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Experimental 

1. Preparation of electrolytes

Zinc sulfate (ZnSO4·7H2O, Cologne, 99%) was dissolved in deionized water (DI 

water) to obtain a 2 M ZnSO4 baseline electrolyte. Cyclen (C8H20N4, Macklin, 98%) 

with different concentrations (5 g/L, 10 g/L, 15 g/L) was added to 2 M ZnSO4 

electrolyte to obtain Cy-containing electrolytes. The optimal concentration of Cy was 

10 g/L. 

2. Preparation of electrodes

The purchased Zn foil (thickness: 20 μm, 100 μm, 99.99%) was polished to remove 

the oxidation layer, and then cut into discs (φ = 10 mm) to be used as Zn electrodes.

VO2 nanosheets were prepared by a hydrothermal method. 2 mmol of ammonium 

metavanadate was dissolved in 15 mL of DI water under magnetic stirring, and then 3 

mmol of oxalic acid solution was added and stirred for 30 min. The obtained mixture 

was transferred to a 100 mL autoclave lined with PTFE and kept at 180 °C for 24 h. 

Subsequently, the synthesized powders were washed several times with ethanol and DI 

water and dried in a vacuum oven for one day to obtain VO2 powders. The positive 

electrode was prepared by mixing VO2 powders, acetylene black and polyvinylidene 

fluoride (PVDF) in a mass ratio of 7:2:1 with 1-Methyl-2-pyrrolidinone (NMP, 

Macklin,99%) as solvent, and then the slurry was casted on a titanium foil. After drying 

in vacuum at 70 °C overnight, the electrode with VO2 was obtained. (Cathode loading: 

1 mg/cm2) 
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3. Materials characterizations and electrochemical properties

 The X-ray diffraction analysis (XRD) of samples was characterized by the XRD 

equipment (Smart Lab, Riga ku, Japan) with a Cu-Kα (λ = 1.540598 Å, Smart Lab) 

source (scan rate of 2 min-1) and 2θ ranging from 10° to 80°. The morphology of the 

samples was studied by field emission scanning electron microscopy (SEM, FEI, Sirion 

200). The elemental analysis of the samples was carried out using field emission 

scanning electron microscopy (SEM, FEI-Quanta 250, USA) with energy dispersive x-

ray (EDX) elemental mapping.

All tested CR2032-type coin cells were assembled in air environment, and the 

amount of electrolyte used in the coin cells was 200 μL. The VO2//Zn full cell was 

assembled with the Zn foil (thickness: 100 μm) as the anode and VO2 as the cathode. 

The CV was tested in the electrolytic cell with Ti plate as the working electrode, Pt 

plate as the reverse electrode and Ag/AgCl as the reference electrode. With Zn plate as 

the working electrode, Pt plate as the reverse electrode and Ag/AgCl as the reference 

electrode, the LSV and Tafel diagrams were measured in the electrolytic cell. The CA 

is obtained by Amperometric i-t Curve testing with Zn plate as the working electrode, 

Pt plate as the reverse electrode, and Zn plate as the reference electrode at a voltage of 

−150 mV. The electrochemical impedance spectroscopy (EIS) of the cells were 

conducted on the frequency range of 100 kHz to 1 Hz. The above tests were performed 

on an electrochemical workstation (CHI760E, CHI660E, Shanghai, China). With zinc 

plate as anode, 20 μm copper foil as cathode and glass fiber as diaphragm, a zinc-copper 
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half battery was assembled and CE test was carried out on the Land CT5001A battery 

test device.

A self-made optical Zn||Zn battery was designed for in-situ observation of zinc 

deposition in different electrolytes. The transparent Zn||Zn cell consists of a zinc plate 

and a glass dish. The zinc plate is fixed to the glass at the bottom of the glass dish, and 

then the electrolyte is added to the glass dish, so that the solution is immersed in the 

zinc plate. The transparent Zn||Zn cell was tested for Zn stripping/plating using a cell 

tester (LAND, China) at a current density of 20 mA cm-2, in which a video camera 

(NSZ-808) was used to observe and record the growth of Zn dendrites.

4. MD Simulations 

Molecular dynamics (MD) simulations were run using LAMMPS[1, 2]. The initial 

configuration of the system was established using PACKMOL[3]and Moltemplate 

(http://www.moltemplate.org/). A periodic box of dimensions 30×30×30Å3 was used 

for the system. For the 2 M ZnSO4-Cyclen, a blank group has 40 ZnSO4 molcules, and 

1200 H2O molecules. In the experimental group, based on the former, an additional 20 

Cyclen molecules were added. The force field parameters for the solvent were derived 

from the GAFF2 force field of ACPYPE[4]while the force field for the salt was sourced 

from (https://doi.org/10.1063/1.5121392). The TIP3P model was utilized for the water 

force field. An 12Å LJ cut-off and a particle-particle-particle-mesh (PPPM) solver for 

long-range Coulombic interactions were also employed in our simulations.  First，all 

the systems were first submitted to energy minimization by using the conjugate 



5

gradient(CG)method. Then, they were heated from 10 to 298 K in 1ns, followed by 

2000ps equilibration under isothermal-isobaric ensemble (NPT). Then the NVT runs 

were 40ns long at 298K. The visualization of the electrolyte structure was achieved 

through VMD[5].

5. Density functional theory (DFT) calculation for solvated structure of the hydrated 

Zn2+.

DFT calculations were conducted in Gaussian09 program. Electrostatic potential (ESP) 

was obtained from the Multiwfn3.8[6, 7]and VMD1.9.3[5]software packages，and the 

electrostatic potential involved in the analyses was evaluated by Multiwfn based on the 

highly effective algorithm proposed in Ref[7]. The geometries of Cyclen, SO4
2-, and 

H2O were optimized under the framework of DFT with B3LYP-D3(BJ)/def2-TZVP[8, 

9] and the universal solvation model SMD[10] was used to simulate the aqueous 

environment. Then use the same functional and basis set to calculate the single point 

energy and binding energy of the optimized structure. The binding energy of the 

complex was calculated from the formula: “E(Binding Energy)=E(AB)-E(A)-

E(B)”,where E(AB), E(A), and E(B) denote the total energies of the AB complexes, 

bare A, and bare B, respectively.

6. DFT calculation for H2O/Cy on the Zn(002).

All of the spin-polarized DFT calculations were performed using the VASP 

program[11-13], which uses a plane-wave basis set and a projector augmented wave 

method (PAW) for the treatment of core electrons[12]. The Perdew, Burke, and 



6

Ernzerhof exchange-correlation functional within a generalized gradient approximation 

(GGA-PBE)[14] was used in our calculations, and the van der Waals (vdW) correction 

proposed by Grimme (DFT-D3)[15] was employed due to its good description of long-

range vdW interactions. For the expansion of wavefunctions over the plane-wave basis 

set, a converged cutoff was set to 450 eV. In geometry optimizations, all the structures 

were relaxed up to the residual atomic forces smaller than 0.02 eV/Å, and the total 

energy was converged to 10−5 eV. The Brillouin zone integration was performed on the 

(4×4×1) Monkhorst–Pack k-point mesh[16].

6.Calculation of the cumulative plating capacity

Cumulative plating capacity = current density  total Zn plating time×
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Fig. S1 SEM images of Zn soaked in (a) ZS electrolyte and (b) 10 g/L Cy-added 

electrolyte for 5 days. 
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Fig. S2 XRD patterns of Zn anodes soaked for 5 days in ZS electrolytes without or with 

10 g/L Cy.
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50 μm

(a) (b)

5 μm

Fig. S3 SEM images of bare zinc foil: (a) surfaces and (b) cross sections.
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Fig. S4 SEM images and EDS mappings of surface of bare zinc foils cycled for 50 h: 

(a) in ZS electrolyte; (b) in 10 g/L Cy -added ZS electrolyte.
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Fig. S5 EDX spectra of zinc foils cycled for 50h: (a) in ZS electrolyte; (b) in 10 g/L Cy 

-added ZS electrolyte.
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Fig. S6 XRD patterns of Zn anodes cycled for 50 h in ZS electrolytes without or with 

10 g/L Cy.
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Fig. S7. Electrochemical stability windows of different electrolytes.



14

Fig. S8 Measurements of Zn2+ transference number. Current-time plots of Zn 

symmetric cells in (a) ZS and (b) 10g Cy electrolytes after polarization at a constant 

potential (25 mV) for 1000 s.

The transference number of Zn2+ (t) can be evaluated by the following equation: 

=
𝑡
𝑍𝑛2 +

IS( △ V - I0R0)

I0( △ V - ISRS)

where ∆V is the constant polarization voltage applied (25 mV here), I0 and R0 are the 

initial current and resistance, IS and RS represent the steady-state current and resistance, 

respectively.
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Fig. S9 EIS spectra in (a) ZS and (b) 10g Cy electrolytes.

Galvanostatic tests were performed on assembled cells using a Land CHI760E battery 

test system. Ionic conductivity was measured by AC impedance spectroscopy in the 

frequency range of 1 Hz to 100 kHz. The electrochemical cell configuration consisted 

of the two electrolytes to form a structure of “Ti | electrolyte | Ti.” Ionic conductivity σ 

was calculated according to the following equation:

σ =

L
ARb

where 𝐿 is the thickness of the glass microfiber filters membrane, defining the distance 

between the two Ti electrodes as 0.042 cm, and A is the area of the electrode as 2.011 

cm2. Resistance (Rb) was taken at the intercept of the Nyquist plot with the real axis of 

the impedance spectra.
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Fig. S10 Rate performance of Zn//Cu cells using (a)ZS electrolyte and (b)10 g/L Cy-

added ZS electrolyte at different current densities from 1 to 30 mA cm−2.
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Fig. S11 Long-term cycle test of Zn||Zn symmetric batteries in different electrolytes at 

1 mA cm-2/0.5 mAh cm-2.
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Fig. S12 (a) NMR of 1H of electrolytes with different Cy concentrations; (b-d) FT-IR 

spectra of ZS electrolytes with different Cy contents.
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Fig. S13 (a-b) Raman spectra of ZS solution without/with 10g/L Cy.
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Fig. S14 Adsorption energies of H2O and Cy molecules on the Zn(002) crystal plane of 

Zn metal.
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Fig. S15 LUMO, HOMO is surfaces of H2O (left) and Cy (right) molecules.
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Fig. S16 (a) XRD pattern of VO2; (b) SEM image of VO2.
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Fig. S17 (a) EIS of different cycles without Cy additive (b) EIS of different cycles with 

Cy additive
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Fig S18 SEM images of Zn electrodes for Zn//VO2 full cells cycled for 100 cycles in 

(a) ZS electrolytes and (b) 10 g/L Cy-added ZS electrolytes.
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Fig. S19 XRD of Zn after 100 cycles
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Fig. 20 XRD of VO2 after uncyclic and circulating 100 cycles
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Fig. 21 (a) SEM of original VO2 (b) SEM of VO2 after 100 cycles
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Table S1. Comparison of the electrochemical properties of recently reported Zn||Zn 

symmetric cells in Zn-ion batteries with the present work.

Modified materials Current density with capacity Cycle life Ref.

Cy 2mA cm−2 with 1mAh cm−2 4000h This work

DG 1mA cm−2 with 0.5mAh cm−2 3500h [17]

DMSO 0.5mA cm−2 with 0.5mAh cm−2 1000h [18]

PG 0.5mA cm−2 with 0.5mAh cm−2 3500h [19]

Azi 1mA cm−2 with 1mAh cm−2 4000h [20]

Coumarin 5mA cm−2 with 5mAh cm−2 400h [21]

ggg 2mA cm−2 with 2mAh cm−2 1400h [22]

Ace 1mA cm−2 with 1mAh cm−2 3000h [23]

TBP 2mA cm−2 with 1mAh cm−2 2100h [24]

DTPA-Na 2mA cm−2 with 1mAh cm−2 800h [25]

CTAB 2mA cm−2 with 1mAh cm−2 2000h [26]

TPPS 1mA cm−2 with 1mAh cm−2 2300h [27]

ZnBF-VC 0.5mA cm−2 with 0.25mAh cm−2 2200h [28]

Me56 5mA cm−2 with 5mAh cm−2 1000h [29]

ZS/C3N+–COO− 1mA cm−2 with 1mAh cm−2 3500h [30]

DDM 0.5mA cm−2 with 0.5mAh cm−2 1400h [31]
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