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Methods

Electrolyte preparation. All the salts and solvents in the electrolytes were used 

without further purification. The electrolyte was prepared by dissolving the desired salts 

(Zn(TFSI)2, 1M) into different solvents. For the EMC+H2O electrolyte, the volume 

ratio between water and EMC solvents is 1:1. For the TBP electrolyte, the volume ratio 

between water, EMC, and TBP solvents is 1:0.5:0.5.

Cathode preparation. Mn2+ expanded hydrated V2O5 (MnVO) cathode material with 

a micro-flower-like shape was prepared according to a previous study.1 Specifically, 2 

mmol of V2O5 was dissolved in a mixture of 50 mL H2O and 2 mL H2O2, and 1 mmol 

of MnSO4·4H₂O was dissolved separately into 30 mL H2O. The two solutions were 

admixed and transferred to a 100 Teflon lined stainless steel autoclave and heated to 

and held at 120 ℃ for 6 h. Brick red precipitates were collected by centrifugation and 

washed with water and ethanol three times. The collected precipitates were dried at 70 

℃ overnight. To prepare the cathode, a slurry composed of active material, 

Ketjenblack, and poly(1,1-difluoroethylene) (PVDF) with a weight ratio of 70:20:10 

was coated onto a Ti mesh, which was then dried at 60 °C for 12 hours. For the cathode 

with high mass loading, the prepared cathode was pressed by a rolling machine before 

use.

Electrochemical Characterizations. Half-cells and full cells were assembled using 

bare Zn as the anode in CR-2032 coin cells, and glass fiber (Waterman-1820) was 

utilized as the separator. Before testing, the Zn foil was polished to remove the surface 

oxide layer and cut into different sizes (1 cm*1 cm for the coin cell and 6 cm*6 cm for 
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the pouch cell). 

For the pouch cell, MnVO coating on a Ti mesh (6 cm * 6 cm) with a mass loading of 

390 mg was used as a cathode. Zn foil with a thickness of 100 µm was used as the 

anode, while a glass fiber (Waterman-1820) was employed as the separator. The sealing 

process was carried out using an automated vacuum sealing machine (Wuhan Geruisi 

New Energy Co., Ltd) with two layers of Al soft packaging films. All assembly 

procedures were conducted under ambient conditions at room temperature (~25 °C). 

The batteries were positioned between the testing plates with a pressure of 0.1 MPa 

applied to ensure uniform external pressure.

The galvanostatic charging-discharging processes based on different current densities 

were conducted using the Land battery testing system (Wuhan, China) and the Neware 

battery testing system (Neware, Shenzhen, China). The cyclic voltammogram (CV), 

Tafel plot, electrochemical impedance spectroscopy (EIS), and linear sweep 

voltammetry (LSV) were measured using a CHI-760 electrochemical working station. 

For the Tafel plot, a rotating disk electrode was used as the working electrode, an 

Ag/AgCl electrode was used as the reference electrode, and a Pt foil was used as the 

counter electrode. The test was measured under a rotating speed of 3600 rpm to 

eliminate the effect of mass transfer. EIS measurement was conducted with a 5 mV 

amplitude AC signal with frequency ranging from 100 kHz to 0.01 Hz.

Characterizations. The crystal structure and phase composition were characterized by 

X-ray diffraction (XRD) using Rigaku X-ray Diffractometer SmartLabTM 9kW (Cu 

Kα, λ = 0.154 nm). The micromorphology of products was investigated by scanning 
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electron microscope (SEM, ESEM, FEI/Philips XL30) and transmission electron 

microscopy (TEM) using an FEI Tecnai G2 f20 s-twin at 200kV. The X-ray 

Photoelectron Spectrometer (XPS) studies were performed using a PHI5000 

VersaProbe II photoelectron spectrometer, and the spectra were calibrated using a 

carbon spectrum as a reference. Raman spectra measurements were operated using the 

WITec alpha300 Raman System. Fourier Transform infrared spectroscopy 

measurements were conducted using a PerkinElmer FTIR Spectrometer. The 1H NMR 

spectra were acquired on a Bruker AVANCE III HD 400 NMR spectrometer using 

deuterated DMSO as the field frequency lock. The viscosities of different electrolytes 

were measured by using the falling-ball viscometer (Anton Paar, Lovis 2000 M/ME).

Computational details: The electrostatic potential (ESP) calculation was conducted 

using the DMol3 package. The structure optimization and calculations were described 

using the B3LYP hybrid functional, and the Grimme method was used for dispersion-

corrected density functional theory calculations (DFT-D). DFT semicore 

pseudopotentials core treatment was implemented for relativistic effects, replacing core 

electrons with a single effective potential. Double numerical plus polarization was 

employed as the basis set. The convergence tolerance of energy of 10-6 Hartree was 

taken (1 Hartree = 27.21 eV), and the maximal allowed force and displacement were 

0.002 and 0.005 Hartree Å-1, respectively.

MD simulations were performed by the Forcite module in Materials Studio to explore 

the solvation structure of Zn2+ in different electrolytes. The used forcefield was 

COMPASSII for all subsequent simulations. All the simulations were performed with 
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constant temperature (298.15 K) in a cubic box with periodic boundary conditions in 

all three Cartesian directions. NPT ensembles initially equilibrated bulk electrolytes for 

4 ns. In this stage, the Velocity-Rescale thermostat and the Berendsen barostat were 

used to control the system temperature and pressure. Electrostatic interactions were 

treated using the Ewald sums, and Van der Waals (vdW) interactions were adopted 

using cut-off methods with a cut-off radius of 12.5 Å. After that, a 6 ns production run 

in an NVT ensemble under a Nose-Hoover thermostat was finally conducted. 

Electrostatic interactions were treated using the Ewald sums, and Van der Waals (vdW) 

interactions were adopted using cut-off methods with a cut-off radius of 18.5 Å Only 

the final 1 ns was sampled for radial distribution function (RDF) and coordination 

structure counting analyses. 

Supplementary Notes

The electron transfer reorganization energies (λ) can be expressed as a dielectric 

continuum formulation:

𝜆 = 𝑞2(
1
𝑎

‒
1
𝑅

)(
1

𝜀𝑜𝑝
‒

1
𝜀𝑠𝑡

)

The reorganization energies in pristine aqueous, EMC+H2O, and TBP electrolytes are 

λa, λe, and λt, respectively. For Zn2+ ion, a is 0.74 Å. R is the distance of solvated Zn2+ 

to the electrode surface. Here, as IHP only constitutes a molecular layer, R is 

approximately the radius of the solvated Zn2+. So, for pristine aqueous, EMC+H2O, and 

TBP electrolytes, the R is 2.5 Å, 4 Å and 7 Å, respectively. The electrostatic constant 

of a mixed solution can be calculated using the following formula:2, 3 

𝜀𝑚 = 𝜙𝑎𝜀𝑎 + 𝜙𝑎𝜀𝑏 + 𝜙𝑐𝜀𝑐 
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The εm, εa, εb and εc are the dielectric constants of the mixture and solvents a, b and c, 

respectively. ϕa, ϕb and ϕc are the volume fractions of solvents a, b and c in the mixture. 

As a result, the calculated λt=1.16λa and λe=1.06λa.
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Figure S1. Digital photos of EMC mixture before (left) and after (right) introducing 

EMC solvent. The TFSI⁻ anion consists of the hydrophobic −CF3 and the hydrophilic 

−S=O groups, allowing it to function as a surfactant to facilitate interactions with H2O 

and EMC. As a result, it promotes the miscibility between the hydrophobic EMC and 

H2O.
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Figure S2. The miscibility of different solvents with varying volume ratios after adding 

1 M Zn(TFSI)2.

Figure S3. AC impedance spectra of the stainless steel||SS batteries with different 

electrolytes. The ionic conductivity of aqueous, EMC+H2O, and TBP electrolytes was 

measured according to the following equation:

𝜎 =
𝑙

𝑅𝐴

Where l is the interval distance between the two SS electrodes, R is the bulk resistance, 

and A is the contact area of the electrolyte. The calculated ionic conductivities for 

aqueous, EMC, and TBP electrolytes are 35.4, 29.4, and 25.0 mS cm-1, respectively 

(Table S1).
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Figure S4. AC impedance spectra of symmetric Zn cells with (a) aqueous, (b) 

EMC+H2O, and (c) TBP electrolytes before and after a constant potential of 5 mV for 

1600 s. The insets are the current-time corresponding plots.

The following equation calculates the cation transport number (t):

𝑡 =
𝐼𝑠(∆𝑉 ‒ 𝐼0𝑅0)

𝐼0(∆𝑉 ‒ 𝐼𝑠𝑅𝑠)

where ∆V is the constant polarization voltage applied (5 mV), I0 and R0 are the initial 

current and resistance, re and Is, and Rs are the steady-state current and resistance, 

respectively. 

The calculated cation transport numbers for aqueous, EMC, and TBP electrolytes are 

0.23, 0.31, and 0.47, respectively (Table S1).
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Figure S5. Raman spectra of different electrolytes and solvents. The C=O and P=O 

characteristic peak in the TBP electrolyte indicates the successful introduction of EMC 

and TBP into the solvation structure. The decreased peaks attributed to the O-H 

stretching (3000-3700 cm-1) in the TBP electrolyte demonstrate the interruption of 

hydrogen bonding owing to the interaction between water and EMC and TBP solvents.

Figure S6. FITR spectra of different electrolytes and solvents.
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Figure S7.Cyclic voltammetry curves of the Zn||Cu half-cells in different electrolytes 

at a scan rate of 2 mV s-1. 

Figure S8. (a) Snapshot of the pristine aqueous electrolyte obtained from MD 

simulations and partially enlarged snapshot representing the Zn2+ solvation structure. 

(b) RDFs and coordination collected from MD simulations in the pristine aqueous 

electrolyte.
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Figure S9. (a) Snapshot of EMC+H2O electrolyte obtained from MD simulations and 

partially enlarged snapshot representing the Zn2+ solvation structure. (b) RDFs and 

coordination collected from MD simulations in EMC+H2O electrolyte.

Figure S10. Snapshot of TBP electrolyte obtained from MD simulations and partially 

enlarged snapshot representing the Zn2+ solvation structure.
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Figure S11. In-situ optical images of Zn deposition with (a), (b), and (c) aqueous, (d), 

(e), and (f) EMC+H2O, (g), (h) and (i) TBP electrolytes at a current density of 10 mA 

cm-2.

Figure S12. Schematic illustration of operando gas pressure measurement.
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Figure S13. LSV curves of Zn||stainless steel batteries with different electrolytes at a 

scan rate of 5 mV s-1.

Figure S14. The voltage profiles of Zn||Zn cells in different electrolytes operated at 

current densities ranging from 1 mA cm-2 to 20 mA cm-2.
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Figure S15. Voltage profiles of Zn||Cu cells cycled in (a) pristine aqueous and (b) 

EMC+H2O electrolytes after battery failures.

Figure S16. Voltage profiles of Zn||Cu cells of the first 5th cycles in the (a) aqueous and 

(b) EMC+H2O electrolytes.
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Figure S17. XRD pattern of the as-prepared Mn2+ expanded hydrated V2O5. The Miller 

indices corresponding to the crystallographic planes do not exist in the current database. 

However, the diffraction peaks are consistent with the previous report.1

Figure S18. SEM images of the as-prepared Mn2+ expanded hydrated V2O5.
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Figure S19. Rate performance of Zn||MnVO batteries with different electrolytes.

Figure S20. Rate performance of Zn||MnVO batteries with different electrolytes at 

current densities of 4, 6, 8, and 10 A g-1.
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Figure S21. GCD curves of the Zn||MnVO full cell based on the (a) pristine aqueous 

and (b) TBP electrolytes.

Figure S22. GCD curves of the Zn||MnVO full cell based on the pristine aqueous 

electrolyte with a high mass loading.
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Figure S23. The schematic illustration of the assembled pouch cell.
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Table S1 Summary of different electrolytes

Electrolyte Viscosity 
(mPa s)

Ionic 
conductivity 

(mS cm-1)

Zn2+ transport 
numbers

aqueous 2.14 39.4 0.23

EMC+H2O 3.36 29.4 0.31

TBP 5.77 25.0 0.44
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Table S2 Performance comparison of reported unsymmetric half-cells

Additive
Current 
density 

(mA cm-2)

Areal 
capacity 

(mAh cm-

2)

Cumulative 
capacity 

(mAh cm-2)
Reference

propylene carbonate (PC) 1 0.5 500 4

hexaoxacyclooctadecane 
(18C6) 1 0.5 200 5

N, N-
dimethylformamidium 

trifluoromethanesulfonate 
(DOTf)

4 4 2000 6

Methanol (MeOH) 2.93 2.93 820 7

propylene glycol (PG) 4 2 2640 8

molecular sieve (ZSM-5) 1 1 2000 9

cerium chloride (CeCl3) 10 10 1200 10

lanthanum nitrate 
(La3+-ZS)

2 1 4200 11

phytic acid 2 1 1600 12

2-Bis(2-hydroxyethyl) 
amino-2-

(hydroxymethyl)-1,3-
propanediol (BIS-TRIS)

1 1 800 13

potassium 
hexafluorophosphate 

(KPF6)
4 2 400 14

sodium anthraquinone-2-
sulfonate (AQS) 2 1 1200 15

sulfolane 2 1 1250 16

poly(acrylamide-co-
methyl acrylate) 1 1 300 17

C3N4 quantum dots 0.5 0.5 200 18

formamide 0.5 0.5 550 19

TBP with steric 
hindrance effect 10 10 3000 This 

work
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Table S3 Performance comparison of areal capacity with other reported Zn-ion batteries

Cathode Mass 
loading

Maximum 
Areal capacity 

(mAh cm-2)

Cycle 
numbers Reference

Mg0.26V2O5·0.73H2O 5 2.12 100 20

Na2V6O16·3H2O 12.5 3.1 416 21

V2O5 5.4 1.1 400 22

VOH 22.9 5.2 100 23

I2 - 5 275 24

MnO2@N-C@CC 6 1.1 150 25

MnO2 19 2.93 100 26

MoS2 11.5 0.87 50 27

K0.27MnO2·0.54H2O 8 0.795 400 28

3,4,9,10-
perylenetetracarboxylic

dianhydride
12.3 1.26 500 29

MnVO 16 5.4 650 This 
work
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