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1.1 Experimental Section

Synthesis of δ-MnO2 for cathode: The δ-MnO2 was synthesized by hydrothermal 

synthesis.1 In detail, 2.8446 g of KMnO4 and 0.5070g of MnSO4·H2O were added 

separately to 30 mL of DI water, followed by magnetically stirring for 30 minutes. 

Then, KMnO4 solution (0.6 M) was mixed with MnSO4 solution (0.1 M) under 

continuous stirring for 1 h at room temperature. The mixture was then transferred to a 

100 mL Teflon-lined autoclave and maintained at 140 ℃ for 14 hours. The obtained 

brown solid product was centrifuged, and washed with DI water until the centrifuged 

solution was colourless, and then washed once with alcohol. Finally, the solid was dried 

in the oven at 80 ℃ overnight. 

The δ-MnO2 cathode was prepared by mixing 80 wt% of δ-MnO2, 10 wt% of 

acetylene black, and 10 wt% of PVDF in NMP solution. The obtained slurry mixture 

was coated on carbon paper, followed by drying at 60℃ overnight in the vacuum oven. 

Finally, carbon paper loaded with δ-MnO2 was cut into discs with a dimeter of 12 mm 

(loading of 1.5-2.5 mg).

Materials characterization: The surface morphologies and compositions of all zinc 

foil were investigated by field emission scanning electron microscopy (SEM, JSM-

7900F) with an X-ray energy spectrum (EDS) detectors. The composition of the 

cathode material and the crystalline structure of the zinc foil were analysed by X-ray 

diffraction (XRD, PANalytical/ Empyrean 2). The chemical composition of the surface 

of zinc foil was characterized by the X-ray photoelectron spectroscopy (XPS, Thermo 

Scientific K-Alpha). The dynamic contact angles were measured by a contact angle 

sensors (LAUDA Scientific GmbH, LSA-100) to evaluate the wettability of zinc foil.

Theoretical calculations: All the DFT calculations were performed in Gaussian (G16)2 

program. The initial structures were optimized at the B3LYP/6-31+G(d,p) level of 

thoetry, followed by energy calcualtion at the B3LYP/6-311++G(2df,2p) level of 

thoetry, both with DFT-D3(BJ) dispersion correction.3-7 The binding energy (ΔE) 

between two components was defined as following: ΔE = Etotal – (EA + EB), where Etotal, 

EA, and EB are the total energy of the A–B complexes, A component, and B component, 
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respectively. Here, A and B can be Zn ion, Cys anion, and H2O.

Electrochemical Measurement: For symmetric cells, 2032-type coin cells were 

assembled. Bare Zn or Cys-Zn@Zn disc (16 mm) was used as working electrodes, glass 

fiber (GF/D) was used as separator, and 80 μL of ZnSO4 (2 mol L-1) aqueous solution 

was used as the electrolyte. The half coin cells were similar to the symmetric cells, but 

a 12-mm Cu foil replaced Bare Zn or Cys-Zn@Zn as counter electrode. In the full coin 

cells, the δ-MnO2 cathode and Bare Zn or Cys-Zn@Zn anode were used, and 80 μL of 

mixed solution of ZnSO4 (2 mol L-1) and MnSO4 (0.1 mol L-1) was used as electrolyte. 

All of the cells were assembled in the atmospheric environment.

Galvanostatic cycling tests were carried out by the LAND CT2001A (Wuhan LAND 

electronics Co., Ltd.). CHI 660e electrochemical workstation (ChenHua Instruments 

Co., Ltd.) was used to record cyclic voltammetry (CV) curves of half coin cells (range 

of -0.3 to 1.0 V, scan rate of 5 mV s-1) and full coin cells (range of 0.6 to 1.8V, scan 

rate of 0.2 mV s-1), electrochemical impedance spectroscopy (EIS) spectra between 

0.01 Hz and 100 kHz, and Tafel curves (range of -0.3 to 0.3V). The dendrite growth 

was observed by the in-situ optical microscopy (10XB-PC, Shang Guang) at the 

electricity of 5 mA.
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Figure S1. Schematic illustration of fabricating ultrathin L-cysteine complex layers on 
the Zn foil (Cys-Zn@Zn).

Figure S2. Partially scale cycling performance at selected cycles of Cys-Zn@Zn-x and 
Bare Zn symmetric cells for 2 mAh cm-2 at 2 mA cm-2.
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Figure S3. (a) The XPS survey spectra for Bare Zn. (b) Zn 2p XPS spectrum of Bare 
Zn.

Figure S4. Partially scale Zn 2p XPS spectrum of Bare Zn (black) and Cys-Zn@Zn-1 
(red).
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Figure S5. FTIR spectra and partially scale spectra at selected wavenumber of Zn, pure 
cysteine and Cys-Zn.

Figure S6. Cycling performance and partially scale voltage profiles at selected cycles 
of the Bare Zn and Cys-Zn@Zn-1 symmetric cells for 5 mAh cm-2 at 5 mA cm-2.
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Figure S7. Cycling performance and Partially scale voltage profiles at selected cycles 
of the Bare Zn and Cys-Zn@Zn-1 symmetric cells for 10 mAh cm-2 at 10 mA cm-2.

Figure S8. SEM pictures and the respective elemental profiles of the Cys-Zn@Zn-1 
anode after 25 cycles at 2 mA cm-2 and 1 mAh cm-2.
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Figure S9. (a-e) Partially scale rate performance at selected cycles of Cys-Zn@Zn-1 
and Bare Zn symmetric cells at (a) 1 mA cm-2, (b) 2 mA cm-2, (c) 3 mA cm-2, (d) 5 mA 
cm-2 and (e) 10 mA cm-2 for 2 mAh cm-2.

Figure S10. The equivalent circuits used for fitting the experimental spectra of Bare 
Zn and Cys-Zn@Zn-1 symmetric cells. Rs and Rct are denoted as electrolyte resistance, 
and interfacial resistance, respectively.
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Figure S11. (a-c) SEM of the Bare Zn anode after plating/stripping (a) 3 cycles, (b) 
25cycles and (c) 50 cycles for 1 mAh cm-2 at 2 mA cm-2.

Figure S12. (a-c) SEM of the Cys-Zn@Zn-1 anode after plating/stripping (a) 3 cycles, 
(b) 25cycles and (c) 50 cycles for 1 mAh cm-2 at 2 mA cm-2..

 Figure S13. XRD pattern of MnO2 showing the δ-MnO2 structure (PDF: #043-1456)

Due to the low cost, high operating voltage and theoretical specific capacity, 
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especially MnO2, manganese-based materials have a practical application prospect in 

zinc ion batteries. Referring to previous work, a simple hydrothermal method was 

employed to prepare δ-MnO2. XRD was used to investigate the crystal structure of δ-

MnO2 samples with the peak corresponding to ICDD crystallographic database entry 

PDF#043-1456 , proving no other impurities1 (Figure S13).

  
Figure S14. Long-term cycling performance of Zn||MnO2 battery with Bare Zn and 
Cys-Zn@Zn-1 anodes at 1 A g−1 together with corresponding CEs.
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Table S1. Ccomparison of this work with other previously reported cycling performance of 
symmetrical cells

Anodes
Areal capacity

(mAh cm-2)
Current density

(mA cm-2)
Cycle life

(hour)
reference

0.5 0.5 1600
1 1 1100S/MX@ZnS@Zn-350
5 5 400

8

0.5 2 3300
1.25 5 3200Zn@ZnP
2.5 10 1900

9

0.5 0.5 150
Zn@N-VG@CC

1 1 65
10

NLSG coated Zn 1 1 250 11

Zn-ZnF2 0.5 0.5 700 12

1 1 2000
GFA-5

3 3 700
13

1 2 1100
2 2 700
5 5 400

Zn@ZIF

2.5 5 900

14

1 1 420
DIP D@Zn

1 2 260
1

0.5 1 3000
1 1 350PPZ@Zn
1 2 600

15

0.5 1 2500
1 2 1900

2.5 5 600
SEI-Zn

5 10 450

16

SLM-Zn 2 1 500 17

Zn@ZnO-3D 1.25 5 500 18

1 1 800
Zn@ZnF2 1 10 500

19

502-coated Zn 0.25 0.5 800 20

1 1 1020
2 2 800N-C networks coated Zn foil
4 4 300

21

2 2 2000
1 2 2000
5 5 600

Cys-Zn@Zn-1

10 10 260

This work
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Table S2. The impedance parameters for bare Zn and Cys-Zn@Zn-1 in the initial, 3rd, 25th and 
50th cycle.

Bare Zn Cys-Zn@Zn-1

Initial 3rd 25th 50th Initial 3rd 25th 50th

Rs/Ω 0.926 1.905 1.403 1.019 0.818 2.105 1.305 1.446

Rct/Ω 469.7 165.2 70.04 67.29 291.3 78.8 39.34 36.46
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