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Supplementary Discussions 

1. Growth mechanism of 3D Zn-Mn alloy by electrodeposition 

The Stranski-Krastanov growth mechanism (Supplementary Fig. 1) was suggested to 

explain the formation of 3D Zn-Mn alloy through heterogeneous nucleation and growth processes. 

In detail, the electrodeposition process includes heterogeneous chemical reactions at the liquid-

solid interface. In the initial stage, the nucleation and growth processes were accompanied by the 

diffusion of highly mobile clusters or islands of the deposits on the electrode surface. In the 

following stage, the nuclei coalesced to form a continuous film with 3D structures on the top 

(Supplementary Fig. 2). 

2. Surface wettability of 3D structured and alloyed electrodes 

3D structured Zn electrode was prepared to compare the surface wettability with the 3D 

Zn3Mn alloy electrodes. The surface wettability of the 3D Zn3Mn electrode was demonstrated to 

be much more superhydrophilic than the 3D structured Zn electrode. We also found that the 

nanostructured 3D surface played a dominant role in achieving a superhydrophilic surface, while 

the chemical composition determined the intrinsic wettability of the electrodes. Firstly, we 

examined the effect of surface morphology (roughness) on wettability by measuring the contact 

angle of the water droplet on the electrode surface according to Young’s equation:1  

𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣𝑐𝑜𝑠𝜃 

where 𝜃 is the contact angle, 𝛾 is the surface tension at the interfaces of different phases of solid 

(s), liquid (l), and vapor (v). A superhydrophobic and superhydrophilic surface usually shows a 

contact angle > 150° and < 5°, respectively, which is determined by the surface roughness. The 

Wenzel contact angle (𝜃𝑊) describes the wetting behavior of the electrode surface affected by the 

roughness (r) according to the r-𝜃𝑊 relationship expressed by the Wenzel equation, 𝑐𝑜𝑠𝜃𝑊 =

𝑟 𝑐𝑜𝑠𝜃 . The higher surface roughness, the more hydrophilic surface. This well-established 

roughness-dependent wetting behavior is also applicable to the 3D structured Zn electrodes. The 

liquid may sink partially into the 3D structured Zn surface; however, it likely does not experience 

capillary forces that draw it deep further into the 3D surface, leading to a  less hydrophilic surface. 

For the 3D structured Zn3Mn electrode, a superhydrophilic wetting was observed, where 

water droplets could deeply penetrate the 3D surface of the Zn3Mn electrode. The liquid pulled 
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into the water-permeable surface of the 3D electrode increases the affinity of the liquid droplet 

with the electrode surface, resulting in a more superhydrophilic surface. As these materials exhibit 

such a high water affinity and likely can pull water into the electrode through nanocapillary forces,2 

this may provide unique merits for energy applications of 3D Zn3Mn electrodes in aqueous 

electrolyte systems. 

Both the intrinsic wettability of the electrodes determined by the chemical composition and 

the nanostructural effect should be considered. The commercial Zn foils exhibit various contact 

angles,3 due to the uncontrollable manufacturing defects. On the other hand, the commercial metal 

alloys such as AZ31 Mg alloy (Mg:96/Al:3/Zn:1) show a stable contact angle,4 which has less 

dependence on the manufacturing process. Thereupon, the 3D Zn3Mn alloy electrode shows a 

stable superhydrophilicity benefited from both 3D structure and Zn3Mn alloyed composition. 

3. COMSOL simulations 

Multiple two-dimensional (2D) and three-dimensional (3D) COMSOL models (COMSOL 

Multiphysics 5.5a) were established to understand the dynamics of the electrochemical processes. 

The Zn plating process will change the thickness and profile of the electrode. To simulate this 

process, the deformed mesh interface was employed in the COMSOL models. The boundary 

conditions were given by the Bulter-Volmer equation for Zn plating and the local current density 

was a function of potential and Zn2+ concentration: 

𝑖𝑐𝑡 = 𝑖0(exp (
1.5𝐹𝜂

𝑅𝑇
) −

𝐶
𝑍𝑛2+(𝑡)

𝐶
𝑍𝑛2+
∗ exp (−

0.5𝐹𝜂

𝑅𝑇
))                                                         (1) 

where 𝜂  denotes the overpotential (V), 𝐹  Faraday’s constant (As/mole), 𝐶𝑍𝑛2+
∗  initial Zn2+ 

concentration (mol m-3) and 𝑖0 the initial current density (A m-2). The initial current density has 

been calculated with the actual experimental conditions (80 mA cm-2). The Bulter-Volmer 

equations for the cathode and anode are listed below: 

𝑁𝑍𝑛2+ ∗ 𝑛 = −
𝑖0

2𝐹
(exp (

1.5𝐹𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑅𝑇
) −

𝐶
𝑍𝑛2+(𝑡)

𝐶
𝑍𝑛2+
∗ exp (−

0.5𝐹𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑅𝑇
))                      (2) 

𝑁𝑍𝑛2+ ∗ 𝑛 = −
𝑖0

2𝐹
(exp (

1.5𝐹𝜂𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
) −

𝐶
𝑍𝑛2+(𝑡)

𝐶
𝑍𝑛2+
∗ exp (−

0.5𝐹𝜂𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
))                           (3) 

The related Zn2+ concentration, current density, and all other parameters were defined and listed 

in Supplementary Table 4. 

4. 2D COMSOL model to simulate the Zn plating  
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The dimension of the electrochemical cell was 3 mm ×  10 mm. The top and bottom 

boundaries were set as the cathode and anode (Model 1), respectively. To simulate the Zn-Mn 

structures, hundreds of semi-circles with a radius of 10 µm were added to the bottom electrode 

(Supplementary Fig. 26a). The current density on the bottom electrode was set to be 800 A m-2 

(80 mA cm-2, Supplementary Fig. 26b) to match the actual experimental conditions. In 

Supplementary Fig. 26c, the dashed lines show the observation area of the optical in-situ 

microscope. Note that the edge of the top electrode was at 3 mm location on the x-axis. The current 

at the observation area maintains 95% of the maximum current, demonstrating the feasibility of 

in-situ visualization for electrochemical reactions. 

5. 2D COMSOL model to simulate the Zn plating in trenches 

To have an insightful understanding of the Zn plating process on the Zn-Mn alloy, a 

minimized COMSOL model (Supplementary Fig. 30a, Model 3) was built. On the bottom 

electrode,  three semi-circles with a radius of 10 µm were used to mimic the Zn-Mn structures. 

Supplementary Figs. 30b-d show the electrode morphology change caused by 30s of Zn plating 

and the colors represent the current density distribution. The average deposition rate over the 30s 

was calculated. As shown in Supplementary Fig. 25a, the trench had a higher plating rate than 

the other regions, confirming our experimental observation in Fig. 3.  

To further mimic the actual Zn-Mn alloy, nano-voids were added on the semi-circles to 

simulate the porous structure (Supplementary Fig. 28a, Model 2). Supplementary Figs. 28b-d 

show the electrode morphology change caused by 10s of Zn plating and the colors represent the 

current density. The average plating rate was calculated (Supplementary Fig. 25b) to show that 

the nano-voids and trench had a much higher deposition rate. It indicates that the nano-voids will 

be filled first as the reaction proceeds.   

We also simulated the Zn deposition up to 200s using the established COMSOL model and 

calculated the deposition rate in the trench and on the protruding regions (on top of the semi-circles) 

throughout the entire plating process. As shown in Supplementary Fig. 25c, the Zn deposition 

rate inside the trench (black line) is much higher than that (red line) of the protruding region (on 

top of the semi-circle) at the beginning of the deposition. However, as the plating continued, the 

deposition rate in the trench decreased, and eventually approached to that of the protruding region. 
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This will lead to a uniform electrode after Zn deposition, which further demonstrates the capability 

of our 3D Zn-Mn structures to suppress the dendrite formation. 

6. 3D COMSOL model to simulate the Zn plating 

To understand the Zn plating dynamics in the aqueous battery cell, we established a 3D 

COMSOL model. As shown in Supplementary Fig. 24, the areas of the top and bottom electrodes 

were 61 μm × 61 μm, and a series of semi-spheres with the radius of 10 μm was designed to mimic 

the 3D Zn-Mn alloy structures and the distance between the top and bottom electrodes is 100 μm. 

Fig. 2e and Fig. 2f show the morphology of the bottom electrode before and after 50s deposition, 

respectively. Fig. 2g shows the morphology change during the 50s Zn plating. We can easily 

conclude that the trench has a much higher Zn deposition rate, which is consistent with our in-situ 

experimental and the 2D COMSOL results. The simulation result confirms that the 3D Zn-Mn 

alloy will intrinsically suppress the dendrite growth for high-performance aqueous Zn batteries.  

7. In-situ optical imaging of Zn stripping 

For the in-situ observation of the Zn stripping process, we firstly performed Zn plating on the 

3D Zn-Mn alloy for 160s with the current density of 80 mA cm-2. Then, under the same 

experimental condition, we conducted the stripping process for 240s with the current density of 80 

mA cm-2. As shown in Supplementary Fig. 31, when the plating happened, the trenches were 

filled up first, and the whole surface became smooth eventually. After the stripping process, the 

original structures on the electrode almost completely recovered. This in-situ Zn plating/stripping 

imaging results strongly support our conclusion that the 3D Zn-Mn alloy can serve as ideal metal 

anodes for stable, high-performance, dendrite-free, seawater-based aqueous batteries.  
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Supplementary Tables 

Supplementary Table 1. Reduction potentials of different metal ions in reduction half-

reaction. 

Reduction half-reaction Reduction potential 

Zn2+ (aq) + 2e- → Zn (s) -0.76 V 

Mn2+ (aq) + 2e- → Mn (s) -1.18 V 

Mg2+ (aq) + 2e- → Mg (s) -2.37 V 

Al3+ (aq) + 3e- → Al (s) -1.66 V 

Co2+ (aq) + 2 e−→Co (s) -0.28 V 

Ni2+ (aq) + 2e- → Ni (s) -0.25 V 

Cu2+ (aq) + 2e- → Cu (s) +0.34 V 

 

Supplementary Table 2. The cost comparison of the seawater and commercial solvents for 

aqueous batteries (Note: the prices may have variations depending on the market). 

Solvent Supplier Pack Size Price 

Water (HPLC grade) 

Fisher 

Scientific™ 1L $70.00 

Water (HPLC grade) Sigma-Aldrich 1L $52.00 

Water (HPLC grade) Alfa Aesar 1L $36.70 

DI water Sigma-Aldrich 1L $22.00 

DI water Alfa Aesar 1L $26.4 

DI water 

Fisher 

Scientific™ 1L $21.90 

Seawater 

(in this work) 

Florida’s 

nearshore zone 

(near UCF) 

Almost zero cost; directly used in this work 

after removing the suspended particles by an 

inexpensive filter paper 
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Supplementary Table 3. Electrochemical performance of state-of-the-art Zn metal-based 

anodes for aqueous Zn batteries. 

Anode Electrolyte Jmax 

(mA cm-2) 

Stability Ref. 

3D Zn-Mn alloy 2 M ZnSO4 in Seawater 80 1900 

cycles, 

760 h 

This 

work 

Tin (Sn)-modified 

3D carbon felt@Zn 

2 M ZnBr2, 3 M KCl, and 0.8 M 

N-methylethylpyrrolidinium 

bromide in DI water 

40 290 h 5
 

3D Zn sponge 6 M KOH in DI water 24 80 h 6
 

Zn foam 1 M ZnSO4 + 1 M MnSO4 with 

0.1M H2SO4 in DI water 

20 100 h 7
 

Polyamide coated 

Zn 

2 M ZnSO4 in DI water 10 150 h 8
 

Zn/rGO 1 M ZnSO4 in DI water 5 80 h 9
 

Zn powder-coated 

on Al foil 

1m Zn(TFSI)2 + 

20m LiTFSI in DI water 

0.2 170 h 10
 

Zn foil Water@ZnMOF-808 (WZM) solid 

electrolyte 

0.1 360 h 11
 

Zn/CNT 2 M ZnSO4 in DI water 5 110 h 12 

Zn/SS mesh 3 M Zn(CF3SO3)2 in DI water 2 300 h 13
 

Zn@ZIF-8 2 M ZnSO4 in DI water 1 50 h 14
 

Zn@porous kaolin 2 M ZnSO4 + 0.1 M MnSO4 in DI 

water 

4.4 800 h 15
 

Zn plate@TiO2 3 M Zn(CF3SO3)2 in DI water 1 150 h 16
 

Zn@HsGDY 2 M ZnSO4 in DI water 2 2400 h 17
 

Zn@PVB polymer  1 M ZnSO4 in DI water 0.5 2200 h 18
 

 

Zn@porous nano-

CaCO3 

3 M ZnSO4 + 0.1 M MnSO4 in DI 

water 

0.25 836 h 19
 

Zn@carbon 

fibers(CFs) 

2 M ZnSO4 + 0.1 M MnSO4 in DI 

water 

1 160 h 20
 

Porous copper 

skeleton supported 

Zn 

2 M ZnSO4 in DI water 0.5 350 h 21
 

Ti3C2Tx 

MXene@Zn paper 

2 M ZnSO4 in DI water 1 300 h 22
 

Cu foam@Zn 2 M ZnSO4 + 0.1 M MnSO4 in DI 

water 

2 150 h 23
 

Zr coated Zn 2 M ZnSO4 in DI water 5 2100 h 24
 

Zn/PAN 2 M ZnSO4 in DI water 0.5 350 h 25
 

CNTs coated Zn 2 M ZnSO4 + 1 M MnSO4 in DI 

water 

0.5 400 h 26
 

mailto:water@ZnMOF-808%20(WZM)%20solid%20electrolyte
mailto:water@ZnMOF-808%20(WZM)%20solid%20electrolyte
mailto:Zn@ZIF-8
mailto:Zn@porous%20kaolin
mailto:Zn@Hydrogen-substituted%20graphdiyne%20(HsGDY)
mailto:Zn@PVB%20polymer
mailto:Zn@carbon%20fibers(CFs)
mailto:Zn@carbon%20fibers(CFs)
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Zinc-plated copper 

mesh 

1 M ZnSO4 + 0.5 M Na2SO4 + 1 g L-

1 Polyacrylamide (PAM) in DI water 

0.2 350 h 27
 

Active carbon 

coated zinc foil 

8 M NaClO4 + 0.4 M Zn(CF3SO3)2 

in DI water 

1 100 h 28
 

Carbon fiber-

graphite felt 

0.5 M ZnSO4 + 0.5 M Na2SO4 in DI 

water 

1 700 h 29
 

Eutectic Zn88Al12 2 M ZnSO4 + 0.2 M MnSO4 in DI 

water 

0.5 400 h 30
 

Zn/Reduced 

graphene oxide 

0.5 M ZnSO4 in DI water 1 300 h 31
 

Copper foam@Zn 2 M ZnSO4 + 0.1 M MnSO4 in DI 

water 

2 300 h 32
 

Mesoporous hollow 

carbon spheres 

coated Zn foil 

2 M ZnSO4 in DI water 1 500 

cycles 

33
 

MOF-PVDF coated 

Zn foil 

3 M ZnSO4 + 0.1 M MnSO4 in DI 

water 

3 100 h 34
 

3D Zn array 2 M ZnSO4 with  4% fumed silica in 

DI water 

1 280 

cycles 

35
 

Zinc foil Zn(TFSI)2/acetamide eutectic 

solution, m/m=1:4 and 1:9 

1 100 h 36
 

Zinc foil LiTFSI+ Zn(TFSI)2+ urea in DI 

water 

0.02 400h 37
 

Zinc foil 3M Zn(CF3SO3)2 + diethyl ether (2 

vol.%) in DI water 

0.2 250 h 38
 

Zinc foil 30 m ZnCl2 in DI water 0.2 600 h 39
 

Zinc foil Zn(ClO4)2 in DI water 2 1100 h 40
 

Zinc foil Gelatin powder+1 M ZnSO4 + 0.1 M 

MnSO4 in DI water 

5 400 h 41
 

Zinc foil ZnSO4+MnSO4 +FS+FMEE (1 

M+0.01 M) in DI water 

0.2 1500 h 42
 

Zinc foil 0.5 M Zn(CF3SO3)2 in (TEP-H2O) 0.25 1000 h 43
 

Zinc foil 3 M ZnSO4 in DI water 0.1 50 h 44
 

Zinc foil 3 M ZnSO4 + 0.1 M MnSO4 in DI 

water 

0.1 180 h 45
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Supplementary Table 4. Concentration and related parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

Name Expression Value Description 

Cinit 2000[mol/(m3)] 2000 mol/m³ Initial concentration 

T0 298[K] 298 K System temperature 

i0_ref 15[A/m2] 15 A/m² Exchange current density 

phis_anode 0.135[V] 0.135 V Anode potential 

phis_cathode -0.135[V] −0.135 V Cathode potential 

alpha_c 0.5[1] 0.5 Symmetry factor 

alpha_a 1.5[1] 1.5 Symmetry factor 

z_c1 z_net[1] 2 Charge, species c1 

z_c2 -z_net[1] −2 Charge, species c2 

D_c1 2e-9[m2/s] 2E−9 m²/s Diffusivity, species c1 
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Supplementary Figures 

 

 

Supplementary Figure 1. Illustration of the suggested Stranski-Krastanov growth process of 

3D Zn-Mn alloy. 

 

 

Supplementary Figure 2. Growth of Zn-Mn alloy. SEM images of Zn-Mn alloy 

electrodeposited for (a) 10 min, (b) 20 min, (c) 30 min, and (d) 40 min. Scale bars: 10 µm. The 

Zn-Mn alloy clusters or islands initially nucleated and then coalesced to form a continuous film. 

Meanwhile, a large number of pores formed in the 3D alloy due to the evolution of hydrogen 

bubbles. 
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Supplementary Figure 3. Morphologies of Zn-Mn alloy. The cross-sectional SEM images of (a) 

Zn-Mn alloy@Zn and (b) Zn-Mn alloy. Scale bars: 100 µm. Cauliflower-shaped Zn-Mn alloy 

firmly anchors on the Zn substrate surface. Many hierarchical pores were observed.   

 

 

Supplementary Figure 4. Morphologies of as-prepared Zn-Mn alloy.  (a) Cross-sectional and 

(b) top-view SEM images of Zn-Mn alloy prepared by 40 min deposition. Scale bars: 10 µm. A 

porous structure was formed by the evolved hydrogen bubbles.  
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Supplementary Figure 5. Composition of Zn-Mn alloy. (a) SEM elemental mapping and (b) 

EDS spectra of Zn-Mn alloy prepared by 40 min deposition. Scale bars: 25 µm in (a). (c) TEM 

mapping of Zn-Mn alloy. Scale bars: 50 nm in (c). The elemental mapping and EDS spectra 

confirm the alloy composition. 
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Supplementary Figure 6. AFM topographies of Zn-Mn alloy. (a) Before and (b) after Zn plating 

at a current density of 0.5 mA cm-2 (Areal capacity: 5.0 mAh cm-2). The corresponding line profiles 

were plotted in (c) and (d), respectively. 3D AFM images of (e) before and (f) after Zn plating. 
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Supplementary Figure 7. Brunauer–Emmett–Teller (BET) pore size distributions of Zn-Mn 

alloy. 

 

 

Supplementary Figure 8. AFM topographies of Zn before and after Zn plating at a current 

density of 5.0 mA cm-2. 
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Supplementary Figure 9. Dynamic contact angle measurements on the Zn-Mn alloy. Just after 

233ms, a superhydrophilicity was observed with an instantaneously wetted surface by the water 

droplet until the water was evaporated from the surface. 
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Supplementary Figure 10. Contact angle measurements. (a,c,e) The pristine Zn and (b,d,f) Zn-

Mn alloy under different electrolytes. Electrolyte 1: 2 M ZnSO4 with 0.1 M MnSO4 in DI water 

for (a, b); Electrolyte 2: 2 M ZnSO4 in DI water for (c, d); Electrolyte 3: 2 M ZnSO4 and 0.1 M 

MnSO4 in seawater for (e, f). 
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Supplementary Figure 11. Contact angle measurements. (a) Zn foil with the scratched surface 

(CA: L: 82.2°; R: 82.2°). (b) The pristine Zn foil (CA: L: 102.6°; R: 82.2°). Compared with the 

pristine Zn foil, the Zn foil with scratches had a better wettability due to the higher surface 

roughness.  

 

 

Supplementary Figure 12. Measurements of the Zn-Mn alloy after the calendering process. 

(a) Optical image of the calendering instrument and (b-h) SEM images of the Zn-Mn alloy after a 

calendering process under a different pressure in a range from 5 to 200 MPa. Scale bars: 20 µm. 
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Supplementary Figure 13. Seawater-based aqueous electrolytes. (a) The components of typical 

seawater, including 96.5% water and 3.5% salts. (b) Photograph of seawater-based aqueous 

electrolyte (2 M ZnSO4 in seawater). The seawater used in this work was only physically filtered 

to remove the suspended particles without any other treatment. 

 

 

Supplementary Figure 14. Electrochemical performance of Zn-Mn alloy in aqueous 

electrolytes. CV curves of seawater and DI water-based electrolytes. Scan rate: 1 mV s-1. Working 

electrode: Pt. Reference and counter electrodes: Zn-Mn alloy. 
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Supplementary Figure 15. Characterizations of the electrochemical stability window and 

anti-corrosion ability. (a) The linear sweep voltammetry curves of the DI water and seawater 

based aqueous electrolytes at 5 mV s-1, where the potentials were referred to as a reversible 

hydrogen electrode (RHE). (b) Tafel curves of Zn and Zn-Mn alloy in seawater. 

 

 

Supplementary Figure 16. Electrochemical performance of pristine Zn in aqueous 

electrolytes. CV test in different electrolytes (Electrolyte A: 2 M ZnSO4 in DI water; Electrolyte 

B: 2 M ZnSO4 in seawater), illustrating the electrochemical stability under Zn plating/stripping 

processes. Electrolyte A had a little better stability than Electrolyte B, confirming the corrosion at 

the interface of seawater/Zn. Working electrode: Pt. Reference and counter electrode: pristine Zn. 
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Supplementary Figure 17. Electrochemical performance of Cu//Zn and Cu//Zn-Mn coin cells 

using seawater-based electrolytes. Coulombic efficiencies of the Zn plating/stripping at current 

densities of (a) 20 mA cm-2 and (b) 30 mA cm-2. Working electrode: Cu. Counter electrode: Zn 

foil or Zn-Mn alloy. The electrolyte: 2 M ZnSO4 and 0.1 M MnSO4 in seawater. At high current 

densities of 20 mA cm-2 and 30 mA cm-2, the Cu//Zn cells were short-circuited after 450 cycles 

due to the dendrite growth. The Cu//Zn-Mn cells maintained very stable performance even after 

800 cycles, indicating the superior stability in the seawater-based electrolyte.   

   

 

Supplementary Figure 18. Electrochemical performance of Cu//Zn and Zn-Mn//Cu coin cells 

using DI water-based electrolytes. (a) Charge-discharge voltage gap in the 1st cycle and (b) 

Coulombic efficiency (CE) stability of Zn and Zn-Mn alloy at a current density of 5 mA cm-2 (areal 

capacity: 1.0 mAh cm-2) using Cu as cathodes in the electrolyte consisting of 2 M ZnSO4 in water. 

At a current density of 5 mA cm-2, the Zn-Mn//Cu cells present a higher initial CE with a lower 

polarization of 109 mV (137 mV for Zn//Cu cells) and keep stable cycling performance for over 

200 cycles. 
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Supplementary Figure 19. Electrochemical impedance spectroscopy (EIS) of the symmetric 

Zn//Zn and Zn-Mn//Zn-Mn cells. (a) Seawater-based electrolyte (2 M ZnSO4 in seawater) and 

(b) DI water-based electrolyte (2 M ZnSO4 in DI water). (c) Nucleation overpotentials of Zn-Mn 

alloy and pristine Zn asymmetric cells (vs. Cu electrode) at a current density of 1.0 mA cm-2. 

 

 

Supplementary Figure 20. Plating/stripping curves of the symmetric Zn-Mn//Zn-Mn and 

Zn//Zn cells. At a current density of 80 mA cm-2 (areal capacity: 16 mAh cm-2) in the range of (a) 

0-10 h and (b)10-50 h. Electrolyte: 2 M ZnSO4 in seawater. 

 

 

Supplementary Figure 21. The morphology of Zn@Zn anode. SEM image of Zn@Zn foil 

anode. Scale bar: 1 µm. 
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Supplementary Figure 22. The plating/stripping profiles of symmetric Zn@Zn//Zn@Zn cells. 

(a) 1st, (b) 10th, (c) 39th, and (d) 50th cycle at a current density of 5 mA cm-2. (e) and (f) Long-term 

cycling performance at a current density of 5 mA cm-2 (areal capacity: 5.0 mAh cm-2) and 80 mA 

cm-2 (areal capacity: 16 mAh cm-2), respectively. Electrolyte: 2 M ZnSO4 in seawater. 

 



S-23 
 

 

Supplementary Figure 23. Morphologies of Zn and Zn-Mn alloy after Zn plating at different 

current densities of 1, 5, 10, 50, and 80 mA cm-2 (from left columns to right columns, areal 

capacity: 1.0 mAh cm-2). (a-e) SEM images of Zn. Scale bars: 1 µm. (f-j) SEM images of Zn-Mn 

alloy. Scale bars: 10 µm. (k-o) High-magnification SEM images of Zn-Mn alloy. Scale bars: 200 

nm. 

 

 

Supplementary Figure 24. The geometry of the 3D COMSOL model. The half-spheres at the 

bottom were used to mimic the 3D Zn-Mn alloy structures. 
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Supplementary Figure 25. 2D COMSOL model to simulate the Zn plating rate. (a) Average 

plating rate from Model 2 after 30s plating. (b) Average plating rate from Model 3 after 10s plating. 

(c) Plating rate from Model 1 in the first 200s. The black and red lines represent Zn plating rates 

in the deepest trench and on the highest protrude area, respectively.  

 

 

Supplementary Figure 26. 2D COMSOL Model 1. (a) Geometry model. (b) Current density 

distribution. (c) Current density distribution across the bottom electrode. The dashed lines show 

the imaging location in the experiments. The current density at the imaging area is 95% of the 

maximum values between two electrodes. 

 

 

Supplementary Figure 27. Dendrite growth on the pristine Zn surface imaged by the in-situ 

optical microscope. The Zn surface was cleaned before the experiment. Images were taken with 

a 20X water immersion objective at 26 frames per second and the experiment was performed at a 

current density of 30 mA cm-2. (a) Zn foil before plating. (b) Zn plating after 60s. (c) Zn plating 

after 720s. Scale bars: 15 µm. 
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Supplementary Figure 28. 2D COMSOL Model 2 with nano-voids. (a) Geometry model. (b) 

Current density distribution and the bottom electrode profile. (c) Current density distribution and 

electrode profile after 5s of plating. (d) Current density distribution and electrode profile after 10s 

of plating. 

 

 

Supplementary Figure 29. 3D morphology of the Zn-Mn electrode before and after 

deposition imaged by the in-situ optical microscopes.  (a) Original 3D profile of the Zn-Mn 

electrode. (b) 3D profile after 900s of Zn deposition with 80 mA cm-2 current density. (c) The 

thickness change caused by the Zn deposition for 900s. From figure (c) we can see that the Zn 

platting is much faster in the trench regions (the regions circled by the black dashed line) than that 

on the protruding regions (the regions circled by the red dashed lines). Note that the colormap here 

represents the real morphology. This result further verifies our observation in Fig. 3.  
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Supplementary Figure 30. 2D COMSOL Model 3. (a) Geometry model. (b) Current density 

distribution and the original electrode profile. (c) Current density distribution and electrode profile 

after 15s of plating. (d) Current density distribution and electrode profile after 30s of plating. 

 

 

Supplementary Figure 31. In-situ imaging of the Zn plating/stripping process. 3D Zn-Mn 

surface (a) before plating, (b) after 160s plating, (c) after 240s stripping. Scale bars: 15 µm. 
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Supplementary Figure 32. Plane Zn3Mn test. (a) Flattened Zn3Mn surface. The surface is 

compressed with the mechanical force. The bright region is the flat region which covers most of 

the region. The dark regions are the original trench regions. (b-d) The images after 300s, 600s, 

and 900s of plating under 80 mA cm-2. 
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Supplementary Figure 33. The ultimate dendrite suppression capability test of 3D Zn-Mn 

alloy: continuous Zn plating without obvious dendrite formation.  (a-d) Optical images of 3D 

Zn-Mn alloy at 0s, 1800s, 3600s, and 8200s at the current density of 80 mA cm-2. 

 

 

Supplementary Figure 34. Zn-air batteries (ZABs) using different metal anodes. (a) The 

home-made ZABs cell and (b) long-term discharging profiles of ZAB using Pt/C@RuO2 cathode 

and Zn-Mn alloy (ZABs (Zn3Mn), red solid line) or Zn anode (ZABs (Zn), black dash line) at 10 

mA cm-2.  
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Supplementary Figure 35. Flexible ZABs. (a, b) The porotype and rate-performance of two 

flexible tandem ZABs, respectively. 

 

 

Supplementary Figure 36. Characterizations of MnO2 cathodes for Zn-Mn//MnO2 batteries. 

(a, b) XRD pattern and SEM image, respectively. Scale bar: 200 nm. 

 

 

Supplementary Figure 37. Electrochemical performance of Zn-Mn//MnO2 batteries in the 

seawater-based electrolyte (2 M Na2SO4 in seawater). (a, b) Charge/discharge profiles and 

cycling performance, respectively. 
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Supplementary Figure 38.  Electrochemical performance of Zn-Mn//MnO2 batteries using 

seawater-based electrolyte (2 M MgSO4 in seawater). (a, b) Charge/discharge profiles and 

cycling performance, respectively. 

  

 

Supplementary Figure 39. The impact of hetero-ions (Na+ and Mg2+) on the electrochemical 

performance of Zn-Mn alloy. CV curves of Zn-Mn//MnO2 batteries using Mg2+-containing 

electrolytes in (a) DI water and (b) seawater. Cycling performance of the symmetric Zn-Mn//Zn-

Mn cells at a current density of 1 mA cm-2 using (c) Mg2+-containing electrolyte and (d) Na+-

containing  electrolyte. 
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Supplementary Figure 40.  Electrochemical performance of Zn//MnO2 batteries using the 

seawater-based electrolyte. (a, b) Charge/discharge profiles and cycling performance, 

respectively (2 M Na2SO4 in seawater). (c, d) Charge/discharge profiles and cycling performance, 

respectively (2 M MgSO4 in seawater). 
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Supplementary Figure 41. The impact of hetero-ions (Cl− and Ca2+) on the electrolyte and 

Zn-Mn alloy. (a) Cyclic voltammetry (CV) curves of a well-sealed 2-electrode MnO2//Zn-Mn cell. 

(b) The pH of the electrolyte after 50 cycles. (c) HR-TEM and (d-i) EDS images of Zn-Mn alloy 

after cycling in the seawater-based electrolyte (Electrolyte: 2 M ZnSO4 in seawater). 
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Supplementary Figure 42. Self-discharge test on Zn-ion batteries (ZIBs) using pristine Zn 

and Zn-Mn alloy as anodes in the seawater-based electrolyte (2 M ZnSO4 in seawater). The 

open-circuit voltage (OCV) of ZIBs (Zn) dropped quickly after about 20h test (black line), 

indicating the corrosion of the pristine Zn anode. In sharp contrast, the OCV of ZIBs (Zn3Mn) kept 

very stable even after 120h (5 days) without any degradation (red line), confirming the stability of 

Zn-Mn alloy in the seawater-based aqueous electrolyte. 

 

 

Supplementary Figure 43. Morphologies of Zn-Mn alloy after long-term cycling. (a) Low-

magnification and (b) high-magnification SEM images of Zn-Mn alloy after 2000 cycles in the 

seawater-based electrolyte. Scale bars: 1 µm in (a) and 200 nm in (b). 
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Supplementary Figure 44.  Structure and morphologies of Zn-Cu alloy. (a) XRD pattern and 

(b) SEM image of Zn-Cu alloy. XRD pattern confirmed the Zn-Cu alloy phase. SEM image 

showed the 3D structure.   

 

 

Supplementary Figure 45. XAS analysis. Mn K-edge XANES of Zn-Mn alloy at different 

cycling states (pristine, fully discharged (DC) and fully charged (C) Zn-Mn) and MnO2 at different 

cycling states (pristine, DC, and C_MnO2). 

 



S-35 
 

 

Supplementary Figure 46. Morphology characterization. (a) Low magnification TEM and (b) 

high-resolution HAADF-STEM images of fully discharged MnO2 cathode. Scale bar: 2 nm in (b).   

 

 

Supplementary Figure 47. XPS analysis. XPS spectra of (a) Mg 1s and (b) Na 1s of Zn-Mn alloy 

anode in Mg and Na-containing seawater-based electrolytes after cycling. 
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Supplementary Figure 48. Fourier transform of Mn K-edge EXAFS of Zn-Mn alloy at different 

cycling states (pristine, fully discharged (DC), and fully charged (C) Zn-Mn). 
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