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Supplementary Figure 1. Open-circuit voltage measurement of the DZMB.
Open-circuit voltage of the DZMB with 3 M H,SO4 + 0.1 M MnSO4, 0.1 M K>SO,
and 6 M KOH + 0.2 M ZnO + 5 mM vanillin as the acidic solution, neutral solution,
and alkaline solution, respectively.
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Supplementary Figure 2. Cell performance of the DZMB. a, Discharge and charge
curves of the DZMB with a discharge current density of 500 mA g ! and a charge
voltage of 3 V and b, coulombic efficiency of the DZMB during cycling at a
discharge current density of 500 mA g ! and a charge voltage of 3 V.
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Supplementary Figure 3. Charge voltage determination of the DZMB. As shown
in the figure, the minimum charge voltage beyond which MnO; and Zn can be
successfully deposited is ~2.82 V. The maximum charge voltage is ~3.20 V, which is
within the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
potentials. Therefore, the optimal charge voltage of the DZMB was set to 3.0 V.
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Supplementary Figure 4. Battery capacity retention. Capacity retention of the
DZMB with a 10% state of charge at a discharge current density of 1000 mA g ! and a
charge voltage of 3 V.
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Supplementary Figure 5. Electrochemical performance of Zn-MnO: battery
with two chambers. Discharge and charge curves of the Zn—-MnO; battery with an
alkaline electrolyte (6 M KOH + 0.2 M ZnO + 5 mM vanillin) and an acidic
electrolyte (3 M H2SO4 + 0.1 M MnSO4) separated by a cation-exchange membrane
with a discharge current density of 500 mA g! and a charge voltage of 3 V.
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Supplementary Figure 6. Electrochemical performance of Zn—-MnQ; battery
with two chambers. Discharge and charge curves of Zn—-MnO: battery with an
alkaline electrolyte (6 M KOH + 0.2 M ZnO + 5 mM vanillin) and an acidic
electrolyte (3 M H>SO4 + 0.1 M MnSOs) separated by a bipolar membrane with a
discharge current density of 500 mA g! and a charge voltage of 3 V.
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Supplementary Figure 7. Surface area measurement. BET surface area
measurement of pristine carbon felt and carbon felt coated with conductive carbon

powders.



Supplementary Figure 8. SEM characterization. SEM image of the surface
morphology of carbon felt loaded with carbon powders.
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Supplementary Figure 9. Characterization of electrodeposited MnO:-loaded
carbon felt at different states of discharge and charge. a, EDX analysis of the
electrodeposited MnO»-loaded carbon felt at different states of discharge from 0 to

Energy (keV)

Energy (keV)

100% and b, at different states of charge from 0 to 100%.




Supplementary Figure 10. SEM characterization. High-magnification SEM image
of the surface morphology of electrodeposited MnO»-loaded carbon felt.



Supplementary Figure 11. Characterization of deposited MnO; after the charge.
a, Low-magnification TEM image and b, high-resolution TEM image and ¢, the
corresponding FFT pattern of MnO; formed on the electrode after the charge process.
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Supplementary Figure 12. Characterization of paste-coated MnO; electrode.
SEM image of the surface morphology, EDX mapping, and EDX point analysis of the
paste-coated MnQ; electrode using commercial MnO> powder.
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Supplementary Figure 13. Electrochemical performance and characterization of
the DZMB based on the paste-coated MnQ». a, Discharge curve of the DZMB
based on the paste-coated MnQO; electrode at a discharge current density of 500 mA
¢!, in which the battery electrolyte was the same as that for the DZMB using the
electrodeposited MnO: electrode. b, SEM image and EDX mapping showing residual

MnO; particles after the discharge.
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Supplementary Figure 14. Performance comparison. Performance comparison of
our scaled-up DZMB with previously reported rechargeable Zn—Mn oxides based
batteries (all the discharge voltage and specific capacity data in Supplementary Table
2 were listed, except for the data that were calculated based on the area).
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Supplementary Figure 15. Schematic diagram of the DZMB structure.
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Photos of the renewable energy storage demonstration system based on a DZMB pack
(in the middle of the photo) integrated with solar photovoltaic (PV) modules and a
wind-driven generator through a controller, and the controller was also connected to a
light-emitting diode (LED) panel serving as the electrical load. The floating charge
voltage set by the controller was 16 V. The entire system is closed without any
external electrical input. Therefore, both the controller and the LED panel are
powered by the DZMB pack alone. Due to limitations of the installation location, the



natural wind speed was not high enough to charge the battery. Therefore, to
effectively test the ability of the DZMB to store both solar and wind energy, an
industrial fan was installed to blow the wind-driven generator between the hours of
0:00—4:00.
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Supplementary Figure 17. Data obtained from the energy storage demonstration
system. The voltage and charge power of the DZMB pack, wind speed, and sunlight
intensity were collected to demonstrate the practical application of the DZMB in
renewable energy storage.
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Supplementary Figure 18. Schematic diagram, electrochemical performance,
and characterization of decoupled aqueous Zn—Cu battery. a, Schematic diagram
of the cell structure and chemical reactions of cathode and anode during the discharge
and charge of the decoupled aqueous Zn—Cu battery (DZCB) based on decoupled
reactions in acidic and alkaline electrolytes separated by a neutral electrolyte. b,
Discharge and charge curves of the DZCB based on the acidic electrolyte (1 M
Cu(NOs3)2 + 1 M HNO3), neutral electrolyte (0.1 M KNO3) and alkaline electrolyte (6
M KOH + 0.2 M ZnO + 5 mM vanillin) at a discharge current of 15 mA and a charge
voltage of 2.2 V. ¢, SEM image and EDX analysis of the cathode showing Cu deposits
after discharge. d, SEM image and EDX analysis of the cathode showing that Cu is
completely dissolved after charge.
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Supplementary Figure 19. Schematic diagram, electrochemical performance,
and characterization of decoupled aqueous Zn—Ag battery. a, Schematic diagram
of the cell structure and chemical reactions of the cathode and anode during the
discharge and charge of the decoupled aqueous Zn—Ag battery (DZAB) based on
decoupled reactions in acidic and alkaline electrolytes separated by a neutral
electrolyte. b, Discharge and charge curves of the DZAB based on the acidic
electrolyte (1 M AgNO3z + 1 M HNO3), neutral electrolyte (0.1 M KNOs) and alkaline
electrolyte (6 M KOH + 0.2 M ZnO + 5 mM vanillin) at a discharge current of 15 mA
and a charge voltage of 2.7 V. ¢, SEM image and EDX analysis of the cathode
showing Ag deposits after discharge. d, SEM image and EDX analysis of the cathode
showing that Ag is completely dissolved after charge.



Supplementary Table 1. Summary of the pCOHP analysis for the interaction
between unsaturated Mn atom and neighbouring atoms over &-MnO»(100) surface
with oxygen vacancy.

No. |H* coverage| Mn atom Neighbouring atom| IpDCOHP (eV) | Average IpDCOHP (eV)

01 —1.080
012 —0.561

1 1/12 ML Mn O13 —1.211 —0.794
Mnji —0.626
Mni- —0.494
021 —0.546
022 —1.093

2 3/12 ML Mn 023 —1.223 —0.790
Mny- —0.486
Mnz- —0.602
O3, —0.344
032 -1.177

3 6/12 ML Mn (O2X —1.123 —0.693
Mns. —0.340
Mns., —0.482
Mngy. -0.675

4 | 912ML | Mn M 031 ~0.529
Mna; -0.713
O4-1 -0.395




Supplementary Table 2. Summary of the comparison of the discharge voltages,
specific capacities, specific energy densities, and cell energy densities of aqueous
rechargeable Zn—Mn oxides based batteries.

Cathode | Electrolyte | Discharge Specific Specific Cell Ref.
material voltage capacity energy energy
density density?
MnO, 6 MKOH+ | ~2.71 Vat 616 mAh g ! at 1621.7Wh | *90 Wh | This
0.2MZnO | 100mA g! 100 mA g! kg! kg™! work
+5mM
vanillin||0.1
M K>SO04/|3
M H,SO4 +
0.1 M
MnSO4
MnO, 1MZnSO4 | 195V at2 571 mAh g! ~1100 Wh - 1
+1M mA cm 2 kg™
MnSOq4 +
0.1M
H>SO4
MnO> 45 wt.% ~2.4V 308 mAh g! - - 2
KOH gelled
electrolyte||
1 M MnSO4
+05M
H>S04
MnO> 0.3M ~1.7Vat4 | ~0.8 mAhcm™ - - 3
ZnSO4++0.3 | mAcm™
M MnSO4
MnO; 1 M ZnSO4 1.25Vat | ~195mAhg!at - - 4
10.5mA g! 10.5mA g!
MnO; 2MZnSOs | ~1.18 Vat | ~150 mAh g ! at - - 5
100 mA g! 100 mA g!
MnO; 2 M ZnSO4 1.38Vat | 275.5mAhg'at | 380.19 Wh - 6
+0.1M 200 mA g! 200 mA g! kg! at 200
MnSO4 mA g!
MnO; 1 MZnSOs | ~1.2Vatl6 | 323 mAhg ' at - - 7
mA g! 16 mA g!
MnO, 1MZnSO4 | 1.4V atll5 | ~212mAh g at - - 8
+02M mA g! 115mA g!
MnSOq4
MnO, 2 M ZnSO4 ~1.4Vat | 275.1 mAhg'at - - 9
+0.1M 300 mA g ! 300mA g!
MnSOq4
MnO, 2 M ZnSO4 ~1.4V ~250 mAh g! at - - 10




+0.5M 100 mA g!
MnSO4
MnO> Polymer gel ~12V ~210 mAh g! at - 11
electrolyte 1 mA
containing
KOH
MnO> 2 M ZnSOq4 ~1.3V at 307 mAh g at - 12
+02M 1232 mA 308 mA g!
MnSOq4 g*‘
MnO, 1 M ZnSOq4 ~1.3V at 289 mAh g! at - 13
100 mA g! 50 mA g!
MnO; EG-waPUA | ~1.3Vat 275 mAh g ! at - 14
/PAM 200 mA g! 200 mA g!
hydrogel
MnO; I MZnSO4 | ~1.4V at 350 mAh g ! at - 15
100 mA g! 100 mA g!
MnO; 2MZnSOs | ~1.3Vat30 | 233 mAh g!at - 16
+0.1M mA g 30mA g!
MnSO4
MnO; Zn-alginate/ | ~1.3Vat | 300.4mAhg!'at - 17
PAAm 110 mA g! 110 mA g!
MnO» 2MZnSO4 | ~1.3Vat2 0.31 mAh cm™ 154.3 Wh 18
+04M mA cm™ at 2 mA cm? kg™!
MnSO4
MnO, HPG +6 M ~1V ~148 mAh g! - 19
KOH
MnO> 2M ZnCl,+ ~135V 353 mAh g at 469 Wh 20
0.4M 500 mA g! kg™! at 500
MnSO4 mA g!
MnO> 2 M ZnSOq4 ~1.3V at 253.8 mAh g ! at - 21
+01M | 500mAg! | 500mA g’
MnSOq4
MnO, 2 M ZnSO4 ~1.3Vat 358 mAh g at 397 Wh 22
+01M | 300mAg! | 300mAg’! k!
MnSO4
MnO> 2 M ZnSOq4 ~13V 290 mAh g ! at - 23
+02M 90 mA g!
MnSO4
MnO:> Saturated 1.6V 148 mAh g! - 24
LIOH+1M
ZnS04
7M KOH 1.4V 330 mAh g! —
a-MnO2 | 2MZnSOs | ~1.44Vat | 210 mAh g!at - 25
61.6mAg' | 6l.6mAg!




0-MnO» 0.1 M ~1.2V at 103 mAh g ! at - - 26
ZnSOs | 300mAg! | 300mAg’!
0-MnO» 1 M ZnSOq4 ~1.4V at 168 mAh g ! at - - 27
+01M | 246mAg’ | 246mAg’
MnSO4
B-MnO> | 1MZnSOs | ~1.3Vat 98 mAh g ! at - - 28
+0.1M 100 mA g! 100 mA g!
MnSO4
B-MnO» 1 M ZnSOq4 ~1.3V at 270 mAh g' at - - 29
100 mA g! 100 mA g!
B-MnO, | 3MZnSOs | ~1.4V at 326 mAh g ! at - - 30
+0.1M 100 mA g! 100 mA g™!
MnSO4
8-MnO; | 1MZnSOs | ~1.4V at 133 mAh g ! at - - 31
+0.1M 100 mA g! 100 mA g!
MnSO4
MnO,@C | 2 M ZnCl, ~1.4V at 322 mAh g at 437 Wh - 32
NT 100 mA g! 100 mA g! kg™!
MnO»/CN | 2M ZnSO4 | ~1.4V at31 | 201 mAhg!'at - - 33
T mA g! 31mA g’!
a-MnO>@ | 2M ZnSOs | ~1.4V at 425 mAh g ! at - - 34
In;0s3 +0.1M 100 mA g! 100 mA ¢!
MnSO4
MnO,@P | PVA/LiCl- ~1.3Vat 366.6 mAh g 'at | 504.9 Wh 34 Wh 35
EDOT ZnCl,-MnS | 740 mA g™! 740 mA g! kg™ kg™!
0,4 gel
MnO@Z | 2MZnSO4 | ~1.4V at12 123.2mAh g! — — 36
HS +0.24 M mA g
MnSO4
a-MnO>@ | 1M ZnSOs | ~125Vat | 189 mAhg ! at _ _ 37
C 66 mA g! 66 mA g!
0-MnO»/C | 2 M ZnSO4 ~1.4V at 296 mAh g ! at 0.98 Wh - 38
NT HMs +0.1 M 200 mA g! 200mA g! cm 2
MnSO4
0-MnO» 2 M ZnSOq4 ~1.4V at 260 mAh g ! at 0.85 Wh -
NFs +0.1M 200 mA g! 200mA g! cm 2
MnSO4
v-MnO2/gr | 2M ZnSO4 | ~1.3Vatl 301 mAh g at 411.6 Wh - 39
aphene +04M mA c¢cm™ 500 mA g kg™! at 500
MnSO4 mA g!
6-MnO, 1 M ZnSO4 1.45V at 235 mAh g! at - - 40
/graphite 200 mA g! 200mA g
CNT/Mn | PVA/ZnCly/ ~13V 306.1 mAhg'at | 379.4 Wh - 41
0PEDO | MnSOs 1100 mA ¢! kg!




T

Graphene | 2 M ZnSOq4 ~14Vat |3822mAhg'at | 406.6 Wh 42
scroll-coat +02M 300 mA g ! 300mA g! kg™! at 300
ed MnSO4 mA g!
0-MnO;
Layered 1 MZnSO4 | ~1.38V at 252 mAh g ! at - 43
8-MnO; 83 mA g 83 mA g
Nap4sMn | 6 M NaOH ~1.4V at 80.2 mAh g! at - 44
(0]} 60.5mA g 60.5mA g!
Oxygen-d | 1M ZnSO4 ~1.3V 345 mAh g ! at 470 Wh 45
eficient +02M 200 mA g! kg™
MnO, MnSO4
PANI-inte | 2M ZnSO4 | ~1.36 Vat | ~210 mAh g ! at - 46
rcalated +0.1M 50 mA g! 50 mA g!
MnO, MnSO4
ZnHCF@ | ZnSO4/PVA | ~1.65V at 118 mAh g ! at 149 Wh 47
MnO; 100 mA g! 100 mA g! kg™!
a-Ko.19Mn 3M ~1.3V at 113 mAh g' at 380 Wh 48
0, Zn(CF3S03) | 308 mA ! 616 A g kg'!
2+02M
Mn(CF3S03
)2
MnOs 2MZnSOs | ~14Vat | ~140 mAh g!at - 49
+0.1M 100 mA g! 100 mA ¢!
MnSO4
Mn,0; 2 M ZnSOy4 ~1.4V at 148 mAh g! - 50
100 mA g!
Mn304 1 M ZnSO4 1.32V at 221 mAh g ! at 288 Wh 51
+1M 100 mA g! 100 mA g! kg at 100
MnSO4 mA g
Mn304 2 M ZnSOq4 ~1.4V at 239.2 mAh g ! at — 52
100 mA g! 100 mA g!
Mn3Os@C | 2 M ZnSOg4 ~1.4V at 323.2mAhg'at | 429.8 Wh 53
+0.1M 100 mA g! 100 mA g! kg at 100
MnSO4 mA g!
Mn:Os@ | 2MZnSOs | ~1.4Vat | 280 mAhg ' at _ 54
NC +01M | 100mAg' | 100mAg’
MnSO4
MnO.@N ZnS04 + ~1.4V at 385 mAh g! at - 55
-C MnSO4 100 mA g! 100 mA g!
MgMn,04 | 1 M MgSOy4 ~1.3Vat 109 mAh g' at 370 Wh 56
+1M 500 mA g! 500 mA g! kg™
ZnS04+ 0.1

M MnSO4




ZnMn;Os | 1M ZnSO4 | ~1.4V at 86 mAh g ! at - - 57
+0.05M | 100mAg! | 100mAg"
MnSO4
ZnMny04/ 3M 1.35Vat50 | 120mAh g ' at ~202 Wh 70 Wh 58
C Zn(CF3S03) mA g! 50 mA g! kg! kg™!
2
ZnMny04/ | 1 M ZnSOq4 ~1.3V at 82.6 mAh g! at - - 59
Mn2Os3 100 mA g! 500 mA g!
ZnMn;04/ | 1 M ZnSOq4 ~1.4V at 221 mAh g! at — — 60
NG +0.05M | 100mAg' | 100mAg!
MnSO4
ZoMnyO4 | 1 MZnSO4 | ~0.8Vat | 200.7mAhg ' at - 81 61
+0.05M | 200mA g! 200 mA g! Wh kg™
MnSO4
rGO@HM | 1M ZnSO4 1.31Vat 188 mAh g ! at - - 62
-ZnMny04 | +0.05M 300mA g! 300 mA g!
MnSO4
HfOs-coat | 1 M ZnSO4 ~1V 227 mAh g ! at - - 63
ed ZVO 100 mA g!
KosMnsO; | 2M ZnSOs | ~13Vat 216 mAh g ! at 398 Wh - 64
6 +0.1M 100 mA g! 100 mA g™! kg™
MnSO4
NixMn3O | 2 M ZnSO4 ~1.4V at 115 mAh g' at ~178.1 Wh | ™ 67 Wh 65
4 with +0.15M 150 mA g! 150 mA g! kg™! kg™!
in-situ MnSOq4
coated
carbon
OD-ZMO | PVA+3 M ~1.4V at 207.0 mAh g™! 273.4 Wh 41.8 Wh 66
@PEDOT | LiCI+2M | 05mA kgl kg!
ZnCl> + 0.4 cm?
M MnSO4
6-NMOH | 2 M ZnSO4 ~1.4V at 278 mAh g ! at 374 Wh - 67
+02M 380 mA g ! 380mA g! kg™! at 380
MnSO4 mA g

3 Note: without further clarification, the calculation is based on the total mass of the cell.

* Note: the cell energy density in this work is based on the total mass of the electrodeposited
MnQO;, the carbon felt current collector, the zinc foil, all electrolytes and ion-exchange
membranes.

** Note: the calculation is based on the condition that the content of cathode materials occupies
one third of the whole weight of the battery>%63.

** Note: the calculation is based on the cathode and anode materials®!.
Abbreviations:

EG-waPUA/PAM: based

acrylates/polyacrylamide; PAAm: polyacrylamide; HPG: hydroponics polymer gel; CNT: carbon

ethylene glycol waterborne anionic polyurethane



nanotube; PVA: polyvinyl alcohol; PEDOT: poly(3,4-ethylenedioxythiophene); ZHS:
Zn4(OH)6SO4-5H20; CNT HMs: carbon nanotubes hierarchically assembled microspheres; NFs:
nanofibers; PANI: polyaniline; ZnHCF: zinc hexacyanoferrate; NC: N-doped carbon matrix; N-C:
N-doped carbon; NG: N-doped graphene; rGO@HM-ZnMn,O4: graphene-wrapped hollow
ZnMn20gs; ZVO: Zn3V207(OH)2-2H,0; OD-ZMO: oxygen-deficient ZnMn2O4; 6-NMOH: Na ion
and water molecule intercalated MnO; nanoplates.
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