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Supplementary Discussion 

Discussion S1. Derivation of cell potential 

Here the cell potential will be derived from the chemical potentials of the system. The 

two half reactions of our setup are as below: 

Znref ↔ ZnELref

2+ + 2eref
-                                                 (1) 

ZnELtest

2+ + 2etest
-    ↔Zntest                                               (2) 

Since the cell is at open circuit, the reaction is at equilibrium (3). Equilibrium condition 

is as follows: 

μ
Zn2+

ELref  + μ
e-
Znref + μ

Zn

Zntest = μ
Zn2+

ELtest + μ
e-
Zntest + μ

Zn

Znref                              (3) 

Electrochemical potential is made up of two terms: the electrostatic potential term and 

the chemical potential term. The electrostatic portion of the metallic zinc is zero for 

both sides, as it is electrically neutral. The chemical potential of metallic zinc is equal 

on both sides. Therefore, the metallic zinc terms disappear entirely. 

μ
Zn2+

ELref  + FφELref + μ
e-

Znref
 - FφZnref = μ

Zn2+

ELtest  + FφELtest + μ
e-

Zntest
- FφZntest        (4) 

In equation 4, 𝜑𝐸𝐿𝑟𝑒𝑓and 𝜑𝐸𝐿𝑡𝑒𝑠𝑡  are equal. This is true because we have minimized 

the liquid junction potential using a salt bridge1. 

Also, 𝜇𝑒−
𝑍𝑛𝑟𝑒𝑓

 and 𝜇𝑒−
𝑍𝑛𝑡𝑒𝑠𝑡  are equal, as the chemical environments are equivalent in 

the two electrodes. The resulting equation is as follows: 

μ
Zn2+

ELref- FφZnref = μ
Zn2+

ELtest- FφZntest                                         (5) 

Rearranging equation 5, we see that voltage of the cell, which is the difference in 

electrostatic potentials between the two electrodes, is dependent on the chemical 

potential difference in the two electrolyte phases. 

Ecell = φZnref - φZntest = 
μ

Zn2+

ELref  - μ
Zn2+

ELtest

F
                                     (6) 

The impact of SEI on battery potential is not considered here2,3. There ELref is the 

reference electrolyte and ELtest is the test electrolyte. 
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Discussion S2. Salt-induced dielectric response regulation in incompatible solvent 

systems. 

To rationalize the structure–activity relationship of the electrolyte, we introduce 

classical models for the principal intermolecular interactions (ion–ion, ion–dipole, and 

dipole–dipole). Their orientation-averaged potential energies are given by Eqs. (7)–(9) 

(SI units suppressed for clarity)4,5.  

Uion-ion=-
1

4πε

z1z2e2

r
  

(7) 

Uion-dipole=-
1

4πε

zeμcosθ

r2
 

(8) 

Udipole-dipole=-
1

(4πε)
2

2μ
1
2μ

2
2

3kBTr6
  

(9) 

The dielectric constant epsilon quantifies the response to an applied field and arises 

microscopically from dipole orientation. In a simple mean-field picture, it scales with 

the effective molecular dipole moment and the number density of dipoles: 

 

ε∝
μ

1
2μ

2
2

kBT
 

(10) 

Here, U denotes the interaction energy, ε is the dielectric constant, ze is the charge of 

the ion, µ is the dipole moment of the dipole, r is the distance between ions or the 

centers of dipoles, θ is the dipole angle relative to the line joining the ion and the center 

of the dipole, kB is the Boltzmann constant, and T is the absolute temperature.  

Electrolytes modify dielectric behavior through coordination and network effects. For 

example, Zn2+ forms [Zn(H2O)6]
2+ complexes, binding water and reducing the number 

density of free water dipoles, thereby lowering their dielectric contribution. At 25 °C, 

pure water has ε = 78.466, whereas a Zn(ClO4)2 aqueous solution exhibits epsilon ~ 45. 

In mixed EA/H2O electrolytes, EA engages in dipole–dipole interactions with water, 

and the chaotropic anion ClO4
- disrupts the water hydrogen-bond network. Both effects 

increase orientational disorder, reduce the effective vector sum of water dipoles, and 

diminish the bulk dielectric response. The resulting local dielectric shielding, integrated 

over the liquid, decreases the overall ε. 
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Supplementary Figures 

 

Supplementary Fig. 1 Solubility of various zinc salts in mixtures of EA and water 

(nEA:nH2O = 1:16). (a) The 2 M electrolytes were prepared using various zinc salts 

with the solvents of EA and H2O (nEA:nH2O = 1:16). (b) The electrolytes were 

transferred into glass tubes to allow observation of its phase-separation behavior. It was 

observed that none of the Zn salts could form a homogeneous solution except 

Zn(ClO4)2·6H2O. The solutions containing Zn(BF4)2·xH2O, ZnOAc2 and ZnSO4·7H2O 

remained phase-separated, while the other solutions with undissolved zinc salts (ZnCl2, 

Zn(CF3SO3)2 and Zn(TFSI)2). Additionally, Zn(CF3SO3)2 enables miscibility of EA 

and water at a molar ratio of 1:16. Conductivity measurements indicate that 

Zn(CF3SO3)2 in an EA:H2O mixture (1:16 molar ratio) achieves a conductivity of 

41.32 mS cm⁻1 at 25 °C and 10.56 mS cm⁻1 at −50 °C. In contrast, under the same 

conditions, Zn(ClO4)2 in EA:H2O (1:16 molar ratio) exhibits higher conductivities of 

64.47 mS cm⁻1 at 25 °C and 24.92 mS cm⁻1 at −50 °C. Thus, the Zn(ClO4)2-based 

electrolyte demonstrates superior conductivity at low temperatures, making it a 

promising candidate for cryogenic applications.  



4 

 

 
Supplementary Fig. 2 a, Digital photograph of an electrolyte containing low dielectric 

constant solvents such as THF, DEC, and MF. b, c The CEs of Zn||Cu batteries at a 

current density of 1 mA cm−2 and 0.5 mAh cm−2 at 25 °C (b) and −50 °C (c). d, The 

first discharge curve of Zn||Cu batteries at a current density of 1 mA cm−2 and an areal 

capacity of 0.5 mAh cm−2. 

 

Supplementary Note 1 

To systematically evaluate the impact of low dielectric constant co-solvents on the 

low-temperature performance of batteries, we selected a series of solvents with similar 

dielectric constants, specifically diethyl carbonate (DEC) (ε = 2.8), tetrahydrofuran 

(THF) (ε = 7.4), and methyl formate (MF) (ε = 8.5). Our findings reveal that the 

electrolyte with DEC led to macroscopic phase separation (Supplementary Fig. 2a). 

Notably, THF and MF did not exhibit any layering. Zn||Cu batteries were assembled to 

investigate zinc ion plating and stripping at both room and low temperatures. The 

electrolyte containing DEC resulted in an average Coulombic efficiency of 91.2% at 

room temperature and 96.66% at low temperature (−50 °C), which is markedly lower 

than that of other electrolytes. Furthermore, the nucleation overpotential at low 

temperature (η = 670 mV) was significantly higher than that observed with different 

electrolytes (Supplementary Fig. 2b, c). As a result, EA exhibits particularly 
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outstanding low-temperature electrochemical performance. This provides an important 

design concept and research direction for the subsequent development of high-

performance low-temperature resistant electrolyte systems. 
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Supplementary Fig. 3 Digital images of flammability tests of the Zn(ClO4)2 H2O/EA 

electrolytes with different molar ratios of EA/H2O. 

 

Supplementary Note 2 

Initial safety assessments involved exposing glass fibers containing either electrolytes 

or pure EA solution to flame for 5 seconds. While the pure EA solution ignited readily, 

the hybrid electrolytes demonstrated robust flame retardance, establishing their safety 

for energy storage applications. 
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Supplementary Fig. 4 The digital images of freezing resistance test of the 2 M 

Zn(ClO4)2 H2O/EA electrolytes with different molar ratios of EA/H2O at −80 °C for 3 

hours. 

 

Supplementary Note 3 

Low-temperature stability tests demonstrated that formulations with EA:H2O ratios of 

1:16 or higher remained in a liquid state without separation or precipitation when held 

at −80 °C for 3 hours. In contrast, pure water-based Zn(ClO4)2 electrolyte and the 1:20 

EA:H2O hybrid crystallized under these conditions. 
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Supplementary Fig. 5 Low-temperature stability evaluation of the electrolytes. (a) 

DSC data of the Zn(ClO4)2 H2O/EA mixtures with different EA/H2O molar ratios (0:1, 

1:20, 1:16, 1:12, 1:8 and 1:6), the measurements were conducted over a temperature 

range of 20°C-(-120°C), (b) All electrolytes exhibit glass transition temperatures below 

−110 °C. 
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Supplementary Fig. 6 Temperature-dependent ionic conductivity of 2 M Zn(ClO4)2 in 

H2O/EA as a function of EA:H2O molar ratio (0:1 to 1:6), measured with a conductivity 

meter. 
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Supplementary Fig. 7 (a,b) Coulombic efficiency of Zn||Cu cells (1 mA cm-2, 0.5 mAh 

cm-2) at 25 °C (a) and -50 °C (b). (c-e) Zn plating/stripping of Zn||Zn cells at 1 mA cm-

2 and 1 mAh cm-2: (c) long-term performance, (d) time-resolved voltage profile at 0-10 

h, and (e) at 90-100 h. 

 

Supplementary Note 4 

Zn||Cu asymmetric cells were assembled to assess Zn plating/stripping reversibility 

across EA:H2O ratios from 0:1 to 1:6. As shown in Supplementary Fig. 7a,b, the MDCE 

(EA:H2O = 1:16) delivered average Coulombic efficiencies of 98.2% at 25 °C and 

97.14% at -50 °C, outperforming the other formulations. In contrast, the HDCE (0:1) 
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exhibited an operational life of only ~100 cycles with an average Coulombic efficiency 

of 43.34% and failed to operate at -50 °C. 

Symmetric Zn||Zn cells were then used to probe plating/stripping stability 

(Supplementary Fig. 6c-e). Most EA-containing electrolytes showed markedly 

enhanced stability relative to 0:1 and 1:20 ratios. Notably, in the MDCE cell the 

overpotential decreased from 92.6 mV (0-10 h) to 21.1 mV (90-100 h), consistent with 

the formation of a stable, ion-conductive SEI during initial cycles. These results identify 

EA:H2O = 1:16 as the optimal composition for MDCE. 
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Supplementary Fig. 8 a, FTIR spectra of 2 M Zn(ClO4)2 H2O/EA electrolytes with 

different EA/H2O ratios from 0:1 to 1:6 at 4,000-400 cm−1. b, c FTIR spectra of H2O, 

EA, 2 M Zn(ClO4)2 H2O and 2 M Zn(ClO4)2 EA/H2O (EA:H2O = 1:16) electrolytes at 

3,800-800 cm−1 (b) and 1,200-1,000 cm−1 (c). d, Deconvolution result of FTIR spectra 

for 2 M Zn(ClO4)2 H2O and 2 M Zn(ClO4)2 EA/H2O (EA:H2O = 1:16) electrolytes at 

and 1,200-1,000 cm−1. 
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Supplementary Fig. 9 a, Raman spectra of d 2 M Zn(ClO4)2 H2O/EA electrolytes at 

3,800-3,000 cm−1. b-g, The fitted O-H stretching vibration representing water 

molecules with strong, weak and non H-bonds of 2 M Zn(ClO4)2 H2O/EA electrolytes 

with different EA/H2O ratios from 0:1 to 1:6. h, The proportion of strong H-bond water, 

weak H-bond water, and non H-bond water. 

 

Supplementary Note 5 

Raman spectroscopy with hydrogen-bonded peaks in the 3,100 cm−1 to 3,700 cm−1 

range (Supplementary Fig. 8a). As shown in Supplementary Fig. 8b-h, the area of peaks 

representing non-hydrogen-bonded water increases progressively to 60.3% with the rise 

in EA concentration, indicating the disruption of the hydrogen-bonding network of 

water. 

  



14 

 

 

Supplementary Fig. 10 a, b Fitting of EXAFS spectra in R space (a) and k space (b) 

for  Zn foil. c, d, e, f Fitting of EXAFS spectra in R space and k space for HDCE based 
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on DFT optimized molecular geometries of [Zn(ClO4)(H2O)5]
+ (c, d) and MDCE based 

on DFT optimized molecular geometries of [Zn(ClO4)EA(H2O)4]
+
 (e, f). (g) Wavelet 

transforms for the Zn foil.  
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Supplementary Fig. 11 (a,b) Snapshots of representative Zn2+ solvation motifs in 

HDCE and MDCE at 25 °C (a) and -50 °C (b); anion distributions are highlighted. (c,d) 

Distributions of Zn2+ solvation species and RDFs/CNs in MDCE (c) and HDCE (d) at 

25 °C. (e) HOMO/LUMO energy levels and molecular orbitals for solvation structures 

in HDCE and MDCE; structures are defined by the local fractions of EA/H2O/ClO4
-. 

More details are provided for the MD simulations: The parameters of Zn2+ were 

obtained from previously reported research7, (Rmin,M/2 = 1.373Å, εM = 0.01179373 kcal 

mol-1). The parameters of ClO4
- and EA were generated with Sobtop8. The simulations 

were conducted using AMBER force field with the OPC water model. The production 

MD simulation was performed for 20 ns with a time step of 1 fs using the leap-frog 

integrator. Bond constraints were handled using the LINCS algorithm with an order of 

4 and one iteration. A Verlet cutoff scheme was employed for neighbor searching with 

a frequency of 10 steps. Both the short-range electrostatic and van der Waals cutoffs 

were set to 1.0 nm. Long-range electrostatic interactions were treated using the Particle 

Mesh Ewald (PME) method with a fourth-order interpolation and a Fourier grid spacing 



17 

 

of 0.16 nm. The temperature was maintained at 298 K or 223K using the Nosé-Hoover 

thermostat with a time constant of 0.5 ps applied to the system. The pressure was 

controlled at 1.0 bar using the Parrinello-Rahman barostat with isotropic coupling, a 

time constant of 2.0 ps, and a compressibility of 4.5×10-5 bar-1. Periodic boundary 

conditions were applied in all three directions. 
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Supplementary Fig. 12 Radial angular distribution functions, g(r, θ), for MDCE and 

HDCE at 298 K. 

  



19 

 

 

Supplementary Fig. 13 Potentiometric measurement of relative Zn2+ solvation energy. 

(a) H-cell setup: two Zn electrodes, each immersed in a different electrolyte, a reference 

electrolyte (ELref) and a test electrolyte (ELtest). The open-circuit cell voltage E_cell 

reports the difference in Zn2+ solvation free energy between ELtest and ELref (ΔG = -

nFE _cell; see Supplementary Discussion S1). (b) Representative voltage trace for 

HDCE vs an aqueous reference electrolyte. (c–h) HDCE (c,e,g) and MDCE (d,f,h) 

measured against 2 M ZnSO4(aq), 2 M Zn(CF3SO3)2(aq), and 1 M Zn(OAc)2(aq), 

respectively. A typical measurement is completed within 3 min with negligible mixing-

induced drift; over 60 min, drift is approximately 1–2 mV. 

 

Supplementary Note 6 

In our experiments, the open circuit potential measurement yields a positive electrical 

potential. A more positive open-circuit potential between two electrolytes (reference 

and test) indicates a more negative free energy of solvation. The Gibbs free energy of 

solvation (ΔGsolvation) is converted from the measured H-cell open-circuit voltage (EH-

cell) using the formula: ΔG = -nFE. The Gibbs free energy of solvation is all a general 
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assessment of the strength of the binding (how much the Gibbs energy is reduced) 

between Zn2+ and the surrounding substances (solvent and anions).  
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Supplementary Fig. 14. a,b, Nyquist plots of Zn||Zn cells with MDCE (a) or HDCE 

(b) electrolyte. c, Arrhenius plots and the activation energies of Rct derived from the 

Nyquist plots of Zn||Zn cells with HDCE or MDCE electrolyte. 

  



22 

 

  

Supplementary Fig. 15 (a,b) Desolvation energy values of Zn2+-solvent complex with 

EA and without EA obtained by DFT. 

 

Supplementary Note 7 

The calculation method for removing a water molecule is based on the difference in 

desolvation energy between different hydrated zinc ions. For example, we subtracted 

4.89 from 8.09 to get 3.11. This indicates that the desolvation energy for [Zn(H2O)6-x]
2+ 

removing one water molecule to become [Zn(H2O)5-x]
2+ is 3.11 eV. 
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Supplementary Fig. 16 a, Schematic of spectra-electrochemical cell carried out for in 

situ FTIR measurements at the interface of Cu/electrolyte. b, The A(ty)-A(tx) relative 

absorbance evolution during discharging (top, blue) and charging (bottom, red). which 

depicts the evolution of O−H stretching vibration of interfacial H2O (νOH) and Cl−O 

stretching antisymmetric vibration of ClO4
− (νClO) in HDCE. (the bule circle indicate 

the peaks of H2O, the grey circle indicate the peaks of ClO4
−). c, d, The absorption 

intensity |A(tx) − A(t0)| evolution of νOH (c) and νClO (d) with increasing time of 

applied voltage. 
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Supplementary Fig. 17 (a) Full-scale LSV and magnified views for (b) HDCE and (c) 

MDCE, recorded with Cu foil (working), Zn metal (counter), and Ag/AgCl (reference), 

Scan rate: 0.5 mV s−1, from 0.2 V to −1.2 V. 
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Supplementary Fig. 18 Plating/stripping profiles for CE determination in MDCE and 

HDCE at 0.5 mA cm−2. 

  



26 

 

 

Supplementary Fig. 19 Characterization of the electrolyte containing HPTS. a, 

Fluorescence emission spectra of 500 μM HPTS in HDCE in the pH range of 3.12 to 

5.02. b, CLSM images recorded in the HDCE electrolyte containing 500 μM HPTS 

with pH varying from 3.12 to 5.02. c, Calibration results for the pH dependence of the 

fluorescent electrolyte. An exponential function is fitted for pH below 4 and a linear 

function is fitted for pH above 4. d, Time sequence of the fluorescence distributions in 

HDCE (upper) and MDCE (below) during the process of Zn2+ deposition on Zn foil 

(assembled as a Zn||Zn cell). e, Electrochemical window of the designed Zn||SS 

asymmetric cell with HDCE and MDCE measured by LSV at 1 mV·s−1. 

 

Supplementary Note 8 

The fluorescence emission spectra of HDCE containing 500 μM HPTS revealed a 

gradual increase in fluorescence intensity from low to high pH, with a peak at 

approximately 510 nm (Supplementary Fig. 18a). Electrolyte samples across a range of 
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pH values were analyzed using confocal microscopy within the specified excitation and 

emission range, enabling quantification of fluorescence intensity (Supplementary Fig. 

18b). A calibration curve correlating fluorescence intensity to pH was established 

(Supplementary Fig. 18c). This relationship was quantified by fitting an exponential 

function for pH values below 4 and a linear function for pH values of 4 and above. 

Concurrently, the HER was suppressed, with the onset potential shifting from −0.14 V 

to −0.35 V. LSV measurements further demonstrated that the anodic stability of MDCE 

improved to 2.47 V (versus Zn/Zn2+), compared to 2.20 V for HDCE. 
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Supplementary Fig. 20 a,b, SEM images of Zn plated in HDCE (a) and MDCE (b). 
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Supplementary Fig. 21 a, Plating/stripping profiles of the investigated electrolytes in 

symmetric Zn||Zn cells at various temperatures, the unstable voltages displayed by the 

HDCE system are attributed to short circuit events. b, Zn plating/stripping performance 

of the Zn|MDCE|Zn cells at −50 °C. c, Discharge/charge curves of symmetric Zn||Zn 

cells at 0.2 mA cm−2 and 2.0 mAh cm−2, (each cycle lasts for 10 h). d,e, 

Discharge/charge curves of symmetric Zn||Zn cells at 20 mA cm−2, 1 mAh cm−2 (d) and 

1 mA cm −2, 1 mAh cm −2 (e). 
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Supplementary Fig. 22 Comparison of the cycle life values of aqueous electrolyte in 

Zn||Zn cells at −50 °C-0 °C9-19. 
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Supplementary Fig. 23 a, The typical charge-discharge curves (inset: potential vs 

capacity) of Zn||Cu cells cycled in MDCE, and Coulombic efficiency vs cycle number 

of Zn||Cu cells with the MDCE. b, Coulombic efficiency vs cycle number of Zn||Cu 

cells with the HDCE. c, The discharge-charge curves Zn||Cu cells cycled in HDCE and 

MDCE. d,e, CE vs cycle time (d) and the discharge-charge curves (e) of Zn||Cu cells 

cycled in MDCE at 1 mA cm −2, 0.5 mAh cm −2 and −50 °C.   
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Supplementary Fig. 24 a, Morphological evolution of zinc deposited in HDCE (top) 

and MDCE (bottom) at different current densities. b,c, Crystallographic orientation of 

zinc deposited in HDCE (b) and MDCE (c) at different current densities. 
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Supplementary Fig. 25 a,b,c,d, SEM images of Zn metal cross-section of Zn electrodes 

at plating state with MDCE (a, b) and HDCE (c, d) electrolytes at 1 mA cm−2 and 1 mAh 

cm−2 (50 cycles). 
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Supplementary Fig. 26 In situ optical microscopy images of Zn plating in HDCE and 

MDCE at a current density of 10 mA cm−2 and up to 120 min. Scale bar, 80 µm. 
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Supplementary Fig. 27. a,b, High-angle annular dark field (HAADF)/EDS analyses 

showing elemental mapping of Zn, O, Cl and C of Zn electrodes cycled in MDCE (a) 

and HDCE (b). Scale bar: 100 nm. c,d, High-resolution cryo-TEM images of Zn 

electrodes cycled in MDCE (c) and HDCE (d) electrolytes for 30 cycles. Scale bar: 100 

nm. 
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Supplementary Fig. 28 a,b, Composition of the SEI revealed by X-ray photoelectron 

spectroscopy (XPS) after various durations of Ar+ sputtering on Zn surface cycled in 

HDCE (a) and MDCE (b). The sputtering removal rate is ~6 nm min-1. c,d, XPS results 

with depth profiles of the C 1s (c) and Zn 2p3/2 (d) spectra of Zn cycled in HDCE 

electrolyte. 
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Supplementary Fig. 29 a,b, Mass spectrometry of cycled Zn anode in HDCE (a) and 

MDCE (b). c,d, ToF-SIMS depth profiling of several typical second ion fragments on 

the cycled Zn metal electrode surface in the HDCE (c) and MDCE (d), respectively. e, 

Three-dimensional view of Cl−, C− and CH3COO− fragments distributions of Zn anode 

in the TOF-SIMS sputtered volumes. The Zn anode was obtained after 30 cycles of 

galvanostatic plating/stripping in HDCE electrolyte (Zn||Zn cells at 1 mA cm−2 with a 

capacity of 1 mAh cm−2 for each half cycle). 
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Supplementary Fig. 30 Calculated reaction energetics (Delta G) for the electron-

induced reduction and decomposition of EA. 
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Supplementary Fig. 31 Rate capability of the PANI|HDCE|Zn and PANI|MDCE|Zn 

cells from 25 °C to −50 °C. 
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Supplementary Fig. 32 a, Comparison of pouch cell and coin cell in terms of N/P, E/C 

and areal capacity. b, The size of the Zn||PANI pouch cell. 

  



41 

 

Supplementary Tables 

 

Supplementary Table 1. Comparative of solvent properties, including donor number, 

dielectric constant, freezing point, and viscosity. 

Solvent Donor number Freezing point (°C) η (mPa·s) ɛ 

EA 17.2 −83.6 1.9 6.4 

PC 15.0 −49.2 2.5 64.9 

DMSO 29.8 −19.0 2.0 48.9 

EG 20.0 −12.9 25.66 37.0 

DMF 26.6 −62.0 1.0 36.7 

AN 14.0 −48.0 0.34 35.7 

MeOH 19.0 −97.5 0.59 32.7 

THF 20.0 −108.5 0.55 7.6 

TMP 23.0 −46.0 1.76 21.3 

DMC 17.2 4.0 0.59 3.1 

EC 16.0 35.0 1.90 90.1 

H2O 33.0 0 0.85 78.46 
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Supplementary Table 2. The price of conventional organic solvents from Sigma 

Aldrich. 

Salt Price (USD mL-1) 

EA 0.023 

butanone20 0.14 

ethylene glycol21 0.089 

acetonitrile22 0.087 

tetrahydrofuran23 0.83 

trimethyl phosphate24 0.126 

sulfolane25,26 0.05 

N,N-dimethylformamide27 0.173 

diglyme28 0.288 
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Supplementary Table 3. The price of Zn salts from Sigma Aldrich. 

Salt Price (USD g-1) Concentration (M)* 

Zn(ClO4)2·6H2O 0.336 2 

ZnSO4 7H2O 0.89 2 

Zn(OTF)2 5.08 1-3 

ZnCl2 0.296 7-30 

Zn(TFSI)2 128 0.2 

Zn(BF4)2·xH2O 3.15 4 

Zn(OAc)2·2H2O 3.29 30 

*Electrolyte concentrations which are frequently studied in the reported literature. 

The price of Zn salts from Sigma Aldrich (2025). 
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Supplementary Table 4. Temperature-dependent ionic conductivity of 2 M Zn(ClO4)2 

in H2O/EA across EA:H2O ratios from 0:1 to 1:6, measured with a conductivity meter. 

Electrolytes σ (mS cm−1) 

EA/H2O molar 

ratios 
25 °C 0 °C -20 °C -40 °C -50 °C 

0:1 105.01 94.78 84.28 -- -- 

1:20 69.37 66.5 52.22 27.37 24.5 

1:16 64.47 54.11 45.71 25.69 24.92 

1:12 61.11 57.26 45.36 24.29 19.88 

1:8 48.37 44.52 34.23 16.45 14.49 

1:6 45.71 42.56 34.09 14.7 12.88 
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Supplementary Table 5. Curve-fitting parameters for Zn K-edge EXAFS of 

Zn(H2O)5(ClO4)
+ and Zn(H2O)4EA(ClO4)

+ standards. Reported parameters: 

coordination number (C.N.), bond distance (R), Debye–Waller factor (σ2), inner 

potential correction (ΔE0), and R-factor (goodness of fit). S0
2 was fixed at 0.85. 

Sample Path  R (Å) C. N. 
σ2×103 

(Å2) 
ΔE0 (eV) R factor 

Zn Zn-Zn 2.64 6 12.9 −0.038 0.009 

HDCE (path in 

Zn(H2O)5(ClO4)+) 

Zn-O (H2O) 2.13 5.1 6.4 −1.8 0.007 

Zn-O (ClO4) 2.09 0.9 

MDCE(path in 

Zn(H2O)4EA(ClO4)+) 

Zn-O (H2O) 2.15 3.4 9.6 −2.6 0.013 

Zn-O (ClO4) 2.08 1.5 

Zn-O (EA) 2.18 1.1 
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Supplementary Table 6. Solvation energies for each electrolyte. 

Solvent Reference electrolyte Voltage (V) 
Solvation Energy 

(eV) 

Solvation Energy 

(kJ mol-1) 

HDCE HDCE 0 0 0 

HDCE 2 M ZnSO4 H2O 0.0529 ± 0.00017 -0.1058 ± 0.00034 -10.1568 ± 0.0326 

MDCE 2 M ZnSO4 H2O 0.0860 ± 0.00110 -0.1720 ± 0.00220 -16.5954 ± 0.2123 

HDCE 2 M Zn(CF3SO3)2 H2O 0.0401 ± 0.00007 -0.0774 ± 0.00014 -7.7381 ± 0.0135 

MDCE 2 M Zn(CF3SO3)2 H2O 0.0718 ± 0.00012 -0.1386 ± 0.00232 -13.8552 ± 0.0232 

HDCE 1 M Zn(OAc)2 H2O 0.0960 ± 0.00017 -0.1853 ± 0.00033 -18.5251 ± 0.0328 

MDCE 1 M Zn(OAc)2 H2O 0.1301 ± 0.00009 -0.2511 ± 0.00174 -25.1054 ± 0.0174 
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Supplementary Table 7 | Comparison of the cycle life values of aqueous electrolyte based ZnCl2, Zn(ClO4)2 

and other state-of-the-art strategies developed for high-efficiency anodes of Zn metal batteries. 

Anode Electrolyte 
Current density 

(mA cm-2) 

Areal capacity 

(mAh cm-2) 

Cycle life 

(h) 
References 

Zn Zn(ClO4)2 in H2O/EA 0.2 0.2 7200  

  0.2 2 500  

  1 1 2390  

  20 1 1400  

  0.2 0.2 4000 (−50 °C)  

  1 1 2840 (−50 °C)  

Zn Zn(ClO4)2·6H2O/SN ratio of 1:8 0.2 2 400 21 

  0.05 0.5 800  

Zn 30 m ZnCl2 + 5 m LiCl +  10 m 

TMACl 

1 1 2000 29 

  5 5 Over 800  

Zn 1 M Zn(OTF)2 in H2O/PC 1 0.5 1600 30 

Zn ZnCl2 in EG with molar ratio 1:4 0.5 0.5 2000 31 

 0.5M Zn(OTF)2 in TMP 1 1 Over 2300 32 

 0.5M Zn(TFSI)2 + 0.05M TFMP 

in AN 

2.5 2.5 ~800 33 

Zn 1M Zn(PS)2+0.2 TBATS 1 1 2000 34 

  3 3 1000  

Zn ZnSO4-C3N4QDs 1 1 1200 35 

Zn Zn(Ac)2/Fad 0.5 0.5 1400 36 
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