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Selection criteria for elements in O3-NFCNTSL HEO cathodes:

The selection criteria of elements in the design of the O3-NFCNTSL HEO cathode 

mainly include the following two points: Firstly, in order to design the HEO cathode, it 

is necessary to form the translation metal disordering, which is mainly controlled by 

the different in the ionic radii of transition metal. In common, large difference in ionic 

radii is favorable for forming ordered arrangement, while small difference tends to form 

disordered arrangement. Here, the ionic radii of selected element (Fe3+, Ni2+, Co3+, 

Mn4+, Ti4+, Sn4+) is smaller than 15%, so it is easily to synthesize the disordering of 

transition metal. For Li+, it is easily to occupy the Ni2+ sites, such as Li+/Ni2+ cation 

mixing in LiNi1-x-yMnxCoO2 system. So those selected cationic elements can from the 

disordering of transition metal; Secondly, the selected elements must be providing the 

charge compensation, which can enhance electrochemical performance. Although Ti4+ 

and Sn4+ are electrochemically inactive, they also play an important role to stabilize the 

structure of O3. For Ti4+, the diffused Ti 3d orbitals can from strong Ti-TM interactions 

between two adjacent edge sharing TM-O6 and Ti-O6 octahedrals. It is pervious 

reported that introducing Ti in O3 structure might be able to suppress the migration of 

Fe by changing the local electronic structures, which is quite beneficial for the long-

term cycling performance of the Fe-contained layered cathode [1,2]. We choice for Sn4+ 

lies in its inability to interact with oxygen through its d orbitals, hence reducing orbital 

overlap and favoring charge localization in the transition metal layer. This effect, 

combined with the concomitant increase of bond ionicity, should be beneficial to 

increase the redox potential [3,4]. In our manuscript, the substitution of Li can promote 

the reversible capacity of Na storage, as well as the long-term cycling and rate 

performance [5]. The radii and electrochemical effects of metal ions are shown in Table 

S1.



Na-ion diffusion coefficients calculation based on CV curves with different scan 

rates:

The Na-ion diffusion coefficients of O3-NFCNTSL electrode can be calculated 

according to the Randles-Sevcik equation:

   (1)𝐼𝑝 = 0.4463𝑛3/2𝐹3/2𝐶𝑆𝑅–1/2𝑇–1/2𝐷𝑐𝑣
1/2𝑣1/2

Where Ip (A) is the peak current, n is the number of electrons, F is the Faraday constant 

(96485 C mol–1), C (mol cm-3) is the bulk concentration, S (cm2) is the area of the 

electrode, R is the gas constant (8.314 J mol−1 K−1), T (K) is the absolute temperature, 

Dcv (cm2 s-1) is the Na-ion diffusion coefficient and v (V s-1) is the scan rate. The ratio 

of Ip to v1/2 is shown as the slope in Table S7.

Na-ion diffusion coefficients calculation based on GITT:

The electrochemical kinetics of the O3-NFCNTSL electrode was further 

investigated by GITT to determine the Na-ion diffusion coefficients. GITT was 

measured at LAND CT2001A instrument with a repeated pulses current of 0.05 C for 

30 min, and the relaxation time is 4 h between each pulse.

The Na-ion diffusion coefficients of O3-NFCNTSL electrode can be calculated 

according to the following equation:

  (2)
𝐷 =

4
𝜋

(
𝑖𝑉𝑚

𝑧𝐴𝐹𝑆
)2(

Δ𝐸𝑠 𝑡

𝑑𝐸𝑡 𝑑 𝑡
)2 

When the Eτ and τ1/2 follow a linear relationship as shown in Figure 4c, the above 

formula can be simplified to:
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Where D (cm2 s-1) is the Na-ion diffusion coefficients, i (A) is the applied current, VM 

(cm3 mol−1) is the molar volume, ZA is the charge number of Na-ion, F is the Faraday 

constant (96485 C mol-1), S (cm2) is the surface area of the electrode, ΔEs is the voltage 

change caused by the pulse, ∆Eτ is the total change of the cell voltage E during the 

current pulse process, τ is the duration time of the current pulse and L (cm) is the 

diffusion length.



Fig. S1 TEM-EDS mappings for the O3-NFCNTSL cathode.



Fig. S2 HRTEM image of O3-NFCNTSL.



Fig. S3 Corresponding charge-discharge curves of the O3-NFCNTSL electrode in the voltage 

range of 2.0-4.0 V during 10 cycles at 0.1C.



Fig. S4 Corresponding charge-discharge curves of the O3-NFCNTSL electrode in the voltage 

range of 2.0-4.2 V during 10 cycles at 0.1C.



Fig. S5 The CV curves of O3-NFCNTSL for 1st, 2nd, and 3rd cycles obtained at a scan rate of 0.1 

mV s-1.



Fig. S6 Charge and discharge curves of O3-NFCNTSL electrode, orange solid squares on the 

curves stand for the state where ex-situ XRD data is obtained.



Fig. S7 The structure and morphology of the O3-NFCNTSL electrode after 100 cycles in the 

voltage range of 2.0-4.1V. (a) XRD pattern. (b) SEM image. (c) SEM-EDS mapping of all 

elements.



Fig. S8 Charge and discharge curves of O3-NFCNTSL electrode, orange solid squares on the 

curves stand for the state where XAS data is obtained.



Fig. S9 Fe K-edge Fourier transformed EXAFS spectra of the O3-NFCNTSL at various states 

during the first charge (green) and first discharge (red) processes.



Fig. S10 Co K-edge Fourier transformed EXAFS spectra of the O3-NFCNTSL at various states 

during the first charge (green) and first discharge (red) processes.



Fig. S11 Ni K-edge Fourier transformed EXAFS spectra of the O3-NFCNTSL at various states 

during the first charge and first discharge processes.



Fig. S12 Least-square fits of the calculated FT-EXAFS phase and amplitude functions to the 

experimental EXAFS spectra for Fe (a), Co(b), and Ni (c) at full charge of 4.1 V using P3 

structure for fitting.



Fig. S13 Least-square fits of the calculated FT-EXAFS phase and amplitude functions to the 

experimental EXAFS spectra for Fe (a), Co(b), and Ni (c) at full discharge of 2.0 V using O3 

structure for fitting.



Fig. S14 XRD pattern of hard carbon anode.



Fig. S15 SEM image of hard carbon anode.



Fig. S16 The cycling performance of hard carbon anode in half-cell.



Table S1 Ionic radii and roles of metal elements.

Li1+ Fe3+ Co3+ Ni2+ Ti4+ Sn4+

ionic 

radius (Å)
0.76 0.645 0.61 0.69 0.605 0.69

roles
stabilize 

structure

charge 

compensation

charge 

compensation

charge 

compensation

supporting 

structure

increase 

the 

operating 

potential

Table S2 ICP-MS result of transition metal elements in O3-NFCNTSL cathode material.

Theoretical chemical formula Measured atomic ratio
Fe Co Ni Ti Sn

Na(Fe0.2Co0.2Ni0.2Ti0.2Sn0.1Li0.1)O2 0.20 0.21 0.22 0.20 0.10



Table S3 Crystallographic and Rietveld refinement data of O3-NFCNTSL cathode.

a(Å) b(Å) c(Å) alpha beta gamma volume(Å3) Space group
2.994276 2.994276 16.09147 90 90 120 124.942 R-3m

Label Elem Mult x y z Frac Uiso
Na1 Na+1 3 0 0 0 0.985 0.0395
Fe2 Fe+3 3 0 0 0.5 0.2 0.1
O1 O-2 6 0 0 0.263642 0.91 0.01
Ni3 Ni+3 3 0 0 0.5 0.199 0.1
Co4 Co+3 3 0 0 0.5 0.2 0.1
Ti5 Ti+4 3 0 0 0.5 0.2 0.0286
Sn6 Sn+4 3 0 0 0.5 0.1 0.0068
Li7 Li+1 3 0 0 0.5 0.112 0.0679

Table S4 EDS report obtained from SEM of the as prepared material.

Element
Apparent 

concentration
K ratio wt%

wt% 
Sigma

Atomic %
Standard sample 

label
O 17.80 0.05991 28.56 0.23 51.67 SiO2

Na 8.41 0.03549 19.27 0.15 24.26 Albite
Ti 4.30 0.04300 8.80 0.11 5.31 Ti
Fe 5.11 0.05105 10.27 0.16 5.32 Fe
Co 5.45 0.05452 11.38 0.20 5.59 Co
Ni 5.04 0.05036 10.23 0.22 5.04 Ni
Sn 5.05 0.05054 11.50 0.17 2.80 Sn

Total 100.00 100.00



Table S5 Co, Ni, Fe, and Ti K-edge EXAFS structural parameters of the pristine O3-NFCNTSL.

(coordination numbers of Co-O, Ni-O, Fe-O, and Ti-O are 6)

Path r / Å σ2 / 10-3 Å2 △E / eV R

Co-O 1.94(3)±0.044 3.56±0.71

Co-M 2.91(1)±0.006 6.35±0.57
-0.08±0.05 0.002

Ni-O 2.06(3)±0.002 10.19±2.17

Ni-M 2.99(7)±0.057 10.54±1.42
1.87±0.55 0.001

Fe-O 1.99(3)±0.067 9.12±3.17

Fe-M 2.95(2)±0.041 6.47±2.37

2.80±1.02 0.002

Ti-O 1.97(6)±0.084 8.42±1.13 0.001

Ti-M 2.97(7)±0.035 4.54±1.24

2.60±1.57

r: bond length; σ2: Deby-Waller factor (disorder); △E: inner shell potential shift; R: R-factor

Table S6 Co, Ni, Fe, and Ti K-edge EXAFS structural parameters of the O3-NFCNTSL at full 

charge of 4.1 V using P3 as model.

(coordination numbers of Co-O1, Ni-O1, Fe-O1, Co-O2, Ni-O2, and Fe-O2 are 3)

Path r / Å σ2 / 10-3 Å2 △E / eV R

Co-O1 1.81(6)±0.126 -5.41±2.08

Co-O2 1.95(6)±0.036 -5.88±0.89

Co-M 2.91(1)±0.059 6.35±0.57

-2.51±0.75 0.002

Ni-O1 1.85(6)±0.038 2.37±0.73

Ni-O2 2.00(3) ±0.010 2.08±1.46

Ni-M 2.85(4)±0.043 10.65±4.37

-1.64±0.40 0.004

Fe-O1 1.91(7)±0.026 2.27±1.22

Fe-O2 2.05(8)±0.051 3.85±2.56

Fe-M 2.87(2)±0.026 14.22±2.09

-2.60±1.53 0.001

r: bond length; σ2: Deby-Waller factor (disorder); △E: inner shell potential shift; R: R-factor



Table S7 Co, Ni, Fe, and Ti K-edge EXAFS structural parameters of the O3-NFCNTSL at full 

charge of 2.0 V using O3 as model.

(coordination numbers of Co-O, Ni-O, and Fe-1are 6)

Path r / Å σ2 / 10-3 Å2 △E / eV R

Co-O 1.93(5)±0.012 4.20±0.94

Co-M 2.89(7)±0.096 6.37±0.74
-0.68±0.29 0.003

Ni-O 2.04(2)±0.018 14.88±2.20

Ni-M 2.92(6)±0.067 10.98±1.18
-1.26±0.01 0.001

Fe-O 1.98(6)±0.074 9.08±3.16 -3.12±3.47

Fe-M 2.94(0)±0.054 6.30±2.44 -2.71±0.09

0.002

r: bond length; σ2: Deby-Waller factor (disorder); △E: inner shell potential shift; R: R-factor



Table S8 Electrochemical performance of cathode materials for sodium ion batteries in recent 
years.

Electrode materials

Initial 

capacity

@ 0.1C 

(mAh g-1)

Cycle retention

(rate/number/retent

ion)

Rate 

performance

(mAh g-1)

Ref.

NaNi0.2Mn0.2Fe0.6O2 112.5 0.1C/100/81% / 6

NaFeO2 85 0.1C/100/80% 2C/75 7

NaFe0.55Mn0.45O2 102.2 0.1C/200/10.3% / 8

Na9/10Cr1/2Fe1/2O2 129 0.1C/100/69% 2C/86 9

Na0.67Cu0.28Mn0.72O2 109 1C/ 50 /98% 5C/76 10

Na[Ni0.60Mn0.35Co0.05]O2 151 0.2C/120/55% 1C/91 11

Na2/3Ni1/3Mn2/3O2 67 0.1C/50/88.7% 1C/100 12

Na0.59Co0.10Mn0.90O2 164.27 5C/1000/74.2% / 13

Na0.67Ni0.17Ti0.08Mn0.67O2 125 0.1C/50/83.5% 1C/80 14

Na0.9Mn0.55Ni0.35Cu0.1O2 168 0.1C/100/71% 2C/121 15

NaFe0.45Co0.45Ti0.1O2 144 0.1C/50/70% / 16

Na0.67Ni0.18Mg0.15Mn0.67O2 123 0.1C/100/92% 20C/67 17

Na(Fe0.2Co0.2Ni0.2Ti0.2Sn0.1Li0.1) 108.6 0.5C/100/80% 2C/80.8 This work

Table S9 The results of linear fitting concerning peak current versus square root of the scan rate at 

different oxidation and reduction peaks of O3-NFCNTSL electrode.

Equation y = a + b*x
Plot cathodic scan anodic scan

Weight No Weighting
Intercept -2.11957E-4 ± 2.19875E-5 1.58766E-4 ± 2.15517E-5

Slope 0.03762 ± 9.83312E-4 -0.03088 ± 9.6382E-4
Residual Sum of Squares 1.30245E-9 1.25132E-9

Pearson's r 0.99864 -0.99806



Table S10 The results of linear fitting concerning voltage versus square root of the galvanostatic 

time.

Equation y = a + b*x
Plot Fig.4 c

Weight No Weighting
Intercept 3.30101 ± 9.04318E-4

Slope 0.00308 ± 3.01439E-5
Residual Sum of Squares 0.00301

Pearson's r 0.99156
R-Square (COD) 0.98319

Adj. R-Square 0.98309

Table S11 Na+ diffusion coefficients of cathode materials for sodium ion batteries in recent years.

Cathode materials D (cm2 s-1) Method Ref.

P2-Na0.8Li0.1Mn0.6Ni0.2Cu0.1O2 1.0 - 2.0×10−10 GITT 18

O3-NaNi1/4Co1/4Fe1/4Ti1/4O2 1.64 × 10−11 CV 19

O3-NaNi0.12Cu0.12Mg0.12Fe0.15Co0.15Mn0.1Ti0.1Sn0.1Sb0.04O2 4 × 10−11 GITT 20

P2-Na0.67Mn0.55Ni0.25Ti0.1Li0.1O2 8.82 × 10-14 PITT 21

Tunnel-[Na0.396Li0.044][Mn0.97Li0.03]O2 1.6 × 10-10 GITT 22

P2-Na2/3Cu1/12Ni1/4Mn2/3O2 10−12 - 10−10 GITT 23

P2-Na2/3Mn1/2Co1/3Cu1/6O2 1.465 × 10−12 GITT 24

P2-Na0.67Mn0.5Co0.4Fe0.1O2 0.8 × 10−13 - 0.9 × 10-11 GITT 25

O3-NaMn0.5Ni0.5O2 2.49 × 10−12 GITT 26

O3-Na0.93Li0.12Ni0.25Fe0.15Mn0.48O2

O3-Na0.75Fe0.2Cu0.3Mn0.5O2

O3-Na0.8Ni0.6Sb0.4O2

O3-NaNi0.35Fe0.2Mg0.05Mn0.4O2

O3-NaNi0.45Mn0.3Ti0.2Zr0.05O2

P2-Na2/3Li1/9[Ni2/9Li1/9Mn2/3]O2

P2-Na0.59Co0.10Mn0.85(Ti2V)0.05O2

1 × 10−11 - 5 × 10-11

1.51 × 10−11

10−12 - 10-11

4.0886 × 10−11

1.28 × 10−14

2.19 × 10−13

1.559 ×10−12

GITT

GITT

GITT

CV

EIS

EIS

CV

27

28

29

30

31

32

33

O3-Na(Fe0.2Co0.2Ni0.2Ti0.2Sn0.1Li0.1)O2 5.75×10-11 GITT This work



Table S12 Lattice parameters evolution of O3-NFCNTSL at different voltages.

Voltage status a (Å) b (Å) c (Å) V (Å3)
initail (2.0V) 2.998 2.998 16.1334 125.2

discharge to 2.0V 2.9901 2.9901 16.1334 124.92
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