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Experimental section

Materials synthesis: The O3-NaNi0.5Mn0.5SnxO2 (x = 0, 0.01, 0.03 and 0.05) materials 

were synthesized by sol-gel method. The stoichiometric mixture of sodium acetate 

(Alfa Aesar, 99%), manganese (II) acetate (Alfa Aesar, 98%) and nickel (II) acetate 

(Alfa Aesar, 98%) are dissolved in deionized water forming a uniform solution. Then, 

the solution was stirred during heating at 80°C for 5 hours to get a green gel. After that, 

the gel was dried in an oven at 120°C for 24 hours and a precursor of NaNi0.5Mn0.5O2 

was obtained. The solid precursor was ground uniformly, placed in a corundum crucible 

and calcined in a muffle furnace at 1000° C for 12 h, quenched to room temperature, 

and then subjected to secondary calcination to obtain a cathode material having higher 

purity. Transfer the black NaNi0.5Mn0.5O2 powder quickly to the glove box to avoid 

adsorption of moisture. A series of Sn doping samples of NaNi0.5Mn0.5SnxO2 (x = 0.01, 

0.03 and 0.05) were prepared via solid-phase reaction by grinding SnO2 powder with 

the solid precursor and then calcined in the same condition. Thereinto, 3 wt% Sn-doped 

sample indicated the mass of SnO2 is 3% of that of the precursor.

Materials characterization: The X-ray diffractometer (XRD) patterns were obtained in 

a reflection mode from 10 ° to 80 ° and the scanning speed was 8 °/min using a Bruker 

Inc. (Germany) AXS D8 ADVANCE diffractometer (XRD, Cu K, 40 kV, 20 mA). 

The morphologies of the materials were tested by a scanning electron microscope 

(SEM, JEOL JEM-700F). The microstructure images and energy dispersive spectrum 

(EDS) analysis were obtained by high resolution transmission electron microscopy 

(HRTEM, FEI Tecnai G2 F20). The X-ray photoelectron spectra (XPS) of samples 

were recorded on a Perkin-Elmer PHI 5000C ESCA, Mg Kα, 1253.6 eV. The binding 

energies of all the elements were corrected regarding carbon (284.6 eV). 

Electrochemical measurements: A 2032-coin cell is assembled in a glove box (H2O, O2 

< 0.1 ppm, argon atmosphere) to evaluate the half-cell electrochemical performance of 

the electrode. 2025 cell was used to assemble full cells, in which hard carbon was anode 

and NaNMSn0.03O was cathode. The cathode was obtained by uniformly coating active 

material, carbon black and poly (vinyl difluoride) (PVDF, Aldrich) adhesive in a ratio 
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of 8:1:1 by weight on aluminum foil. The anode was coating on copper foil after 

uniformly stirring hard carbon, carbon black and sodium carboxymethylcellulose 

(CMC) in a ratio of 8:1:1 by weight. The resulting electrode sheet was then dried 12 h 

at 120°C. In the whole study, the areal density of the cathode and anode were 1.98 and 

1.04 mg/cm2, respectively. The electrolyte used in battery assembly is a 1 M NaClO4 

solution formulated according to 1:1 ethylene (EC) and diethyl carbonate (DEC). Pure 

sodium tablets were the anode material for half cells and glass fiber (GF/D) was 

separator. The charge-discharge test was performed in a Land system CT-2001A at 0.1 

C and a constant temperature of 25°C from 2.0 V to 4.2 V for the half cell and from 1.5 

V to 4.0 V, 4.05 V, 4.1 V, 4.2 V for the full cell. Cyclic voltammetry (CV) tests were 

executed by an electrochemical workstation CHI 660E at a scan rate of 1 mV s-1. In 

addition, the electrochemical impedance spectra (EIS) was tested by the same 

equipment in the frequency range of 1 MHz–0.01 Hz.
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Fig. S1 XPS spectra of the oxides before and after Sn doping and elements mapping images. (a) Mn 
2p, (b) Ni 2p, (c) O 1s, (d) Sn 3d, (e) HRTEM mapping of O3-NaNMSn0.03O.

Fig. S1a shows two peaks at 654.0 eV and 642.1 eV belonging to the Mn 2p1/2 and Mn 

2p3/2 peaks, respectively. It indicates that the main chemical state of Mn in both 

materials is +4. From the Ni 2p spectrum (Fig. S1b), it is known that the dominant peak 

at 854.4 eV indicates Ni has an oxidation state of +2. In the O1s spectrum (Fig. S1c), 

the O2− anion has two features of the crystalline structure and one weakly absorbing 

surface specie. Obviously, the dominant position is 529.4 eV, attributed to the lattice 

oxygen. Another smaller peak at a higher binding energy of 531.4 eV is from the surface 

of active oxygen or adsorbed impurities such as Na2CO3. In Fig. S1d, two peaks of Sn 

3d5/2 and Sn 3d3/2 located at 486.2 eV and 496.0 eV, respectively, match with the Sn4+ 

binding energy. This proves that Sn is successfully doped in the bulk material and the 

main chemical state of Sn in the doping material is +4. 
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Fig. S2 HRTEM images (a) and (b) and mapping images (c) of NaNMO. 
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Fig. S3 Cycling performance of NaNMSnxO (x=0.01, 0.03, 0.05) materials at 1C vs. Na/Na+.
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Fig. S4 The comparison of cycling performance between NaNMO and NaNMSn0.03O at 1C vs. 
Na/Na+.
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Fig. S5 Rate capability of NaNMSnxO (x=0, 0.01, 0.03, 0.05) vs. Na/Na+.
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Fig. S6 Electrochemical impedance spectra of NaNMSnxO (x=0, 0.01, 0.03, 0.05) before cycling.

Generally, the EIS spectra is divided into two parts: one is the semicircle at high 

frequency indicating the resistance of the lithium ions through the interfacial film; the 

other is the slope located at low frequency indicating the process of lithium ions 

diffusing in the bulk material. According to the EIS results, diffusion coefficient of Na+ 

can be calculated by the equation below:

                                      (1)
𝐷= 0.5(

𝑅𝑇

𝐴𝑛2𝐹2𝜎𝑊𝐶0
)2

                                   (2)𝑍' = 𝑅𝑠+ 𝑅𝑐𝑡+ 𝜎𝑤𝜔
‒ 0.5

As shown in Equation (1), R is the ideal gas constant; T represents the absolute 

thermodynamic temperature; A is the surface area of electrodes (1.77 cm2 in this study); 

n is the number of electrons transferring during cycling (1 in this cathode); F represents 

the Ferrari constant; σW means the Weberge factor related to Z' (Equation (2)); C0 is the 
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concentration of Na+ per unit cell (4.61×10−3 mol cm−3 in this cathode).
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Fig. S7 HRTEM images of the materials after cycled: (a) NaNMO after 100 cycles at 1 C, (b) the 
selected region of (a), (c) NaNMSn0.03O after 100 cycles at 1 C, (d) the selected region of (c).
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Fig. S8 Electrochemical properties of full cell at different voltage ranges. (a) First charge/discharge 
curves of four cut-off voltages at 0.1C. (b) First charge/discharge curves of four cut-off voltages at 
1C. (c) Cycling performance at 1C.

The high cut-off voltage has been optimized because the O3-P3 phase transition highly related to 
electrochemical performances appears over 4.0 V during the charging process. That means the O3-
P3 phase transition is mainly related to the high cut-off voltage rather than the low voltage. Different 
high cut-off voltage will influence the length of plateau at 4.0 V, namely the degree of phase 
transition, and further effect the performance. Therefore, it is necessary and reasonable to optimize 
the high cut-off potential. 

The reason for choosing 1.5V for the low voltage is due to the potential difference between the hard 
carbon and the lithium metal. For the half cell, the anode is metal sodium, which is always chosen 
as reference electrode to confirm the potential of active material. However, the anode used in full 
cell is hard carbon, and there is a potential difference with sodium metal. So, the two kinds of cells 
are always selected different voltage range, even the cathode material is the same. Moreover, it is 
verified there is a 0.5 V average potential difference between the metal sodium and hard carbon,1 
which means the voltage range has to reduce at some extent when the anode changed from metal 
Na to hard carbon.
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Fig. S9 The comparison of coulombic efficiency in cycling performance between 1.5-4.1 and 1.5-
4.2 V at 1C.



S14

0 50 100 150 200 250 300
0

25

50

75

100

125

150

5C

Sp
ec

ifi
c 

Ca
pa

ci
ty

 (m
Ah

/g
)

Cycle number

 1.5-4.1 V
 1.5-4.2 V

0

20

40

60

80

100

Co
ul

om
bi

c 
ef

fic
ie

nc
y 

(%
)

Fig. S10 Cycling performance of two cut-off voltages at 5 C.
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Table S1 The crystallographic parameters of the samples obtained by using the Jade 6 software.

Sample a(b)/Å c/Å c/a

NaNMO 2.9471 15.8395 5.3746

NaNMSn0.01O 2.9504 15.9162 5.3945

NaNMSn0.03O 2.9547 15.9394 5.3946

NaNMSn0.05O 2.9568 15.9429 5.3919
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Table S2 Electrochemical properties comparisons of previous O3-type cathode 
materials. 

Material
Specific 
capacity 
(mAh/g)

Capacity retention of 
half cell (%)

Capacity retention of 
full cell (%)

Referen
ces

O3-Na[Li0.05(Ni0.25Fe0.25 

Mn0.5)0.95]O2
180.1 (0.1C)

Half cell 
89.6 (0.2C, 20 cycles) 

Full cell
76 (0.5C, 200 cycles)

2

O3-Na[Li0.05Mn0.5Ni0.3 

Cu0.1Mg0.05]O2
172 (0.1C)

Half cell 
81.6 (1C, 400 cycles)
 

Full cell
~59 (0.5C, 100 cycles)

3

(P2+O3)-Na0.66Li0.18Mn0.71 

Ni0.21Co0.08O2+δ
200 (0.1C)

Half cell 
84 (0.2C, 50 cycles)

- 4

Na[Ni0.61Co0.12Mn0.27]O2 160 (0.1C)
Half cell 
80 (0.5C, 100 cycles)

- 5

NaNi0.45Cu0.05Mn0.4Ti0.1O2 124 (0.1C)
Half cell
70.2 (1C, 500 cycles)

- 6

NaNi0.5Mn0.2Ti0.3O2 135 (0.05C)
Half cell 
78 (1C, 200 cycles)

- 7

O3- Na0.7Ni0.35Sn0.65O2 64 (0.1C)
Half cell 
80 (0.1C, 100 cycles)

- 8

NaNi0.5Mn0.5Sn0.03O2 191(0.1C)
Half cell 
85 (0.1C, 100 cycles)

Full cell
82 (5C, 150 cycles)
53 (1C，1000 cycles)

This 
work
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