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 31 

Supplementary Fig. 1 | The pH and ionic conductivity of the RME and various types of 32 

electrolytes. a, The pH of 3 m Zn(OTf)2-H2O-sulfolane (16:x, x=0, 2, 4, molar ratio) 33 

electrolytes. b, Arrhenius plot of the ionic conductivity for the RME at temperatures from 34 

−20 °C to 50 °C. c, The conductivity of the 3 m Zn(OTf)2-H2O-sulfolane (16:x, x=0, 1, 2, 3, 4) 35 

electrolytes and the 2 m Zn(OTf)2/sulfolane electrolyte (denoted as sulfolane) at ~25℃. d, The 36 

conductivity of the H2O, the PAM, the EG-H2O, the WiSE, and the RME at ~25℃. Note that 37 

the solubility of Zn(OTf)2 in the sulfolane solvent is lower than 3 m, we therefore show the 38 

conductivity of the 2 m Zn(OTf)2/sulfolane electrolyte here. 39 

 40 

 41 
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 46 

Supplementary Fig. 2 | Peak of H2 gas detected by in situ GC during the LSV test in 3 m 47 
Zn(OTf)2/H2O (H2O) electrolyte. Here, the 3 m Zn(OTf)2/H2O was selected to do the in situ 48 
GC test to qualitatively identify the major gas evolved as H2.  49 
 50 

 51 
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 60 

Supplementary Fig. 3 | Zn deposition stability in the H2O electrolyte and the RME. a, 61 
Electrochemical performance of Zn||Zn symmetric cell in the 3 m Zn(OTf)2/H2O (H2O) 62 
electrolyte and the RME. The galvanostatic charging and discharging was conducted in the 63 
self-design electrode free standing cell to minimize the Zn loss on the current collector (see 64 
Supplementary Fig. 6 for the structure of the cell). The Zn foil with thickness of 30 µm was 65 
used here. b, SEM images of the deposited Zn0 surface obtained in the H2O electrolyte at 66 
1 mA cm-2 for 5 mAh cm-2. c, SEM images of deposited Zn0 surface obtained in the RME at 67 
1 mA cm-2 for 5 mAh cm-2. d, Formation energy for various Zn2+(sulfolane)n(H2O)6-n (n=6, 5, 68 
4, 2, 0) complex. e, Primary solvation shell of the Zn2+ in the H2O electrolyte and the RME. 69 
The tests were conducted at ~25 ℃. 70 

 71 

 72 

 73 
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 74 

Supplementary Fig. 4  | DFT results of the primary solvation shell and corresponding 75 
formation energy of the Zn2+(sulfolane)n(H2O)6-n (n=6, 5, 4, 2, and 0) complex. a-e, The 76 
primary solvation shell and corresponding formation energy of the Zn2+(sulfolane)n(H2O)6-n 77 
complex where n=6 (a), 5 (b), 4 (c), 2 (d), and 0 (e). The black sphere represents carbon atom, 78 
the white sphere represents hydrogen atom, the yellow sphere represents sulfur atom, the red 79 
sphere represents the oxygen atom in sulfolane molecule, the light blue sphere represents the 80 
zinc ion, the purple represents the atom in water molecule. 81 
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 82 
Supplementary Fig. 5 | MD simulations of the RME (16:4) and 3 m Zn(OTf)2-H2O-83 
sulfolane (H2O:sulfolane=16:2) electrolyte and the 16Zn NMR spectra. a-b, The Zn2+-H2O 84 
and Zn2+-sulfolane radial distribution function (g(r)) and coordination numbers (n(r)). c, The 85 
probability of the angle for H2O-Zn2+-sulfolane and sulfolane-Zn2+-sulfolane. d-e, The Zn2+-86 
H2O and Zn2+-sulfolane radial distribution function (g(r)) and coordination numbers (n(r)) in 87 
the 3 m Zn(OTf)2-H2O-sulfolane (H2O:sulfolane=16:2) electrolyte. f, The probability of the 88 
angle for H2O-Zn2+-sulfolane and sulfolane-Zn2+-sulfolane in the 3 m Zn(OTf)2-H2O-sulfolane 89 
(H2O:sulfolane=16:2) electrolyte. g, The 67Zn NMR spectra. 90 
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 102 

Supplementary Fig. 6 | The configuration of the in-house developed electrode free 103 
standing cell . a, Structure of the electrode free standing cell. b, The photos of the free standing 104 
cell. Here the right part is the cell before assembly and the left part is the cell after assembly. 105 
c, Comparison of Cu foil before and after cycling in coin cell. The free standing cell enables 106 
the electrode area identical to current collector avoiding the Zn spreading on current collector 107 
(Supplementary Fig. 6c) upon deposition thus minimizing the Zn loss on current collector. The 108 
contact area between stainless-steel negative current collector and Zn foil was wrapped by a 109 
piece of conductive Cu tape to minimize the side reactions between electrolyte and stainless-110 
steel current collector. A piece of Ti foil was placed between the copper tape and Zn foil to 111 
minimize the side reactions between Zn foil and Cu tape. 112 
 113 
 114 

 115 

 116 

 117 

 118 
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 119 

Supplementary Fig. 7 | The 1H NMR spectra for various electrolytes and solvent. a, The 120 
1H NMR spectra of the 3 m Zn(OTf)2/H2O (H2O) and 3 m Zn(OTf)2-H2O-sulfolane 121 
(H2O:sulfolane=16:x, x=1, 2, 3, 4) electrolytes. b, The 1H NMR spectra for the H2O:sulfolane 122 
(16:x, x=1, 2, 3, 4) mixed solvents. Note that the broadening of the peaks in Supplementary 123 
Fig. 7a was caused by the influence of Zn(OTf)2 salt in the electrolytes. The 1H NMR spectra 124 
for the pure H2O and mixed solvents without salt were collected to further validate the 125 
formation of hydrogen bond between sulfolane and water.  126 

 127 

 128 

 129 

 130 

 131 
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 132 

Supplementary Fig. 8 | The Zn0 plating performance in the 2 m Zn(OTf)2/sulfolane 133 
electrolyte (denoted as sulfolane electrolyte). a, Cathodic stability and H2 coevolution 134 
behavior of the sulfolane electrolyte determined by LSV and operando gas pressure 135 
measurement. b, The CE of Zn||Cu asymmetric cell with the sulfolane electrolyte. c, The 136 
galvanostatic charging and discharging profiles of the Zn||Cu asymmetric cell in the sulfolane 137 
electrolyte. d, The galvanostatic charging and discharging profiles of the Zn(50 µm)||Cu 138 
asymmetric cell in the RME. e, The CE of the Zn||Cu asymmetric cell in the sulfolane 139 
electrolyte at different current densities. f, The galvanostatic charging and discharging profiles 140 
of the Zn||Cu asymmetric cell in the sulfolane electrolyte at different current densities. The Zn 141 
foil with thickness of 50 µm was used here. The tests were conducted at ~25 ℃. 142 

 143 



10 
 

 144 

Supplemental Fig. 9 | The FTIR spectra and the cathodic stability of the EG-H2O and the 145 
DMSO-H2O electrolytes. a, Normalized FTIR spectra of the H2O electrolyte and 3 m 146 
Zn(OTF)2-(1-x)H2O-xEG (x=29%, 45%, 63%, weight content) electrolytes. b, Normalized 147 
FTIR spectra of the H2O electrolyte and 3 m Zn(OTF)2-(1-x)H2O-xDMSO (x=29%, 45%, 63%, 148 
weight content) electrolytes. c, Cathodic stability and H2 coevolution behavior for the 3 m 149 
Zn(OTF)2-37%H2O-63%EG (denoted as EG-H2O) electrolyte determined by LSV and 150 
operando gas pressure measurement. d, Cathodic stability and H2 coevolution behavior for the 151 
3 m Zn(OTF)2-37%H2O-63%DMSO (denoted as DMSO-H2O) electrolyte determined by LSV 152 
and operando gas pressure measurement. For a fair comparison, the EG and DMSO were set 153 
as the same weight content with the sulfolane where the 3 m Zn(OTf)2-H2O-sulfolane (16:x, 154 
x=1, 2, 4) electrolytes correspond to 3 m Zn(OTF)2-(1-x)H2O-x (sulfolane) (x=29%, 45%, 63%, 155 
weight content). The tests were conducted in a three-electrode cell consisting of Ti foil working 156 
electrode, AC counter electrode, and Ag/AgCl reference electrode at ~25 ℃. 157 

 158 

 159 

 160 

 161 

 162 
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 163 

Supplementary Fig. 10 | H2 gas evolution from corrosion effect between Zn0 anode and 164 
various electrolytes. a-c, H2 gas evolution between Zn0 anode and the H2O electrolyte at 165 
pristine state, after 1st cycle, and after 2nd cycle. d-f, H2 gas evolution between Zn0 anode and 166 
the PAM at pristine state, after 1st cycle, and after 2nd cycle. g-i, H2 gas evolution between 167 
Zn0 anode and the EG-H2O electrolyte at pristine state, after 1st cycle, and after 2nd cycle. j-l, 168 
H2 gas evolution between Zn0 anode and the WiSE at pristine state, after 1st cycle, and after 169 
2nd cycle. m-o, H2 gas evolution between Zn0 anode and the RME at pristine state, after 1st 170 
cycle, and after 2nd cycle. The H2 gas evolutions at the pristine state were recorded by holding 171 
the cell at OCV until the gas pressure reaching to a relative stable state (200 min for the H2O 172 
and the PAM electrolyte, 150 min for the EG-H2O electrolyte, 80 min for the WiSE, and 173 
270 min for the RME). The H2 gas evolutions after the first and second cycle were recorded by 174 
holding the cell at OCV for 60 min. The tests were conducted in a three-electrode cell 175 
consisting of Ti foil working electrode, AC counter electrode, and Ag/AgCl reference electrode 176 
at ~25 ℃. 177 
 178 
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 179 

Supplementary Fig. 11 | H2 gas evolution from corrosion effect between Zn0 anode and 180 
various electrolytes. a, H2 gas evolution between Zn0 anode and the H2O, the PAM, the EG-181 
H2O, the WiSE, and the RME in pristine state, after the first cycle and after the second cycle. 182 
b, Peak of H2 gas detected by in situ GC in the RME. c, Peak of H2 gas detected by in situ GC 183 
in the PAM. Here, the RME and the PAM were selected to do the in situ GC measurement to 184 
qualitatively identify the major gas evolved as H2. d, The pH values of the H2O, the PAM, the 185 
EG-H2O, the WiSE, and the RME. The tests were conducted in a three-electrode cell consisting 186 
of Ti foil working electrode, AC counter electrode, and Ag/AgCl reference electrode at ~25 ℃. 187 
 188 
 189 

 190 

Supplementary Fig. 12 | The impedance of the Zn||Zn cell in various electrolytes. a, The 191 
equivalent circuit model for data fitting. b, The original EIS data and fitting curves. c, The 192 
ohmic resistance. d, The charge transfer resistance. The EIS data were collected after ten 193 
galvanostatic cycles at 0.8 mA cm−2 and 0.8 mAh cm−2 where the system has reached a 194 
relatively stable state. The fitting model was referenced from a previous study1. The tests were 195 
conducted at ~25 ℃.  196 
 197 
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 198 

Supplementary Fig. 13 | Galvanostatic cycles and operando gas evolution in the H2O 199 
electrolyte. a, The comparison of the Zn0 plating potential in the RME and the H2O electrolyte. 200 
b-g, Galvanostatic discharging and charging profiles and H2 evolution for the 112nd (b), 124th 201 
(c), 136th (d), 148th (e), 160th (f), 172nd (g), 184th (h), and 196th (i) cycle. g, Peak of H2 gas 202 
detected by in situ GC during the galvanostatic discharging in the H2O electrolyte in 112nd 203 
cycle. Here, the H2O electrolyte was selected to do the in situ GC measurement to qualitatively 204 
identify the major gas evolved as H2. The galvanostatic charging and discharging were 205 
conducted at constant current of 0.8 mA cm−2 with capacity of 0.8 mAh cm−2. The tests were 206 
conducted in the three-electrode cell consisting of Ti foil working electrode, AC counter 207 
electrode, and Ag/AgCl reference electrode at ~25 ℃. 208 
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 213 

Supplementary Fig. 14 | Galvanostatic cycles and operando gas evolution in the PAM 214 
electrolyte. a-h, Galvanostatic discharging and charging profiles and H2 evolution for the 215 
112nd (a), 124th (b), 136th (c), 148th (d), 160th (e), 172nd (f), 184th (g), and 196th (h) cycle. 216 
The galvanostatic charging and discharging were conducted at constant current of 0.8 mA cm−2 217 
with capacity of 0.8 mAh cm−2. The tests were conducted in a three-electrode cell consisting 218 
of Ti foil working electrode, AC counter electrode, and Ag/AgCl reference electrode at ~25 ℃. 219 
 220 
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 224 

Supplementary Fig. 15 | Galvanostatic cycles and operando gas evolution in the EG-H2O 225 
electrolyte. a-h, Galvanostatic discharging and charging profiles and H2 evolution for the 226 
112nd (a), 124th (b), 136th (c), 148th (d), 160th (e), 172nd (f), 184th (g), and 196th (h) cycle. 227 
The galvanostatic charging and discharging were conducted at constant current of 0.8 mA cm−2 228 
with capacity of 0.8 mAh cm−2. The tests were conducted in a three-electrode cell consisting 229 
of Ti foil working electrode, AC counter electrode, and Ag/AgCl reference electrode at ~25 ℃. 230 
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 238 

Supplementary Fig. 16 | Galvanostatic cycles and operando gas evolution in the WiSE. a-239 
h, Galvanostatic discharging and charging profiles and H2 evolution for the 112nd (a), 124th 240 
(b), 136th (c), 148th (d), 160th (e), 172nd (f), 184th (g), and 196th (h) cycle. The galvanostatic 241 
charging and discharging were conducted at constant current of 0.8 mA cm−2 with capacity of 242 
0.8 mAh cm−2. The tests were conducted in a three-electrode cell consisting of Ti foil working 243 
electrode, AC counter electrode, and Ag/AgCl reference electrode at ~25 ℃. 244 
 245 
 246 

 247 

 248 

 249 
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 250 

Supplementary Fig. 17 | Galvanostatic cycles and operando gas evolution in the RME. a-251 
h, Galvanostatic discharging and charging profiles and H2 evolution for the 112nd (a), 124th 252 
(b), 136th (c), 148th (d), 160th (e), 172nd (f), 184th (g), and 196th (h) cycle. The galvanostatic 253 
charging and discharging were conducted at constant current of 0.8 mA cm−2 with capacity of 254 
0.8 mAh cm−2. The tests were conducted in a three-electrode cell consisting of Ti foil working 255 

electrode, AC counter electrode, and Ag/AgCl reference electrode at ~25 ℃. 256 
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 273 

Supplementary Fig. 18 | CE of the Zn||Cu or the Zn||Ti cell in various electrolytes. a, CE 274 
of the Zn||Cu cell in the H2O electrolyte. b, CE of the Zn||Cu cell in the PAM electrolyte. c, CE 275 
of the Zn||Cu cell in the EG-H2O electrolyte. d, CE of the Zn||Cu cell in the WiSE. e, CE of the 276 
Zn||Cu cell in the RME. f, The comparison of CEs of the Zn||Cu cell in the five electrolytes. g, 277 
CE of the Zn||Ti cell in H2O electrolyte. Note that the Cu electrode was firstly conditioned by 278 
plating (5 mAh cm−2) and stripping Zn0 (0.5 V). Then a Zn0 reservoir with a capacity of 5 mAh 279 
cm−2 was plated on the Cu electrode at 0.5 mA cm−2. Then the cell was stripping/plating for 8 280 
cycles at 0.5 mA cm−2 with 1 mAh cm−2 . In the final step, all the capacity plated on Cu 281 
electrode was stripped with cut-off voltage of 0.5 V. The CEs labelled in each panel were 282 
calculated by the previously reported method2. The Zn foil used here is 100 µm. The WiSE 283 
cannot sustain the areal capacity of 5 mAh cm−2 as shown in Supplementary Fig. 18d. The 284 
Zn||Ti cell exhibits a lower CE than the Zn||Cu cell, as shown in Supplementary Fig. 18g and 285 
Supplementary Fig. 18a, therefore, Cu foil was used as metal substrate for the Zn0 286 
plating/stripping in this work. The tests were conducted at ~25 ℃. 287 

 288 

 289 

 290 

 291 

 292 

 293 
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 294 

Supplementary Fig. 19 | Schematic illustration for the generation and recovery of the 295 
isolated Zn.  296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 



20 
 

 312 

Supplementary Fig. 20 | Schematic illustration and the photo of the in situ optical 313 
microscopy cell. a, The schematic illustration of the in situ optical microscopy cell with Zn 314 
foil (50 µm) as anode, Zn0.25V2O5•nH2O as cathode, 3 m Zn(OTf)2/H2O as electrolyte and a Cu 315 
foil deposited with Zn metal (5 mAh cm-2) as Zn-island (width, ~200 µm). b, The photo of the 316 
in situ optical microscopy cell. The test was conducted at ~25 ℃. 317 

 318 

 319 

 320 

 321 

Supplementary Fig. 21 | Morphology evolution of the isolated Zn island. a, The 322 
galvanostatic discharging profile of the in situ optical microscopy cell. The current is 300 µA. 323 
b, The optical image of the cell under the 5 × lens. c, The optical images of the Zn-island (close 324 
to Zn foil) at different discharging time under the 50 × lens. The test was conducted at ~25 ℃ 325 
with the cell configuration in Supplementary Fig. 20a. 326 

 327 
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 328 

Supplementary Fig. 22 | Ex situ SEM images for the deposited Zn0 surface in various 329 
electrolytes. a, SEM image for the deposited Zn0 surface in the H2O electrolyte. b, SEM image 330 
for the deposited Zn0 surface in the PAM electrolyte. c, SEM image for the deposited Zn0 331 
surface in the EG-H2O electrolyte. d, SEM image for the deposited Zn0 surface in the WiSE. 332 
e, SEM image for the deposited Zn0 surface in the RME. The SEM samples were obtained by 333 
discharging and charging in Zn||Zn cell for 20 cycles at 0.8 mA cm−2 with 0.8 mAh cm−2 and 334 
finally depositing Zn0 with 1 mAh cm−2. The free standing cell was used here to prepared the 335 
ex situ SEM samples. The cells were tested at ~25 ℃.  336 
 337 
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 338 

Supplementary Fig. 23 | Voltage profiles for the Zn||Cu cell in various electrolytes. a, 339 
Voltage curve as a function of time for the Zn||Cu cell in the H2O electrolyte. b, Voltage curve 340 
as a function of time for the Zn||Cu cell in the PAM. c, Voltage curve as a function of time for 341 
the Zn||Cu cell in the EG-H2O electrolyte. d, Voltage curve as a function of time for the Zn||Cu 342 
cell in the WiSE. e, Voltage curve as a function of time for the Zn||Cu cell in the RME. The 343 
tests were performed with the electrode free standing cell (Supplementary Fig. 6). The Zn foil 344 
with thickness of 50 µm was used here. The galvanostatic charging and discharging were 345 
conducted at constant current of 0.8 mA cm−2 with capacity of 0.8 mAh cm−2. The tests were 346 
conducted at ~25 ℃. 347 
 348 
 349 

 350 

 351 

 352 

 353 

 354 
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 355 

Supplementary Fig. 24 | Tafel behaviors in various electrolytes. a, Tafel plots in the H2O, 356 
the PAM, the EG-H2O, the WiSE, and the RME. b, The comparison for anodic exchange 357 
current in the H2O, the PAM, the EG-H2O, the WiSE, and the RME. c, The photos of the three 358 
electrode cell used to collect the Tafel plots. The Tafel plot was obtained by using Zn foil 359 
(50 µm) as working and counter electrode, Ag/AgCl as reference electrode at scan rate of 360 
1 mV s−1. The anodic exchange current density was used to assess the reaction kinetics as less 361 
parasitic H2 coevolution would occur in anodic processes. The tests were conducted at ~25 ℃. 362 
 363 
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 385 

Supplementary Fig. 25 | The adsorption behaviors of the sulfolane and EG molecule on 386 
Zn surface. a, The adsorption behavior of the sulfolane molecule on Zn surface. b, The 387 
adsorption behavior of the EG molecule on Zn surface. The adsorption energy of EG 388 
(−1.28 eV) is closed to that of the sulfolane (−1.31 eV), however, the side reactions in the EG-389 
H2O electrolyte are more serious than that in the RME. This suggests the dominant role of 390 
“reverse micelle” structure in improving the reversibility of the Zn0 electrode instead of 391 
molecule adsorption. The grey sphere represents the zinc atom, the red sphere represents the 392 
oxygen atom, the yellow sphere represents the sulfur atom, the black sphere represents the 393 
carbon atom, and the pink sphere represents the hydrogen atom. 394 

 395 

 396 

 397 

Supplementary Fig. 26 | Galvanostatic discharging and charging profiles of the Zn||Cu 398 
cell in various electrolytes. a, Galvanostatic discharging and charging profiles of the Zn||Cu 399 
cell in the H2O electrolyte (a), the PAM electrolyte (b), the EG-H2O electrolyte (c), the WiSE 400 
(d), and the RME (e). The tests were conducted in the electrode free standing cell 401 
(Supplementary Fig. 6) at 5 mA cm−2 and 5 mAh cm−2 with Zn utilization ratio of 28.3% (Zn 402 
foil, 30 µm). The tests were conducted at ~25 ℃. 403 
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 404 

Supplementary Fig. 27 | The Zn||Cu cell performance at various rates. The CEs of the 405 
Zn||Cu cell in the H2O (a), the EG-H2O (b), and the RME (c). The galvanostatic discharging 406 
and charging profiles of the Zn||Cu cell in the H2O (d), the EG-H2O (e), and the RME (f). The 407 
tests were conducted in the electrode free standing cell (Supplementary Fig. 6) at 5 mAh cm−2 408 
with Zn utilization ratio of 28.3% (Zn foil, 30 µm). The tests were conducted at ~25 ℃. 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 
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 417 

Supplemental Fig. 28 | The high-rate performance of Zn||Cu cell in various types of 418 
electrolytes. a−e, The CE under different current densities in the H2O (a), the PAM (b), the 419 
EG-H2O (c), the WiSE (d), and the RME (e). f−j, The galvanostatic charging and discharging 420 
profiles of the Zn||Cu cell in the H2O (f), the PAM (g), the EG-H2O (h), the WiSE (i), and the 421 
RME (j). The tests were conducted at ~25 ℃. 422 
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 431 

Supplementary Fig. 29 | The structure and photos of the pouch cell. a, The schematic of 432 
the bipolar structure of the pouch cell. b, The photos and total thickness of the pouch cell. c, 433 
The schematic and photo of the testing plates. The testing plates were used to offer a uniform 434 
external pressure of 0.1 MPa. 435 
 436 

 437 

 438 

 439 
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 440 

Supplementary Fig. 30 | The Zn0.25V2O5•nH2O positive electrode fabrication mode, photos 441 
of each component of the pouch cell. a, The structure and photos of the self-design positive 442 
electrode fabrication mode. b, The photos and size of each component in the pouch cell.  443 
 444 

 445 

 446 

 447 

Supplementary Fig. 31 | The rate capability of Zn||Zn0.25V2O5•nH2O coin cell using the 448 
RME. a, The galvanostatic charging and discharging profiles of Zn||Zn0.25V2O5•nH2O coin cell 449 
using RME at different current density. The loading of the Zn0.25V2O5•nH2O was 8 mg cm−2. 450 
Here the theoretical capacity of Zn0.25V2O5•nH2O is assumed to be 350 mAh g−1 (100 mA g−1). 451 
b, The ex situ SEM image for the synthesized Zn0.25V2O5•nH2O nanobelts. The tests were 452 
conducted at ~25 ℃. 453 

 454 
 455 
 456 
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 457 

Supplementary Fig. 32 | The self-discharge test for the 1 Ah Zn||Zn0.25V2O5•nH2O pouch 458 

cell with N/P ratio of 1.07:1 using the RME at ~25 °C. The cell was assembled by coupling 459 

a Zn (10 µm, 5.9 mAh cm−2) foil and a Zn0.25V2O5•nH2O (5.5 mAh cm−2) electrode that was 460 

firstly processed by charging to 1.7 V to release the stored Zn2+. The assembled pouch cell was 461 

firstly discharged and charged between 0.3 V and 1.7 V for two cycles and holding at OCV for 462 

60 h (a) and 610 h (b) and then discharged to 0.3 V. The specific current is 56 mA g−1
cathode. 463 

Other parameters of the cell components are same to Supplementary Fig. 29−30 and 464 

Supplementary Table 7. 465 

 466 

 467 

 468 

 469 

 470 

 471 
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 472 

Supplementary Fig. 33 | The self-discharge test for the 1 Ah Zn||Zn0.25V2O5•nH2O pouch 473 

cell with N/P ratio of 1.07:1 using the RME at 55 °C. The cell was assembled by coupling a 474 

Zn (10 µm, 5.9 mAh cm−1) foil and a Zn0.25V2O5•nH2O (5.5 mAh cm−1) electrode that was 475 

firstly processed by charging to 1.7 V to release the stored Zn2+. The assembled pouch cell was 476 

firstly discharged and charged between 0.3 V and 1.7 V for two cycles and holding at OCV for 477 

48 h and then discharged to 0.3 V. The specific current is 56 mA g−1
cathode. Other parameters of 478 

the cell components are same to Supplementary Fig. 29−30 and Supplementary Table 7. 479 



31 
 

 480 

Supplementary Fig. 34 | The impedance of the Zn||Zn0.25V2O5•nH2O pouch cell at 481 
different cycles. a, The equivalent circuit model for data fitting. b, The original EIS data and 482 
fitting curves at different cycles. c, The ohmic resistance (RS). d, The charge transfer resistance 483 
of the negative electrode (RCT-n). e, The interphase resistance of the negative electrode (Rint-n). 484 
f, The charge transfer resistance of the positive electrode (RCT-p). g, The Warburg coefficient. 485 
The interphase resistance of the negative electrode (RCT-n) was contributed by the passivation 486 
layer (e.g. Zn(OH)2) which was formed due to the initial side reaction between the Zn foil and 487 
the electrolyte. The decreasing of the impedances in the first 10 cycles can be due to the 488 
increased surface area of the Zn electrode under large areal capacity operation (5.5 mAh cm−2) 489 
and the activation of the positive electrode. The tests were conducted at ~25 ℃. 490 

 491 

 492 



32 
 

Supplementary Table 1 | The fitted impedance results of Zn||Zn cell in various electrolytes. 493 

Cycle 

number 
RS (ohm) RCT (ohm) CPE1 Rint (ohm) CPE2 

Fitting error 

of χ/N0.5 

H2O 2.0 50 0.005 50 0.292 0.038 

PAM 3.1 61 0.031 50 0.928 0.046 

EG-H2O 3.7 72.5 0.007 68 0.166 0.052 

WiSE 3.5 105 0.004 80 0.134 0.067 

RME 3.6 69 0.013 72 0.201 0.045 

 494 
 495 
Supplementary Table 2 | The experimental database for evaluating the overall 496 
reversibility of Zn0 anode in the five electrolytes. 497 

Evaluation criteria  Data source  

Original data for evaluating Zn0 anode reversibility  

in the five electrolytes  

H2O PAM EG-H2O WiSE RME 

(i) H2 coevolution 

suppression 
Fig. 3g 1.1885 0.7684 0.4853 0.0220 0.0215 

(ii) Dead Zn inhibition Fig. 3h 0.5754 0.3396 0.3397 0.2923 0.2585 

(iii) Dendrite growth 

suppression 

Supplementary 

Fig. 23 
1005 872 652 2350 8000 

(iv) Corrosion resistance 
Supplementary 

Fig. 11a 
435 388 190 93 150 

(v) Reaction kinetics 
Supplementary 

Fig. 24b 
1.14×10–3 7.80×10–4 3.10×10–4 9.70×10–5 2.97×10–4 

Note, (i) the contribution of average H2 coevolution (%) in Fig. 3g was used to evaluate the H2 coevolution 498 
suppression; (ii) the contribution of average dead Zn (%) in Fig. 3h was used to evaluate the dead Zn inhibition; 499 
(iii) for the dendrite growth, the unit of the data is “h”; (iv) for the corrosion resistance, the unit of the data is 500 
“nmol”; (v) for the reaction kinetics, the unit of the original data is “A cm-2”. 501 

 502 

Supplementary Table 3 | The reversibility grade database for evaluating the overall 503 
reversibility of Zn0 anode in the five electrolytes. 504 

Evaluation criteria 
Zn0 anode reversibility grade in the five electrolytes  

H2O PAM EG-H2O WiSE RME 

(i) H2 coevolution suppression 0.8414 1.3014 2.0606 45.4545 46.5116 

(ii) Dead Zn inhibition 1.7379 2.9446 2.9438 3.4211 3.8685 

(iii) Dendrite growth suppression 1005 872 652 2350 8000 

(iv) Corrosion resistance 0.0023 0.0026 0.0053 0.0107 0.0067 

(v) Reaction kinetics −2.9431 −3.1079 −3.5086 −4.0132 −3.5272 

Note, the reversibility grades for the “H2 coevolution suppression”, “Dead Zn inhibition”, and “Corrosion 505 
resistance” were the reciprocal of the original data in Supplementary Table 2; the reversibility grades for the 506 
“Reaction kinetics” were the logarithm of the original data in Supplementary Table 2. 507 
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Supplementary Table 4 | The normalized reversibility grade for evaluating the overall 508 
reversibility of Zn0 anode in the five electrolytes in Fig. 4a−4e. 509 

Evaluation criteria 
Normalized Zn0 anode reversibility grade in the five electrolytes  

H2O PAM EG-H2O WiSE RME 

(i) H2 coevolution suppression 0 0.04029 0.1068 3.9074 4 

(ii) Dead Zn inhibition 0 2.2652 2.2638 3.1598 4 

(iii) Dendrite growth suppression 0.1922 0.1198 0 0.9243 4 

(iv) Corrosion resistance 0 0.1429 1.4286 4 2.0952 

(v) Reaction kinetics 4 3.3843 1.8864 0 1.8168 

 510 

 511 

Supplementary Table 5 | The cell parameters for laboratory-scale coin cell in the 512 
literature and ampere-hour-scale pouch cell in this work (Fig. 5a). 513 

 

Negative 

electrode 

Zn (µm) 

Negative 

electrode 

(mAh cm−2) 

Positive 

electrode 

(mAh cm−2) 

N/P 

ratio 

Total discharge 

capacity (mAh) 

Electrolyte 

(µL) 

E/C ratio 

(g Ah−1) 

Coin cell 100 58.8 
0.7 

(ref3,4) 
84:1 

1.08 

 (Electrode area 

is 1.54 cm−2) 

75  

(ref5) 
92 

Pouch cell 

(this work) 
30 17.6 ~5.5 3.2:1 

1000  

(Electrode 

area=90 cm−2,  

2 pieces) 

7000 9.3 

Note, the electrolyte density is assumed to be 1.33 g mL−1 (RME, ~25 ℃); for the areal capacity of positive 514 
electrode in the coin cell, the specific capacity of active material is assumed to be 350 mAh g-1 (Supplementary 515 
Fig. 31), the loading mass is assumed to be 2 mg cm-2 (ref3,4,6), and the area of the positive electrode is assumed 516 
to be 1.54 cm2 (the diameter of commonly used electrode is 14 mm). 517 

 518 

Supplementary Table 6 | Energy calculations and technical specifications of the Zn||V2O5 519 
coin cell with 3 M Zn(CF3SO3)2 aqueous electrolyte solution. 520 

Electrodes Electrolyte 

Specific 

energy 

(Wh/kg) 

Electrode 

areal  (cm−2) 

Loading mass 

(mg cm−2) 

Cell 

volume (L) 

Energy density 

(Wh L−1) 

Reference 

 

Zn||V2O5 
3 M 

Zn(CF3SO3)2 

322 

(cathode) 

1.54 

(a) 
2 

0.72*10-3  

(b) 
1.38 ref7 

Note, (a) the diameter of the electrode is assumed to be 14 mm (CR2032); (b) the cell volume is inner volume of 521 
the coin cell and calculated as 3.14×0.845×0.845×0.32×10-3 (L) (the diameter of the negative electrode shell is 522 
16.9 mm); (c) the specific energy is calculated based on the mass of the active material in the cathode. 523 

 524 

 525 

 526 

 527 
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Supplementary Table 7 | The parameters of the pouch cell components. 528 

Pouch cell components Length (mm) Width (mm) 
Thickness 

(mm) 
Weight (g) 

Negative electrode 

(Zn foil) 
100 90 0.03×2 pieces 1.92×2 pieces 

Positive electrode 

(Zn0.25V2O5•nH2O and Ti mesh) 
100 90 0.26×2 pieces 3.3×2 pieces 

Separator 

(Glass fiber) 
102 92 0.20×2 pieces 0.4×2 pieces 

Separator 

(Celgard) 
102 92 0.03×2 pieces 0.5×2 pieces 

Current collector 

(Ti foil) 
100 90 0.01×3 pieces ~0.4×3 pieces 

Electrolyte  

(RME) 
− − − 9.3 (7 mL) 

 529 
 530 
 531 

 532 

Supplementary Table 8 | Comparison of the RME Zn metal pouch cell with the state-of-533 
the-art literature of Zn metal pouch cells. 534 

Electrodes Electrolyte 
Zn 

utilization 

Areal 

capacity 

(mAh cm−2) 

Total 

capacity 

(mAh) 

Cycle 

number 
Life time (h) Reference 

Zn||MnO2 

3 M Zn(OTf)2 

+ 0.1 M 

Mn(OTf)2 

― ― 1550 50 223 ref8 

NGO@Zn||LiMn2O4 
2 M Li2SO4  

+ 1 M ZnSO4 
36% 2.0 164 

178 
(81.5%) 

< 356 ref9 

Zn||VOPO4 

4 m Zn(OTf)2 

+0.5m 
Me3EtNOTf 

100% ~0.5 50 
90 

(80%) 
< 90 ref10 

Zn||PANI 

2 M ZnSO4 

-

50%Methanol
-50%H2O 

(vol%) 

― ~1 12 
300 

(~95.6%) 
< 72 ref11 

Zn||Zn0.25V2O5•nH2O RME 31.2% 5.5 1000 
390  

(80%) 
3600 This work 

Note, for the Zn||PANI11, the total area of the pouch cell was re-estimated as 3 cm × 4 cm; the values listed in “Life time (h)” 535 
column was estimated by “the time of the first cycle × cycle number” according to the reported values in the literature. 536 

 537 

 538 

 539 

 540 

 541 
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Supplementary Table 9 | The fitted impedance results of Zn||Zn0.25V2O5•nH2O pouch cell. 542 

Cycle 

number 
RS (ohm) RCT-n (ohm) Rint-n (ohm) RCT-p (ohm) 

Warburg 

coefficient 

Fitting error 

of χ/N0.5 

1st 0.81 1.77 0.5 0.24 0.235 0.085 

3rd 0.774 1.7 0.36 0.22 0.2 0.094 

5th 0.75 1.44 0.33 0.2 0.18 0.076 

10th 0.71 1.3 0.3 0.2 0.18 0.072 

20th 0.705 1.3 0.28 0.185 0.18 0.072 

30th 0.7 1.33 0.25 0.195 0.17 0.069 

40th 0.7 1.34 0.25 0.19 0.175 0.065 

 543 

 544 

 545 

Supplementary Note 1 | The stability of Zn0 plating/stripping. 546 

The stability of Zn0 deposition/stripping and morphology of the deposited Zn0 surface in the 547 
RME were examined via a Zn||Zn symmetric cell and scanning electron microcopy (SEM). As 548 
shown in Supplementary Fig. 3a, the Zn||Zn symmetric cell in the RME electrolyte delivered a 549 
long cycling for more than 1,100 h at 5 mA cm-2 and 5 mAh cm-2. In sharp contrast, the cell in 550 
the 3 m Zn(OTf)2/H2O (H2O) electrolyte only survived for ~30 h before short circuit occurred. 551 
Meanwhile, substantial flake-like morphology was observed in the H2O electrolyte 552 
(Supplementary Fig. 3b) in comparison with the relatively smooth surface and compact 553 
structure observed in the RME (Supplementary Fig. 3c). The uniform Zn0 plating morphology 554 
can be attributed to the change of solvation environment of Zn2+ in the presence of sulfolane. 555 
As shown in Supplementary Fig. 4, the DFT results indicate that Zn2+ is highly tended to be 556 
solvated by sulfolane compared with water since the formation energy of 557 
Zn2+(sulfolane)n(H2O)6-n (n=6, 5, 4, 2) complex is lower than that of Zn2+(H2O)6. In the RME 558 
(H2O:sulfolane = 16:4), five water molecules in the original primary solvation shell of Zn2+ 559 
were replaced by sulfulane leading to the formation of Zn2+(sulfolane)5(H2O)1 complex as 560 
shown in Supplementary Fig. 3e and Supplementary Fig. 5a−5c. The more stable solvation 561 
structure of Zn2+ in the RME implies that more energy thus higher overpotential is required for 562 
Zn0 deposition which enables the kinetics for homogeneous Zn0 deposition12-14. 563 

 564 

 565 

Supplementary Note 2 | The formation and recovery of isolated Zn. 566 

As shown in Supplementary Fig. 19, upon Zn0 plating in early cycles, dendritic morphology 567 
evolves due to the uneven deposition of Zn metal. In the stripping process, due to the 568 
nonuniform dissolution of Zn dendrites, some tips of the dendrites lose electric contact with 569 
the current collector leaving isolated Zn in the electrolyte adjacent to the electrode surface. 570 
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With this process repeated for many times, large amount of isolated Zn will accumulate and 571 
distribute randomly near the electrode surface. And in some stripping process, the isolated Zn 572 
(metallic state, Zn0) was electrically reconnected with the current collector due to the 573 
polarization response to the electrical field of the electrolyte15. As the Zn on the substrate 574 
gradually stripped, the isolated Zn that reconnected with the current collector was dissolved 575 
and contributed extra capacity (Qis) to the stripping capacity (Qs). Since the isolated Zn was 576 
randomly distributed neighboring the electrode surface, the recovery thus the contribution of 577 
the isolated Zn (Qis) is not stable for each cycle.  578 

We further examine the polarization response of the isolated Zn to the electrical field of the 579 
electrolyte via an in situ optical microscope. As shown in Supplementary Fig. 20, the in situ 580 
optical microscope cell was constructed with Zn foil as anode, Zn0.25V2O5•nH2O as cathode, 581 
3 m Zn(OTf)2/H2O (H2O) as electrolyte, and a Cu foil deposited with Zn metal (5 mAh cm-2) 582 
mimicking the isolated Zn (labelled as Zn island). The Zn0.25V2O5•nH2O was used to provide a 583 
higher electric field intensity in the electrolyte when coupling with Zn metal anode for better 584 
observing the morphology change of Zn island. As shown in Supplementary Fig. 21, with the 585 
discharge proceeding to 30 min, and 60 min, obvious amorphous structure evolves and 586 
gradually grows up on the edge of the Zn-island that close to the Zn anode. This spatial 587 
progression can be attributed to the Zn0 deposition due to the polarization response of the Zn-588 
island to the electric field of the electrolyte15. Upon discharge, the electric field in the 589 
electrolyte points from the negative electrode (Zn foil) to the positive electrode 590 
(Zn0.25V2O5•nH2O) (Supplementary Fig. 21a) where the Zn2+ moves from the negative 591 
electrode to the positive electrode15. Due to the polarization response to this electric field, the 592 
overpotential on the edge of the Zn-island near the Zn foil turns negative, causing Zn2+ in the 593 
neighborhood electrolyte reduced and deposited on the Zn-island. This leads to a gradual 594 
spatial progression of the Zn-island. And this spatial progression will eventually lead to the 595 
electric connection of Zn-island to Zn foil if the Zn-island is close enough to the Zn foil. This 596 
explains the recovery of isolated Zn in the Zn||Cu asymmetric cell (Supplementary Fig. 19). 597 
The formation and recovery of isolated Zn commonly occur in electrolytes where the dendrite 598 
growth is disastrous for example, the H2O electrolyte. 599 

 600 

 601 

Supplementary Note 3 | Calculation procedure of the normalized grades for Zn0 anode 602 
reversibility in the five electrolytes as shown in Fig. 4a−4e. 603 

Supplementary Table 2 lists the original database for evaluating the overall reversibility of Zn0 604 
anode in the five electrolytes. The reversibility grades in each criterion (Supplementary Table 605 
3) are normalized to five grades with the lowest grade setting as “0” and highest grade setting 606 
as “4” to comprehensively compare the reversibility of Zn0 anode in the five electrolytes. The 607 
increment of the five grades for each criterion was calculated by: 608 

Increment =  
highest grade in each critera − lowest grade in  each critera

4
  609 

For each criterion: 610 

(i) H2 coevolution suppression:  611 

Increment =  
46.5116 − 0.8414

4
= 11.4176 612 
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(ii) Dead Zn inhibition: 613 

Increment =  
3.8685 − 1.7379

4
= 0.5327 614 

(iii) Dendrite growth suppression: 615 

Increment =  
8000 − 652

4
= 1837 616 

(iv) Corrosion resistance: 617 

Increment =  
0.0107 − 0.0023

4
= 0.0021 618 

(v) Reaction kinetics: 619 

Increment =  
−2.9431 − (−4.0132)

4
= 0.2675 620 

Then the normalized grade for Zn0 anode reversibility in each electrolyte (Supplementary 621 
Table 4) was calculated by: 622 

Normalized grade =
reversibility grade in the electrolyte − lowest grade in corresponding criterion

increment in corresponding criterion
  623 

The data of “reversibility grade in the electrolyte” and “lowest grade in corresponding 624 
criterion” are from Supplementary Table 3. 625 

 626 

Supplementary Note 4 | The energy density of the pouch cell. 627 

The energy density of the pouch cell was calculated based on the volume of all the components 628 
(Supplementary Table 7) except the Al soft packing films, the calculation procedure was as 629 
following:    630 

Volume =  
102 × 92 × (0.03 × 2 + 0.26 × 2 + 0.20 × 2 + 0.03 × 2 + 0.01 × 3)

106
= 0.01 L 631 

Energy density of the pouch cell =  
0.7

0.01
= 70 Wh L−1 632 

Note that the electrolyte volume was not included here, as the spread of the electrolyte inside 633 
the cathode and separator pores leads to very little or no contribution to the volume of the 634 
overall stack6. This is supported by the similar values of the actual thickness of the inner 635 
materials and the calculated thickness of the inner materials (Supplementary Table 7), as 636 
following shows. 637 

Actual thickness of the inner materials =  1.30 − 0.113 × 2 = 1.074 mm 638 

Caculated thickness of the inner materials = (0.03 + 0.26 + 0.20 + 0.03) × 2 + 0.01 × 3 = 1.07 mm 639 

Here, the total thickness of the pouch cell is 1.30 mm (Supplementary Fig. 29b), and the 640 
thickness of the packing film is 113 µm. 641 

 642 

Supplementary Note 5 | The specific energy of the pouch cell. 643 

The specific energy of the pouch cell was calculated based on the weight of all the components 644 



38 
 

(Supplementary Table 7) except the Al soft packing films, the calculation procedure was as 645 

following:    646 

Specific energy (whole cell) = 647 

 
0.7

((1.92 + 3.3 + 0.4 + 0.5) × 2 + 0.4 × 3 + 9.3) × 10−3
= 31 Wh kg−1 648 

We further calculate the specific energy according to the weight of the active materials on the 649 

positive and negative materials:    650 

Specific energy (active materials) =  
0.7

(1.92 × 2 + 3.6) × 10−3
= 94 Wh kg−1 651 

 652 
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