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18 Experimental methods

19 Chemicals: Mineral chameleon (KMnO4), Polyethylene glycol 400 (HO(CH2CH2O)nH), Zinc 

20 vitriol (ZnSO4·7H2O), Mn hydrate sulfate (MnSO4·H2O), Zinc plate, All raw materials purchased 

21 are of analytical grade and have not been purified before use. 

22

23 Preparation of the MnOOH nanorods: Weigh 0.15 g of potassium permanganate (KMnO4) with 
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1 weighing paper at room temperature and put it into a cleaned beaker, weigh 60 ml of deionized 

2 water in a graduated cylinder and pour it into the beaker. Use a pipette gun to take 3 ml of 

3 polyethylene glycol (PEG-400) and drop it into the solution, stir for 30 minutes, then put the 

4 completely dissolved solution in a dry box to react at 160℃ for 5 h. After the reaction was 

5 completed, rinse with deionized water and ethanol, and collect the filtered powder sample with 

6 filter paper to obtain manganese oxyhydroxide (MnOOH) nanorods. 

7

8 Preparation of the MnO2 (Od) nanorods: The prepared precursor MnOOH was placed in a high-

9 temperature sintering furnace to react in an air atmosphere at different temperatures. The 

10 temperature was raised at 2 ℃/min, and the temperature was raised to a constant temperature of 

11 280℃, 300℃, 350℃, 400℃, 450℃, and 550℃, respectively, and the heat treatment time was set 

12 to 2 h. After the reaction is completed, the powder samples are collected separately to obtain 

13 manganese dioxide (MnO2) nanorods. 

14

15 Structural characterization: X-ray diffraction (XRD) is a diffractometer obtained by 

16 Bruker D8 Advance using 40 kV, 40 mA CuKα radiation. A scanning electron microscope (SEM, 

17 JEOL JSM-7100F) was used to study the morphology and size of the samples. Using a cold field 

18 emission electron source and an image Cs corrector (CEOS GmbH), A JEOL ARM 200 F 

19 microscope operating at 200 kV was tested on a transmission electron microscope (TEM) and 

20 energy dispersive X-ray spectrometer (EDX). X-ray photoelectron spectrometer (XPS) was 

21 performed using a Thermo Fisher Scientific Escalab 250Xi spectrometer with AlKα radiation. 
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1 Computational details

2 Our first-principle calculations are performed using VASP code[1], based on density-

3 functional theory (DFT)[2, 3]. The 2 × 2 × 3 supercells of β-MnO2 are chosen as calculation 

4 models. The exchange–correlation energy is calculated using general gradient approximation 

5 (GGA) with the Perdue–Burke–Ernzerhof (PBE) exchange–correlation functional[4]. The DFT+U 

6 method[5, 6] including strong correlation effects was adopted to describe the localized Mn-3d 

7 electrons and the U-J values are set to 3.9 eV[7]. The effect of van der Waals interactions was 

8 estimated, implemented in the optimized exchange van der Waals functional DFT-D3[8]. The 

9 plane wave cutoff energy is 520 eV and the k-point meshes of 3 × 3 × 3 and 5 × 5 × 5 in the 

10 Monkhorst Pack[9] sampling scheme are used for geometry optimization and computation of 

11 electronic properties, respectively. The convergence condition for the energy is 10−5 eV, and the 

12 structures were relaxed until the force on each atom is less than 0.01 eV/Å. Spin polarization is 

13 considered in all calculations. And the structure drawing and charge density visualization were 

14 generated using VESTA[10].

15 The binding energies Eb of H are defined as:

16 Eb = E(MnO2+H) − (E(MnO2) + E(H)),

17 here, E(MnO2+H) is the total energy of pristine or defective MnO2 with a H adatom, 

18 E(MnO2) is the total energy of pristine or defective MnO2 and E(H) = 1/2 E(H2); E(H2) is the total 

19 energy of the total energy of H2 molecule.
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1 Results and Discussion

2

3 Figure S1. Preparation schematic of β-MnO2 (Od) electrode material.

4

5

6 Figure S2. HR-TEM image of β-MnO2 (Od). 
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1 Figure S3. Elemental content of β-MnO2 (Od). 

2

3

4

5 Figure S4. XRD pattern of Mn3O4 after heat treatment in inert gas. 
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1 Figure S5. XRD patterns of MnOOH after heat treatment at different temperatures in air. 

2

3

4

5 Figure S6. SEM images of MnOOH after heat treatment at different temperatures in air. 
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1

2 Figure S7. XPS changes of Mn elements in the products of MnOOH after heat treatment at 

3 different temperatures in air. 
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1

2 Figure S8. XRD comparison chart of β-MnO2 (Od), MnO2 (com), MnO2 three materials. 

3

4

5 Figure S9. SEM comparison chart of β-MnO2 (Od), MnO2 (com), MnO2 three materials. 
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1 For further explore energy storage mechanism of the β-MnO2 (Od) in different electrolyte, the 

2 formula for analyzing CV data at various scan rates according to a typical method[11] is as 

3 follows:

4 i=avb 

5 The measured current (i) corresponds to the power-law relationship of the scan rate (v). a and b 

6 are tunable parameters, where b is a value determined by the slope of the relationship between logi 

7 and logv, the coefficient b varies in the range of 0.5-1.0, so there are two clearly defined 

8 conditions, namely b = 0.5 and b = 1.0. The b value is 0.5, which indicates the insertion process of 

9 diffusion control, and the b value is 1.0, which indicates the surface capacitance process. Linear 

10 relationship between log i and log v graphs (log i = log a + blog v) according to Figure S10[12]. 

11 The b values of the four redox peaks are calculated to be 0.51 (peak 1), 0.49 (peak 2), 0.59 (peak 3) 

12 and 0.35 (peak 4), This indicates that the electrochemical kinetics of the compounds are related to 

13 diffusion-controlled processes and capacitive effects, but capacitive effects are the main process.
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1

2 Figure S10. b-value of β-MnO2 (Od) fitted by CV curve. 

3

4

5 Figure S11. GCD curve of Zn//β-MnO2 (Od) battery. 
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1

2 Figure S12. GITT comparison chart of three different materials. 

3

4

5 Figure S13. Comparison chart of rate performance of three different materials. 
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1

2

3 Figure S14. a) CV curves of Zn//β-MnO2 (Od) single pouch battery and parallel connection. b) 

4 GCD curves of Zn//β-MnO2 (Od) single pouch battery and parallel connection. 

5

6

7

8 Figure S15. a) CV curves of Zn//β-MnO2 (Od) single pouch battery and series connection. b) 

9 GCD curves of Zn//β-MnO2 (Od) single pouch battery and series connection. 
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1

2 Figure S16. a) Schematic diagram of pouch battery. b) Zn//β-MnO2 (Od) soft pack batteries are 

3 connected in series to light up the car model lights. 
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