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Experimental Section 

Separator preparation: The commercial polyethylene (PE) separator (Intelligent Materials Pvt. Ltd., USA, 

9µm or 16 µm) was passed through the plasma zone at a speed of 100 mm/min in a roll-to-roll way, 

corresponding to an active time of 1 min. The plasma was ignited at a voltage power of 30 W through two 

plate electrodes with a flow rate of air of 200 mL/min at 10 Pa. The plasma-treated PE separator was then 

passed through an isopropanol solution containing 0.12 mol/L of titanium isopropoxide (Aladdin), 0.28 mol/L 

of deionized water, and 0.03 mol/L of HCl at 70 °C in a roll-to-roll way. The reaction time for each separator 

is approximately 2 h. After rinsing with water and drying at 70 °C, we obtained the TiO2-grafted PE separator. 

Synthesis method of VO2: Mix 0.5 g oxalic acid dihydrate, 0.36 g V2O5, and 40ml deionized water in a 

reaction flask. Stir the mixture using a magnetic stirrer at room temperature for 4 hours. Subsequently, allow 

the reaction to proceed at 180°C for 24 hours. Wash the resulting product several times, dry it, and obtain a 

deep blue powder. 

Materials Characterization: Scanning electron microscopy (SEM) images were collected on a JEOL-7100F 

microscope at 20 kV. X-ray photoelectron spectroscopy (XPS) was carried out on a SHIMADZU (Kratos) 

Axis Supra equipped with an Al Ka monochromated X-ray source. The contact angle was measured by the 

KRÜSS DSA100 Drop Shape Analyzer. X-ray diffraction (XRD) was performed by Bruker D8 and 

EVASTAR Y2 X-ray diffractometer with a Cu Kα X-ray source (λ = 1.5418 Å). Pole figures data for zinc 

metal were collected in a field emission gun SEM (JSM-IT800) equipped with an EBSD system. EBSD was 

performed at 10 kV at a 70° inclination using the Oxford Instruments detector. 

Electrochemical measurements: The Zn||Zn symmetric coin cells are assembled, in which the Zn plates serve 

as both positive and negative electrodes, 1 M ZnSO4 as the electrolyte. The Celgard 3501, GF/A, and TiO2-

PE (16 µm) are selected as separator in the coin cells. The charge and discharge were performed at a current 

density of 1 mA cm-2 and an areal capacity of 1 mAh cm-2 (NEWARE battery testing system). The Zn||VO2 

cells used in the experiments were 2032-coin models, with GF/A filters or TiO2-PE (9 µm) separator and 2 M 

ZnSO4 aqueous electrolyte. VO2 cathode films were prepared by compressing a mixture of active materials: 

Super P: polytetrafluoroethylene (PTFE) in a mass ratio of 7:2:1, then they are punched into circular shapes 

with 10 mm, utilizing Ti foil as the current collector. The mass loading of the VO2 electrode is about 1 mg 

cm-2. The Zn||VO2 batteries were discharged to 0.2 V and charged to 1.2 V at constant current density. 

Galvanostatic charge-discharge measurements were performed with battery testing system (LAND CT2001A). 

The CA and CV measurements were performed on an electrochemical workstation (CHI760E). 

In situ XRD measurements: A lab-made in situ cell mold was utilized for this study. The cathode electrode 

was made of a Be window with a ~100 nm Titanium metal layer, with Zn foil as the anode electrode and the 

1M ZnSO4 as the electrolyte. TiO2-PE and GF/A served as separators, respectively. The in situ cell was 

discharged at a current density of 1 mA cm-2 for 1 hour, subsequently charged until approaching the 0.5 V 

cutoff potential, and then cycled. The in situ XRD data was collected simultaneously every 2 mins. 

  



 

 

Scheme 1. Schematic illustration for the TiO2-grafted PE (TiO2-PE) separator preparation 

 

 

Figure S1 Contact angle test photos of PE (A) and TiO2-PE (B) separators 

 

 

Figure S2 Photographs of the TiO2-PE and plasma-treated PE separator immersed in deionized water 

 

Figure S3 The SEM images of PE (A) and TiO2-PE (B) separators 



 

Figure S4 XPS peak of Ti 2p of the TiO2-PE separator. 

 

 

Figure S5 Photographs of the pristine and TiO2-PE separator after storage at 150 °C for 1h. The white dashed 

square shows the original size of the separators. 

 

 

Figure S6. Cycling performance for Zn||VO2 full cells with the TiO2-PE separator at 1 A g-1. 



  

Figure S7. A diagram of the relationship between the cycle number and separators’ thickness (Data from 

Table S3). 

 

Figure S8 In-situ XRD patterns of deposited Zn with TiO2-PE 

 

 

Figure S9 In-situ XRD patterns of deposited Zn with GF/A 



 

 

Figure S10 Side-view SEM images of Zn deposited on TiO2-PE (A) and GF/A separators (B). 

 

 

Figure S11 The SEM images of GF/A separators. 

 

  



Table S1 The data of Figure 1. Dependence of separator thickness on Zn ion battery energy density. (mainly 

based on the commercialized separators). The energy density is calculated based on the mass of the cathode, 

anode, and electrolyte-soaked separator. In our calculation model, we set cathode mass and anode mass to 15 

and 10 milligrams, respectively. Our calculation formula is as follows: 

Corrected energy density = Capacity × Operating voltage × Cathode mass / (Cathode mass + Anode mass + 

Separator with electrolyte mass) 

 
 

Number Separator 

materials 

Thickness 

(μm) 

Capacity 

(mAh/g) 

Operating 

voltage 

(V) 

Energy 

density 

(Wh/kg) 

Separator with 

electrolyte 

mass (mg) 

Corrected 

energy density 

(Wh/kg) 

1 Glass fiber[1] 675 285 1.44 410.4 292.50 19.39 

2 Glass fiber[2] 675 381 1 381 292.50 18.00 

3 
Celgard 

3501[3] 
25 150 1 150 7.32 69.62 

4 
Glass fiber 

(GF/C)[4] 
260 394 1 394 83.85 54.29 

5 
Biomass 

nanofibers[5] 
7 173.8 1.3 225.94 2.05 125.29 

6 
Bamboo 

cellulose[6] 
10 175 1.3 227.5 2.93 122.19 

7 Glass fiber[7] 265 180 1.4 252 85.46 34.22 

8 
Glass fiber 

(GF/D)[8] 
675 374 1.3 486.2 292.50 22.97 

9 
Glass fiber 

(GF/A)[9] 
260 218 1.3 283.4 83.85 39.05 

  



Table S2 The data of Figure 2e. Some separator materials for zinc ion batteries, including their thickness (unit: 

μm), cycle number of full cell (Current density: 0.2~0.5 A/g) and cycle per thickness. (The recording principle 

of cycle number is that the capacity retention rate is greater than 80%) 

Number Separator materials Current density (A/g) Thickness (μm) Cycle Cycle/thickness 

3 Celgard 3501[3] 0.2 25 300 12 

10 -SO3H mask PP separator[10] 0.2 140 200 1.43 

5 Biomass nanofibers[5] 0.3 7 100 14.29 

11 Sn-coated separator[11] 0.3 30 600 20 

12 PVDF-Li separator[12] 0.5 20 475 23.75 

13 SPSF@PMIA[13] 0.5 80 1000 12.5 

 TiO2-PE (This work) 0.25 9 256 28.44 

 

Table S3 The data of Figure S7. Some separator materials for zinc ion batteries, including their thickness (unit: 

μm), cycle number of full cell (Current density: 1 A/g) and cycle per thickness. (The recording principle of 

cycle number is that the capacity retention rate is greater than 80%) 

Number Separator materials Current density (A/g) Thickness (μm) Cycle Cycle/thickness 

6 Bamboo cellulose[6] 1 10 80 8 

7 Glass fiber[7] 1 265 1900 7.17 

14 Zn-Nafion separator[14] 1 25 250 10 

15 GF/PBPT[15] 1 299 1000 3.34 

16 Cotton cellulose Separator[16] 1 140 1000 7.14 

17 Polypyrene cellulose paper[17] 1 17 100 5.88 

18 
Graphene oxide cellulose 

separator[18] 
1 30 800 26.67 

 TiO2-PE (This work) 1 9 308 34.22 
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