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Material

KMnO4 ((AR 99.5%, Chengdu Colon Chemical Co., LTD) MnSO4 H2O (AR 

99.95%, Aladdin), ZnSO4 7H2O (AR Aladdin), Superconducting carbon (SP, Henan 

lithium power supply Co., LTD), polyvinylidene fluoride (PVDF, Henan lithium power 

supply Co., LTD), N-methylpyrrolidone solvent (NMP, Henan lithium power supply 

Co., LTD), Zn foil (purity 99.95%, 100 μm, Dongguan Kelu De experimental 

equipment Technology Co., LTD), glass fiber (GF/D Whatman), Ti4O7 (Qinghe County 

superenergy alloy material Co., Ltd.) Nanofibrillated Cellulose solution (NFC, Solid 

content 4.5±0.5%, Zhongshan nano fiber new material Co., LTD)

Experimental Section

Preparation of MnO2 cathode. 0.1 M KMnO4 and 0.7 M MnSO4 were dissolved 

respectively in deionized water and stirred to get a uniform clear solution. Then mixing 

the upper two solutions and stirring at room temperature for 0.5 h before poured it into 

a reaction kettle and reacted at 100 ℃ for 10h. The obtained MnO2 was washed with 

deionized water and ethanol for several times, and dried in a vacuum oven at 80 ℃. 

The prepared manganese dioxide powder, SP, and PVDF binder were mixed with NMP 

to form a homogeneous slurry, which was cast onto a 100 µm zinc foil by doctor 

blading. After drying in a vacuum oven at 60 ℃ for 10 h, the MnO2 cathode was cut 

into discs with a diameter of 14 mm. The areal mass loading of MnO2 was controlled 

at 0.8 - 1.2 mg cm-2.

Preparation of coating anode. Ti4O7 protective layer was prepared on the surface 

of commercial zinc foil by a simple scraping coating method. In short, the mass fraction 



of 1 % NFC was mixed with Ti4O7 powder to form a uniform slurry, which was coated 

on a 100μm commercial zinc foil with a scraper and dried at 60 °C to form a coating 

named Ti4O7@Zn. the coated zinc foil was cut into discs with a diameter of 14 mm. 

Cut the Ti4O7@Zn coating into 14 mm diameter discs for later use.

Material characterization

The crystal structure of the synthesized powders and electrode surface was 

characterized by X-ray diffraction (XRD, AXS D8 Advance, Bruker) with Cu Kα 

radiation. The surfaces of both bare Zn and Ti4O7@Zn electrodes before and after Zn 

plating were characterized by scanning electron microscopy (SEM, SU-8010F, 

HITACHI), the corresponding energy dispersive spectrometer (EDS) mapping was 

applied to analyze the element distribution. X-ray photoelectron spectroscopy analysis 

(XPS) was determined by a Kratos Axis Ultra spectrometer with a monochromatic Al 

Kα radiation (h ν = 1486.6 eV). The contact Angle of Ti4O7@Zn and bare Zn with 

electrolyte was measured by a contact Angle tester (Theta, Biolin Scientific). The in 

situ optical images of zinc electrodes during 2 mA cm-2 stripping/galvanizing were 

observed using a YM710R metallographic microscope (YUESCOPE, Suzhou) on zinc-

zinc symmetrical cells composed of 1 cm × 1 cm zinc foils and 2 M ZnSO4 electrolyte.

Computational method

We have employed the Vienna Ab Initio Package (VASP) to perform all the spin-

polarized density functional theory (DFT) calculations within the generalized gradient 

approximation (GGA) in the PBE formulation. We have chosen the projected 

augmented wave (PAW) potentials to describe the ionic cores and take valence 



electrons into account using a plane wave basis set with a kinetic energy cutoff of 450 

eV. Partial occupancies of the Kohn−Sham orbitals were allowed using the Methfessel-

Paxton smearing method and a width of 0.10 eV. The electronic energy was considered 

self-consistent when the energy change was smaller than 10−5 eV. A geometry 

optimization was considered convergent when the residual forces were smaller than 

0.03 eV/Å.  The transition state of an elementary reaction step was located by the 

nudged elastic band (NEB) method. In the NEB method, the path between the reactant 

and product was discretized into a series of images. The intermediate images were 

relaxed until the perpendicular forces were smaller than 0.05 eV/Å. Finally, the 

adsorption energies (Eads) were calculated as Eads= Ead/sub -Ead -Esub, where 

Ead/sub, Ead, and Esub are the total energies of the optimized adsorbate/substrate 

system, the adsorbate in the structure, and the clean substrate, respectively.

Electrochemical measurement

An electrochemical workstation (CHI660E, Chenhua, Shanghai, China) was used 

to test the Zn and Ti4O7@Zn electrode's Tafel plot (Tafel), Linear Sweep Voltammetry 

(LSV) and other components, Amperometric i-t Curve (I - t), Chronoamperometry 

(CA), Electrochemical impedance spectroscopy (EIS), Cyclic voltammetry (CV). Tafel 

curve was measured in 2 M ZnSO4 electrolyte with Ti4O7@Zn or Zn as working 

electrode, platinum electrode as counter electrode, and saturated calomel electrode 

(SCE) as reference electrode at a scanning rate of 2 mV s−1 in the potential range of -

0.7 − -1.3 V. For the LSV test, Ti4O7@Zn or Zn was used as the working electrode and 

counter electrode, and saturated calomel electrode as reference electrode. The scanning 



rate was 1 mV s−1 and the potential range was -1.6 − -2.1 V in 1 M Na2SO4 solution. 

The CA test was carried out in a zinc symmetrical battery with an overpotential of -200 

mV. For electrochemical impedance spectroscopy (EIS) tests, the range of applied 

frequency is from 0.01 to 100 kHz. And the amplitude of AC signal is 5 mV. The 

scanning rate of cyclic voltammogram (CV) measurement sets at 0.2 mV s−1, and the 

range is from 0.8 to 1.8 V. The symmetric battery is composed of two same zinc 

electrodes and a 2 M ZnSO4 electrolyte. For the full battery test, the MnO2 electrode, a 

glass fiber member and the prepared zinc electrode were assembled into a coin cell. The 

electrolyte was 2 M ZnSO4 and 0.1 M MnSO4. The batteries were tested by LANHE 

CT3001A Battery tester (Wuhan Rand Electronics Co., LTD.), China). Constant 

current charge-discharge test was carried out under different current densities, and the 

cut-off voltage range was 0.8 ~ 1.8V. 



Fig. S1. SEM pattern of Ti4O7 coating cross section.



Fig. S2. EDS pattern of Ti4O7 coating cross section.



Fig. S3. XRD pattern of Ti4O7 powder and Ti4O7@Zn coating.
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Fig. S4. XPS full spectrum of Ti4O7@Zn.



Fig. S5. XRD pattern of Zn and Ti4O7@Zn symmetric battery after 100 h cycle.



Fig. S6. Error bar diagram for Zn// Zn and Ti4O7// Ti4O7 batteries.



Fig. S7. Charge–discharge profiles at 80th cycle.



Fig. S8. In situ optical microscopy apparatus.



Fig. S9. SEM surface images of (a) Zn and (b) Ti4O7@Zn after cycling for 100 h.



Fig. S10. Three adsorption sites and adsorption energy of Zn2+ on Ti4O7 (a) top site of Ti 
atom. (b) top site of O atom. (c) hollow site of Ti atom. (d) adsorption energy of Zn2+ on Zn surface.



Fig. S11. Migration path of Zn2+ on Zn.



Fig. S12. (a) XRD pattern of MnO2 (b) SEM image of MnO2 cathode material. 



Fig. S13. SEM images of zinc anode surface of (a) bare Zn and (c) Ti4O7@Zn in full 

battery after 300 cycles at 5C; (b) is a partial enlargement of figure (a); (d) is a partial 

enlargement of figure (c).



Table S1. XRD refined data.

Space 
group: P -1

a b c alpha beta gamma occupancy

5.593056 7.119137 12.455152 95.0464 95.1845 108.7664 0.986



Zn anode
Current 

density/Areal capacity 
(mA cm−2/mAh cm−2)

Overpotential

(mV)
Lifespan 

(h) Refs.

ZrO2 1/0.5 36 1750 [1]

Zn@CrN
1/0.25

5/2

28

46

3700

1200
[2]

SiC@Zn 1/0.25 40 780 [3]

Zn@CaF2 0.25/0.25 38 4000 [4]

Zn@NZP 1/0.25 44 1200 [5]

SnNc@Zn 1/1 23.8 1000 [6]

ZnSe@Zn 10/1 49 1000 [7]

TiN@Zn
1/1

2/2

30

40

2200

1000
[8]

Zn@HAP 1/0.25 48.4 2000 [9]

CSO-Zn 1.25/0.25 91 600 [10]

UMMT@Zn 1/0.5 40 2000 [11]

KL-Zn 4.4/1.1 70 800 [12]

Zn@ZPO 1/1 21 3500 [13]

Nb2O5@Zn 0.5/0.5 44 630 [14]

BTO/PVT@Zn 1/1 50 3000 [15]

Zn-ZnF3 0.5/0.5 30 1400 [16]

AgZn3@Zn 2/1 23 1360 [17]

Ti4O7@Zn
1/1

5/1

25

52

5900

3500
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