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Theoretical Calculations.

Based on the density function theory (DFT),[1,2] the first-principles calculations have been 

performed to investigate the adsorption behaviors on CNWs, GN and CNG by Vienna Ab-initio 

Simulation Package (VASP).[3,4] For the periodic DFT calculations, we chose the projector-

augmented-wave (PAW)[5] pseudopotentials and Perdew-Burke-Ernzerhof (PBE) exchange 

correlation functionals.[6] The planewave basis cutoff energy of 500 eV was used for the self-

consistent field method with an electronic energy convergence of 1005 eV/atom, while the 3×3×1 k-

point samplings are used within the Γ center Monkhorst-Pack scheme. For the lattice constants 

optimization and structure relaxations, the remanent Hellmann-Feynman forces were less than 0.01 

eV/Å. For the van der Walls forces, we used the DFT-D3[7] method of Grimme to get an accurate 

description of this force. Furthermore, we also used the density functional molecular dynamics 

(DFTMD) to simulate the dynamical process of hydrated zinc ions [Zn(H2O)6]2+ on the surface of 

CNWs.

The CNWs structure has been studied for a long time. Both Iα and Iβ structures can exist in 

CNWs.[8,9] Considering the X-ray diffraction pattern of cellulose in our experiment, we use Iβ CNWs 

for our following calculations. The Iβ CNWs was constructed by our experimental data and the 

information published by Nishiyama et al.[9] First, we focused on the adsorption process of CNWs 

and graphene. The surface model for cellulose and graphene has been constructed and we used 12 Å 

vacuums to eliminate the interaction between surfaces. Due to the configurations of those surfaces, 

we set H2O, Zn2+ and [Zn(H2O)6]2+ on different surface positions(such as hollow, bridge and top 

positions of different atoms) to get the most stable states, respectively. The adsorption energy can be 

defined as: 

Ead = Etot - Ebase - Emol                                       (1)

Where Ead, Etot, Ebase, and Emol denote the adsorption energy, the total energy of adsorption models, 

the energy of the matrix such as graphene or CNWs and the energy of the adsorption molecules such 

as H2O, Zn2+ and [Zn(H2O)6]2+.

The interface energy of CNWs and graphene can be obtained as: 

                                        (2)
𝛾 =

𝐸𝐶𝑁𝐺 ‒ 𝐸𝐶𝑁𝑊𝑠 ‒ 𝐸𝐺𝑁

𝐴

ECNG is the total energy of CNG interface model. ECNWs is the total energy of the CNWs’s surface 

model and EGN is the energy of graphene. A is the area of the interface. 

As shown in Figure M1, the temperature of the simulated environment always maintained at 300K. 

During the MD simulation, the energy of the whole system and the average coordination number 



(ACN, Figure M2) of hydrated Zn2+ decreased consistently, demonstrating the desolvation effect of 

CNWs, where the corresponding ACN of hydrated Zn2+ was 4.8 (from 0 to 2000 steps) and 3.2 (from 

2000 to 10000 steps), respectively.

Figure M1. Temperature and energy along with time in the MD simulation of the desolvation process 

of CNG membrane.

Figure M2. Zn-H2O radial distribution function calculated using DFT-D3 function at the MD 

modeling of 300K. Time step from (a) 0 to 2000 and (b) 2000 to 10000.



Figure S1. Schematic illustration of fabrication procedure for CNG membrane.

Figure S2. Cross-sectional images of CNG membranes with different thickness. (a) CNG-1, (b) 

CNG-2, (c) CNG-3 before and (d) after compression process, (e) glass fiber separator. (f) Zn 

deposition morphology on CNG-1/Zn anode after 15mins.

Figure S3. Macroscopic image of CNG membranes.



Figure S4. (a) XRD analysis of Zn foil with CNG-4 layer after 15 mins deposition (the inset image is 

WCA of CNG-5). (b) SEM image of Zn anode protected by CNG-5 membrane after plating 15 mins. 

Current density, J = 4 mA cm-2.

At the experimental design stage, we prepared CNG membranes with different thicknesses by 

regulating the mass of graphene, where the mass ratio of graphene and CNWs was fixed at 1:1, as 

shown in Table S1. The thickness of CNG membranes are 13.6 (CNG-1, Figure S2a), 40.3 (CNG-2, 

Figure S2b), and 52.5 µm (CNG-3, Figure S2c), respectively. We chose CNG-3 membrane as the 

interface layer for three reasons: (i) due to the difficulty of preparation process, it is difficult to 

obtain a complete and uniform CNG membrane if the thickness decreases (Figure S3); (ii) although 

the thickness of the layered CNG-3 membrane is nearly 52.5 µm, the actual thickness is 43.7 µm 

(Figure S2d) after being compressed during the battery assembly process, which is much less than 

that of glass fiber separator (280 µm, Figure S2e); (iii) the Zn deposition morphology does not 

change when using CNG-1 membrane, as shown in Figure S2f. Therefore, with the decrease in the 

thickness of CNG membrane, Zn deposition morphology will not be influenced. So the CNG-3 

membrane (mgraphene : mCNWs=1:1, mgraphene = 120 mg) was selected to induce Zn redirected 

electrodeposition for the experimental consistency.

Besides, the CNG membranes with three different mass ratios (1:2, 1:1, and 2:1) of hydrophobic 

graphene and hydrophilic CNWs were prepared, where the graphene mass was fixed (Table S2). For 

CNG-4 membrane, the water contact angle was 0o (inset image of Figure S4a). The excellent super-

hydrophilicity of the interface layer is not favorable to screen H2O molecules, causing Zn anode 

corrosion (Figure S4a). But for CNG-5 membrane, the electrical conductivity of CNG membrane 

was improved due to the reduction of CNWs mass, which caused Zn2+ deposition on the surface of 

CNG-5 membrane (Figure S4b). Because an ideal interface layer should possess high ionic 

conductivity and low electrical conductivity, thus the CNG-3 membrane (mgraphene : mCNWs=1:1, 



mgraphene = 120 mg) was considered to be the best one to perform a series of experiments. 

Figure S5. XRD patterns of CNWs, GN, and CNG membrane.

Figure S6. FT-IR spectra of CNWs.

The broad peak located at 3,344-3,415 cm-1 region is attributed to stretching and bending 

vibrations of OH group. The adsorption at 2912, 1140 and 1079 cm-1 is related to the stretching 

vibrations of C-H (-CH2- group), C-O-C (pyranoid rings group) and C-O, respectively. The peaks at 



1367 cm-1 and 1170 cm-1 represent the stretching vibrations of S=O (sulfonic group).

Figure S7. The interface energy of CNWs and GN was calculated by DFT simulation.

Figure S8. Morphological characterizations of CNG membrane. (a) FE-SEM, (b) EDS and (c, d) 

cross-sectional images of CNG.



Figure S9. TEM image of CNG membrane.

Figure S10. Flexible bending test. Photograph of (a) the initial CNG membrane, (b, c) the bending 

CNG membrane. (d) the CNG membrane after experiment.

Figure S11. Penetration force-displacement curve of CNG membrane and CNWs membrane.



Figure S12. Load-deformation curve of CNG membrane, CNWs membrane, and GF membrane.

Figure S13. SEM and the corresponding EDS mapping images of CNG/Zn after 15 mins deposition.

Figure S14. Operando optical observations of Zn depositions of bare Zn anode (a-d) and CNG/Zn 

anode (e-h).



Figure S15. The EIS curves of (a) bare Zn foil and (b) CNG membrane. Here, the thickness (l) of 

bare Zn foil and CNG membrane is about 18 µm and 52.5 µm, respectively. Effective area (S) of 

sample is about 1 cm-2, and resistance of the sample is R. The conductivity (σ) calculated using the 

following equation: σ = l/(R×S). The calculated conductivity values of bare Zn foil and CNG 

membrane are 0.439 S cm-1 and 9.43×10-5 S cm-1, respectively.

Figure S16. Nyquist plots tested at open circuit voltage (OCV) over the frequency range of 100 kHz 

to 0.01 Hz. (a) Cu/Cu cell with GF as separator. (b) Cu-CNG/Cu-CNG cell with GF separator. (c) 

Photograph of test device.



The ionic conductivity of CNG membrane was tested using Cu foil as blocking electrode (Figure 

S16c). Two Ti foils with CNG layer were fixed in a glass slide, where the wetted glass fiber (GF) 

separator (~280 µm, 3M ZnSO4 electrolyte) was placed in between. The ionic conductivity of the 

CNG membrane was evaluated according to the following equation: 

𝜎 =  
𝐿

𝑅𝑏𝑆

where Rb represents the resistance according to the EIS measurement, L represents the thickness of 

the CNG membrane (52.5 µm), and S is the contact area (3 cm2). The testing was conducted at the 

temperature of 25 °C. Similarly, the ionic conductivity of GF separator could be tested by Cu/Cu cell 

with GF separator (Figure S16a), Rb (GF) 0.44 Ω, σ(GF) 2.12 × 10-2 S cm-1.

For the CNG membrane, Rb (CNG) 0.50 Ω -0.44 Ω =0.06 Ω (Figure S16b), σ(CNG) 2.92 × 10-

2 S cm-1.

Figure S17. SEM image of Zn deposits on CNG/SS anode and bare SS anode after deposition 40 s, 2 

mins, and 15 mins, respectively. Current density, J = 4 mA/cm2. (a-c) Bare SS anode, (d-f) SS anode 

protected by CNG layer, (g-i) the CNG layer on the SS anode surface.



Figure S18. AFM images of (a) bare SS, and (b) CNG/SS anode after 15 mins Zn plating process.

Figure S19. Test device for ZnSO4 permeability.
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Figure S20. SO4
2- permeability of CNG/GF and GF membrane. 

Figure S21. XPS analysis of CNG layer, showing the high-resolution C 1s spectrum and the high-

resolution O 1s spectrum.



Figure S22. The stability of Zn metal in 3M ZnSO4 electrolyte. (a) bare Zn foil and (b) the protected 

Zn foil by CNG membrane. SEM image of (c) the polished Zn foil, (d) soaked bare Zn foil and (e) 

soaked Zn foil protected by CNG membrane. (f) XRD patterns of Zn foils before/after soaking in the 

electrolyte.

Figure S23. (a) Macroscopic morphologies of CNG membrane in different solution and (b) their 

changes 90 days later.

Figure S24. WCAs of (a) bare Zn foil, (b) CNG membrane and (c) CNG membrane after heat-treated 

in Ar atmosphere at 900 ℃.



Figure S25. The TG curves of CNWs and CNG membrane.

Figure S26. The MD simulation of desolvation behavior of the [Zn(H2O)6]2+ on the bare Zn anode.



Figure S27. The side view(a) and top view(b) for the crystal structure of Iβ cellulose. The dashed 

lines are H-bonds and the black box is the unite cell.

Figure S28. Zn plating/striping curves of (a) CNG/Cu￤CNG/Zn asymmetry battery, and (b) Cu￤Zn 

asymmetry battery.

Figure S29. Schematic design of the CNG/Zn symmetric cell and MNG-CNG/Zn cell used in this 

study.



Figure S30. Voltage profiles of (a) the bare Cu-Zn cell and (b) the CNG/Cu-Zn cell at different 

cycles.

Figure S31. SEM image of cycled bare Zn foil after stripping/plating 200h.

Figure S32. SEM images of cycled Zn anode protected by CNG interface layer after stripping/plating 

(a) 200h and (b) 1000h, respectively.

 



Figure S33. Typical GCD profiles of Zn symmetric cell with/without CNG layer at a current density 

of 0.5 mA cm-2.

Figure S34. Typical GCD profiles of Zn symmetric cell with/without CNG layer with 10 mAh cm-2 

at a current density of 10 mA cm-2.



Figure S35. Rater performance of CNG/Zn anode and bare Zn anode.

Figure S36. Galvanostatic charge/discharge curves of (a) MNG-Zn battery and (b) MNG-CNG/Zn 

battery at varying C rates.



Figure S37. Galvanostatic charge/discharge curves of (a) MNG-Zn battery and (b) MNG-CNG/Zn 

battery at different cycles.

Table S1. The mass parameters of CNG membranes (mgraphene:mCNWs=1:1).

Sample CNG-1 CNG-2 CNG-3

mgraphene(mg) 60 90 120

thickness(µm) 13.6 40.3 52.5

Table S2. The mass parameters of CNG membranes (mgraphene = 120 mg).

Sample CNG-4 CNG-3 CNG-5

mgraphene(mg) 120 120 120

MCNWs (mg) 240 120 60

Table S3. Zeta potential (mV) of CNG membrane (mGN:mCNWs=1:1) tested for three times.

Sample Test one Test two Test three Average

CNG -24.5 -24.6 -24.5 -24.5



Table S4 Performance comparison of Zn symmetric cell of this work and other reported works
Anode Materials Voltage Hysteresis Life Span Ref.

MOF-PVDF/Zn

PBI@Cu/Zn

ZnS@Zn

Lignin@Nafion/Zn

100TiO2@Zn

PVB/Zn

Zn@C

rGO@Zn

Nano-CaCO3/Zn

HsGDY/Zn

KL/Zn

AEC/Zn

Zn88Al12

3D ZnO/Zn

ZrO2/Zn

β-PVDF/Zn

ZIF-8@Zn

Cu@Zn

CNT/Zn

NaTi2(PO4)3

NP Zn-Cu

Al2O3@Zn

PiZn

ZnO HPA/Zn

In@Zn

LM/Zn

This work

90 mV (1 mA cm-2)

70 mV (10 mA cm-2)

98 mV (2 mA cm-2)

82 mV (0.2 mA cm-2)

81.8 mV (1 mA cm-2)

108.5 mV (0.5 mA cm-2)

35 mV (1 mA cm-2)

35 mV (0.2 mA cm-2)

80 mV (0.25 mA cm-2)

62 mV (0.5 mA cm-2)

70 mV (4.4 mA cm-2)

54 mV (0.885 mA cm-2)

70 mV (0.5 mA cm-2)

42 mV (5 mA cm-2)

50 mV (0.25 mA cm-2)

110 mV (1.5 mA cm-2)

58 mV (2 mA cm-2)

46 mV (1 mA cm-2)

40 mV (2 mA cm-2)

50 mV (1 mA cm-2)

40 mV (2 mA cm-2)

36.5 mV (1 mA cm-2)

40 mV (4 mA cm-2)

44.4 mV (0.2 mA cm-2)

63 mV (0.2 mA cm-2)

40 mV (1 mA cm-2)

31 mV (0.25 mA cm-2)

500h (1 mA cm-2 0.5 mAh cm-2)

300h (10 mA cm-2 1 mAh cm-2)

1100h (2 mA cm-2 2 mAh cm-2)

376h (0.2 mA cm-2)

150h (1 mA cm-2 1 mAh cm-2)

2200h (0.5 mA cm-2 0.5 mAh cm-2)

200h (1 mA cm-2 1 mAh cm-2)

2000h (0.2 mA cm-2 0.2 mAh cm-2)

836h (0.25 mA cm-2 0.05 mAh cm-2)

2400h (0.5 mA cm-2)

800h (4.4 mA cm-2 1.1 mAh cm-2)

2000h (0.885 mA cm-2 0.885 mAh cm-2)

2000h (0.5 mA cm-2)

500h (5 mA cm-2 1.125 mAh cm-2)

3800h (0.25 mA cm-2 0.125 mAh cm-2)

1200h (2 mA cm-2 1 mAh cm-2)

1200h (2 mA cm-2 1 mAh cm-2)

1500h (1 mA cm-2 0.5 mAh cm-2)

200h (2mA cm-2 2 mAh cm-2)

240h (1 mA cm-2 1 mAh cm-2)

300h (2 mA cm-2)

500h (1 mA cm-2 1 mAh cm-2)

300h (4 mA cm-2 2 mAh cm-2)

500h (0.2 mA cm-2 0.2 mAh cm-2)

1500h (0.2 mA cm-2 0.2 mAh cm-2)

500h (1 mA cm-2 0.5 mAh cm-2)

5500h (0.25 mA cm-2 0.5 mAh cm-2)
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