Mn

Naol6lcao_03Ni0'23Mg0‘ 10MHO.6702 0.584 0.028 0.244 0.092 0.664
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Table S5. The Ni2*/ Ni**ratio based on XPS results of all synthesized samples.

Pristine (3%*=9.05) BE (eV) Content (%)  Ration of Ni%*/ Ni3*
Ni 2p3/2 854.41
Niz* 58.18
Ni2pi» 871.83
1.39
Ni 2p3/2 855.64
Ni¥* 41.82
Ni 2p2 873.25
Ca-doped (3x*=7.95) BE (eV) Content (%)  Ration of Ni**/ Ni3*
Ni 2ps3p 854.45
Ni2* 60.27
Ni 2p1/2 871.87
1.52
Ni 2ps3p 855.90
Ni* 39.73
Ni 2p1/2 873.34
Mg-doped (3 x>=6.93) BE (eV) Content (%)  Ration of Ni?*/ Ni3*
Ni 2p3/2 854.44
Niz* 69.96
Ni 2pyp, 871.74
2.33
Ni 2p3/2 855.99
Ni3+ 30.04
Ni 2py,, 873.29
Ca/Mg-doped (3 x*=8.76) BE (eV) Content (%)  Ration of Ni?*/ Ni3*
Ni 2ps» 854.66
Ni2* 74.08
Ni 2p1/2 871.96
2.86
Ni 2ps3p 856.61
Ni3* 25.92
Ni 2p1/2 87391
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Table S6. Comparison of half-cell electrochemical performance between the Ca/Mg-doped
cathode and other reported layered transition metal oxide cathodes.

Current rate Retention (%)
Samples Ref.
(mA g (no. of cycles)
Nay 7Lig.03Mg0.03Nio.27Mng 6Ti.0702 346 82 (200th) [S6]
Nao'goMgg.%LiO.18Mn0_67cuO_1502 1000 80.3 (300th) [S7]
Na0,66Ni0,27Zno,06Mn0,61Ti0,0602 500 76.01 (SOOth) [88]
Na0.637B0,033Mn02 160 81 (100th) [S9]
Nay 6Nig2sAly 1 Mng 650, 170 64.36 (100th) [S10]
LizTiO:’,@Nao_67Ml’lo'5Feo_502 17 63.3 (SOth) [S 11 ]
Nay 75[Lig.15Nig.15sMng 7]O, 26 73 (300th) [S12]
Nao_55[Ni0.1FC()'1MIlo_g]02 60 75 (100th) [813]
Na0,696Ni0,329Mn0,67102 170 71.9 (1000th) [814]
100 82.32 (200th)
This
Ca/Mg-doped 800 80.61 (400th)
work
2000 83.94 (400th)
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Table S7. Comparison of electrochemical performance between the Ca/Mg-doped cathode

and other reported cathode materials for sodium-ion batteries.

Initial Rate
Material Voltage
Samples capacity Retention (%) capability | Ref.
type window
(mAh g) (mAh g?)
Nag 61 Cao.03Nig sMgo 10Mng 2.0-4.3V 82.3(200th,2.0-4.3V) | 72.8(10C) | Tpis
112.81(1C)
6102 2.0-4.5V 73.3(200th,2.0-4.5V) | 64.6(15C) | Work
Typical
P2-type Nayg gsLig.18Feo12Mng;,0, | 1.5-4.5V | 214(0.05C) 86.8(80th,1.5-4.5V) | 141.1(1C) | SI15
oxides
Nag 7Z10,0sNio.1sFeo 2Mng ¢ 2.0-4.1V 80.1(200th,2.0-4.1V)
116(1C) 62(10C) S16
O1.05F0.05 1.5-4.3V 67(100th, 1.5-4.3V)
NasFe, gsMgg 15(PO4),P,0; | 1.5-4.0V | 103.8(0.2C) | 93.6(450th,1.5-4.0V) | 41.6(10C) | S17
NASIC Nay(Mng sFeq 5)2.04Nbo.o
1.7-43V | 90.2(1C) 90.3(300th,1.7-4.3V) | 71.3(10C) | SI18
ON-type (PO4)2P,07
Na, oMnTip9sMogg5(PO4); | 2.5-4.2V |  94(0.5C) 78.7(600th,2.5-4.2V) 70(5C) S19
Na,Tig 5V s[Fe(CN)g] 2.0-4.5V | 68.7(0.1C) | 90.8(200th,2.0-4.5V) 59(10C) S20
Prussian
Nay soFe[Fe(CN)clyos 2.8 2.0-3.8V 98.2(300th,2.0-3.8V)
blue 100(1C) 85.2(5C) S21
H,0 2.0-4.0V 73.4(200th,2.0-4.0V)
analogue
materials | N, ,.Fe[Fe(CN)q] - 1.26
2.0-4.0V | 85.5(20C) | 70(10000th,2.0-4.0V) | 51(100C) | S22

H,O

Our material is strategically designed to achieve a balanced trade-off between

specific capacity and overall electrochemical performance. Although its specific

capacity is lower than that of conventional P2-type oxides, it is capable of operating at

a higher cut-off voltage, which provides enhanced structural stability, high-voltage

compatibility, excellent ambient stability, and wide-temperature applicability.
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NASICON-type materials typically operate below 4.0 V, suffer from intrinsically poor
electronic conductivity that necessitates supplemental carbon coating, and deliver only
modest rate capability. In contrast, our material sustains reliable high-voltage operation
up to 4.5 V with a capacity retention of 73.25 % after 200 cycles and exhibits superior
rate performance of 72.8 mAh g-! at 10 C, all without requiring complex carbon coating
procedures. Prussian blue analogues (PBAs) experience severe capacity degradation
when the upper cut-off voltage exceeds 4.0 V, often compelling operation within a
restricted voltage window to preserve cycling stability, and they additionally raise
safety and environmental concerns owing to the presence of toxic cyanide groups.
Relative to PBAs, our material maintains stable cycling at 4.5V, eliminates toxicity
issues, and benefits from a simpler synthesis route. Beyond electrochemical
considerations, our material possesses a high compaction density of 3.16 g cm=, which
substantially exceeds the typical ranges observed for NASICON (1.0-1.8 gcm?)
[S23]land PBA (0.7-1.6 gcm™) 5241 materials. This high compaction density directly
contributes to superior volumetric energy density. Furthermore, our material exhibits
ambient stability and is prepared via a straightforward calcination process that avoids
both carbon coating and the handling of toxic precursors. Collectively, these attributes
establish our material as a high-voltage, wide-temperature cathode that effectively
balances energy density, rate capability, cycling stability, manufacturability, safety, and
environmental robustness, thereby occupying a distinct niche for applications that

demand reliable performance under challenging operating conditions.
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Table S8. Comparison of the low- and high-temperature electrochemical performance between

Ca/Mg-doped cathode with other reported layered oxides cathodes.

Low temperature
Samples . .
Capacity retention

Room temperature

Capacity retention

High temperature

Capacity retention

90.7 %@]1 C
200 cycles
81 %wl C
800 cycles
(2.0-43V)

-15°C

Nay 61Cag 03Nig 23Mgo. 10Mng 67,0,
(This work)

823 %wl1 C
200 cycles
(2.0-43V)

73.3 %@l C
200 cycles
(2.0-45V)

65.7 %@]1 C
150 cycles

(2.0-4.3 V)
55°C

95 %@100 mA g

83 %@100 mA g

52 % @100 mA g!

150 cycles
Nag 76Nig22sMgp.02sMng 7501 95F 05 150 cycles 150 cycles Y
(525] (2.0-4.3 V) (2.0-4.3 V) (2.0-4.3V)
0 OC 55 OC
952 %@170 mA g 71.9 %@170 mA g'! 65 % @170 mA g!
Nag.0eNio 120Mg 67,0, 100 cycles 1000 cycles 1000 cycles
(26] (2.0-4.13 V) (2.0-4.13 V) (2.0-4.13 V)
-30 °C 60 °C
97.2 %@120 mA g'! 59 %@1200 mA g! —
100 cycles 1000 cycles
NaCrO2
(2.9-33 V) (2.9-33 V)
[S27]
-20 °C
95.4%@100 mA g! 862 %@100 mA g —
. 500 cycles 500 cycles
Nay3N114Cuy/1:Mny30,
(1.5-3.65 V) (1.5-3.65 V)
[S28]
240 °C
80 %@1 C 82.3 %@2 C —
. 300 cycles 200 cycles
Nay 67Nig.1C09.1Mn 3O,
(1.5-4.2 V) (1.5-4.2 V)
[S29]
-20 °C
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Table S9. Results of XRD Rietveld refinement for Pristine, and Ca/Mg-doped cathodes after
50 cycles at 1 C.

Pristine Ca/Mg-doped
Ryp (%) 4.506 4.742
1> 1.84 1.88
a(A) 2.88010 2.88037
b (A) 2.88010 2.88037
c(A) 11.14100 11.16910
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