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Abstract: Metallic Zn is a preferred anode material for rechargeable 

aqueous batteries towards smart grid and renewable energy storage. 

Understanding how metal nucleates and grows at aqueous Zn 

anode is a critical and challenging step to achieve full reversibility of 

Zn battery chemistry, especially under fast-charging conditions. Here, 

by combining in-situ optical imaging and theoretical modeling, we 

uncover the critical parameters governing the electrodeposition 

stability of metallic Zn electrode, that is, the competition among 

crystallographic thermodynamics, kinetics, and Zn2+-ion diffusion. 

Moreover, steady-state Zn metal plating/stripping with Coulombic 

efficiency above 99% is achieved at 10-100 mA cm-2 in a reasonably 

high concentration (3 M) ZnSO4 electrolyte. Significantly, long-term 

cycling-stable Zn metal electrode is realized with a depth of 

discharge of 66.7% under 50 mA cm-2 in both Zn||Zn symmetrical 

cells and MnO2||Zn full cells. 

Introduction 

Fast-charging/discharging capability is a critical parameter for 

energy storage devices applied in the field of smart grid and 

sustainable energy (such as tide, solar and geothermal) 

storage[1], where rechargeable aqueous Zinc (Zn) metal batteries 

are arousing increasing attention due to the advantages of cost-

effectiveness, inherent safety, and eco-friendliness[2]. 

Nevertheless, the Zn battery chemistry gets into limited 

reversibility issue in aqueous electrolyte, as exemplified by the 

metallic Zn dendrites, low Coulombic efficiency, and then short 

rechargeable life, let along the unsatisfied power density and 

fast-charging capability, which are all relevant to the 

fundamental mechanisms on Zn electrodeposition reactions[3]. 

Unfortunately, the capability of fast electrodeposition for Zn 

metal electrode and the reaction mechanisms behind remain 

elusive, which are both essential and inevitable for the target 

development of high power Zn metal batteries with long lifespan. 

In the pursue of high power density and long lifespan of Zn 

metal batteries, intensive efforts, including nanoscale 

materials/electrode design and electrolyte engineering, have 

been under way to improve the reversibility of Zn metal 

electrode under high current conditions[4]. However, it is still rare 

and challenging to investigate the electrodeposition reaction and 

reveal its practical possibility for high power application of Zn 

metal electrode. Although the correlation between current 

density and the morphology of Zn has been studied in the field 

of conventional electrodeposition, most of these works are 

based on three-electrode system or under excess electrolyte 

conditions, especially NaOH/KOH electrolyte for traditional 

alkaline Zn batteries[5]. For the recent years, ZnSO4 electrolyte 

has been proposed as low-cost electrolyte with high 

electrochemical stability for neutral Zn batteries with improved 

reversibility[6]. Nevertheless, the metal electrodeposition under 

neutral Zn battery operation conditions, especially the two-

electrode system with lean ZnSO4 electrolyte, has not been 

studied yet. More importantly, achieving the dynamic 

electrodeposition reaction and real-time structure information of 

metallic Zn under battery operating conditions can help the 

researchers to understand the effects of various electrolytes and 

structures and to design advanced electrodes[7]. Therefore, it is 

highly desirable to investigate the dynamic Zn electrodeposition 

reaction and reveal the condition for high power application of 

Zn metal electrode, which heavily relies on both in-situ 

characterization technologies and theoretical analysis that can 

offer key information during the ongoing electrodeposition 

reaction processes. 

In this work, we studied the ultrafast Zn metal 

electrodeposition reaction with in-situ optical visualization and 

theoretical modeling, and uncovered that the reversibility of Zn 

electrode was strongly correlated with the deposit morphology 

under various current densities: in a typical 1 M ZnSO4 

electrolyte, non-uniform deposit featured randomly stacked Zn 

nanosheets was observed at a low current densities of 1 mA cm-

2. With the increasing current density to 10 mA cm-2, the 
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deposited Zn layer turned uniform with a closely packed 

structure. Under an ultrahigh current density of 100 mA cm-2, 

serious concentration polarization led to the deposition of metal 

pillars with a tree sharp. Moreover, increasing the concentration 

of Zn2+ ions in electrolyte was found effective in widening the 

current density window for uniform electrochemical plating of 

metallic Zn, highly stable plating/stripping behavior with 

remarkable average Coulombic efficiency (CE) of > 99 % were 

achieved in a wide range of 10-100 mA cm-2 in 3 M ZnSO4 

electrolyte. Theoretical calculations further indicated that the 

deposition modes of metallic Zn at various current densities 

depend on the competition among the crystallographic 

thermodynamics, kinetics, and Zn2+-ion diffusion, resulting in the 

deposit morphology of stacked hexagonal plates, horizontal 

dense granules, and vertical metal pillars, respectively. Based 

on upon understanding, highly reversible Zn metal electrode with 

a depth of discharge of 66.7% under ultrahigh current density of 

50 mA cm-2 is achieved in both Zn||Zn symmetrical cells and 

MnO2||Zn full cells. The ultrafast Zn electrodeposition chemistry 

in this work opens up new opportunities for designing advanced 

Zn anodes for high power and long lifespan aqueous batteries. 

Results and Discussion 

In-situ monitoring of Zn electrodeposition. 

To monitor the dynamic Zn electrodeposition reaction, in-situ 

OM investigation was conducted by employing a home-made 

transparent electrochemical cell (Figure 1a, S1, and S2). The 

electrochemical plating reaction of metallic Zn was firstly studied 

in 1 M ZnSO4 electrolyte that commonly used in aqueous Zn 

batteries, and a set of typical visualization results were shown in 

Figure 1b–d. The plating of metallic Zn at such low current 

density (1 mA cm-2) was quite non-uniform (Movie S1). The Zn 

deposits were black and porous under OM (Figure 1b), 

indicating a loose structure of the deposited Zn. SEM results 

revealed the mossy morphology for these Zn deposits, which 

consisted of randomly stacked sheets with average size of ~1 

μm (Figure S3). The random stacking of these metallic Zn 

sheets led to a porous structure and overall large thickness of 

the Zn deposition layer. Continuous and uniform deposition of 

metallic Zn occurred under an increased applied current density 

of 10 mA cm-2 (Movie S2). Large Zn chunks with the size of ~20 

μm were observed in the optical microscope image (Figure 1c). 

These uniform Zn chunks interconnected with each other closely, 

generating a dense structure with smooth surface in comparison 

to the loose deposits with rough surface achieved at 1 mA cm-2. 

Also, the overall thickness of the deposits produced at 10 mA 

cm-2 was much thinner than that obtained at 1 mA cm-2 due to 

the closely stacked structure. SEM also verified the dense and 

compact structure of the Zn deposits (Figure S4). The 

electrodeposition of metallic Zn was vertical and non-uniform 

under the ultrahigh applied current density of 100 mA cm-2 

(Movie S3, Figure 1d). The SEM results showed the Zn deposits 

were metal pillars with “thin roots” at the bottom and “thick 

crown” at the top (Figure S5), consisting of abundant of 

hexagonal plates. Such unique morphology of deposited Zn 

implied the result of an interplay of multi-factors including 

thermodynamic and kinetic parameters for electrochemical 

plating and Zn2+-ion diffusion under ultrahigh current densities. 

Furthermore, the crystalline orientation for the Zn deposits 

achieved at different current densities was studied using high-

resolution transmission electron microscope (HRTEM) 

combining with X-ray diffraction (XRD). The two-dimensional 

lattice fringes of Zn sheet deposits at 1 mA cm-2 showed clear 

(002) lattice fringes following three axes including (100), (010) 

and (110) by atomic-scale HRTEM analysis (Figure 1e). 

Moreover, it is noted that the XRD peak intensity of (002) and 

(101) demonstrated the Zn crystal growth along vertical and 

horizontal alignment, respectively (Figure 1f and S6), and thus 

the peak intensity ratio between the (002) and (101) (denoted as 

I002:I101) could be employed an indicator to show the crystalline 

orientation difference of the Zn deposits. A larger peak intensity 

ratio between (002)Zn and (101)Zn indicated the deposits were 

more (002)-dominant and plate-like. As shown in Figure 1g, the 

I002:I101 decreased from 7.6 to 0.7 for the Zn deposits with the 

working current density increased from 1 to 100 mA cm-2. In 

particular, the Zn crystal deposited at 1 mA cm-2 showed the 

highest I002:I101 ratio of 7.6, in agreement with the (002) facet 

dominated sheet-like morphology (Figure 1b and 1e). The XRD 

analysis together with in-situ OM results indicated the 

controllable electrochemical plating behaviors of metallic Zn in 

aqueous electrolyte and metallic Zn deposition with various 

structures enabled by adjusting the applied current densities.  

 

Effects of electrolyte concentration on Zn electrodeposition. 

In the light of the above in-situ visualization and crystallographic 

anisotropy results, we systemically studied the morphology of 

metallic Zn deposits at different current densities (1–100 mA cm-

2) and fixed areal capacity (8.3 mAh cm-2) in ZnSO4 electrolytes 

with different concentrations (1–3 M). As demonstrated in Figure 

2a, when electrochemical plating in 1 M ZnSO4 electrolyte, there 

was a transformation for the morphology of the Zn deposits from 

randomly stacked sheets at 1 mA cm-2, to densely packed 

chunky crystals at 10 mA cm-2, and to non-uniform pillars at 100 

mA cm-2, which was in consistent with the in-situ OM results 

(Figure 1b–d). Increasing the electrolyte concentrations would 

reduce the ion-depletion region and promote the ion diffusion, 

beneficial for the formation of dense Zn deposits. It was found 

that the porosity of the plated Zn metal in 2 M ZnSO4 electrolyte 

was obviously reduced in comparison to that in a 1 M one, as 

evidenced by the decreased thickness of Zn deposits in 2 M 

ZnSO4 electrolyte (131 μm) compared with that in 1 M ZnSO4 

(237 μm, Figure 2b). With the increasing current density (i.e. 1 to 

10 mA cm-2), there was also a morphology transformation from 

sheets to chunky crystals (Figure S7), which was similar to the 

case in 1 M ZnSO4 electrolyte. Chunky deposit is also beneficial 

to realize a dense structure. At 50 mA cm-2 in 2 M ZnSO4, 

densely packed deposits were observed instead of non-uniform 

pillars obtained at 50 mA cm-2 in 1 M ZnSO4, suggesting that the 

ion transport was promoted under such high current density 

condition because of the increased concentration of the 

electrolyte. Further increasing the electrolyte concentration to 3 

M (near saturation state at room temperature), structure of the 

Zn deposits with much less porosity was realized at low current 

densities (1–10 mA cm-2) in comparison to that in relatively 

diluted electrolyte (1–2 M ZnSO4). The thickness of Zn deposits 

in 3 M ZnSO4 was found to be the least (Figure 2c, 2d). At 1 mA 

cm-2, the thickness of the plated Zn metal layer in 3M ZnSO4 

was 96 μm, much thinner than that in 2M and 1M ZnSO4 (131 

and 237 μm, respectively). There was also a morphology 

transformation from sheets to chunky crystals at 1–10 mA cm-2 
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in 3 M ZnSO4 (Figure S8). More importantly, at high current 

densities (10–100 mA cm-2), Zn metal deposits formed a dense 

and compact film layer consisting of chunky crystals in 3 M 

ZnSO4 electrolyte (Figure S9). It should be noted that 

concentrated electrolyte generally leads to high viscosity, thus 

resulting in low ionic conductivity. However, 3 M ZnSO4 

electrolyte showed no distinct difference in ionic conductivity to 

the 1 M one (Figure S10), which could be attributed to the high 

solvent/salt mole ratio of 18.5, much higher than the reported 

high concentration electrolyte with high viscosity (e.g. 2.6 for 1 M 

Zn(TFSI)2 + 20 M LiTFSI electrolyte[8a] and 1.9 for 30 M ZnCl2 

electrolyte[8b]). Furthermore, the overall thickness of the deposit 

layer was ~40 μm (Figure 2d), which was the thinnest among all 

the Zn deposits obtained under all tested current densities with 

the same fixed areal capacity, suggesting the lowest porosity. To 

quantitatively analyze the porosity of Zn deposits at different 

current densities, the electrochemical surface area (ESA) 

reflected by the double-layer capacitance based on 

electrochemical impedance spectroscopy (EIS). As indicated in 

Figure 2e, S11, S12, and Table S1, the ESA of the Zn deposits 

in 1 M ZnSO4 at 1 mA cm-2 was 6.63×10-6 μF cm-2, 33.7 times of 

Zn deposits in 1 M ZnSO4 at 10 mA cm-2 (1.95×10-7 μF cm-2), 

indicating the higher porosity of the Zn nanosheet deposits. 

Moreover, the ESAs of the Zn deposits in 3 M ZnSO4 at 50 mA 

cm-2 was found to be the smallest (7.73×10-8 μF cm-2), 

suggesting the lowest porosity of these densely packed chunky 

crystals. In addition, the density of deposited Zn at 100 mA cm-2 

was evaluated to be 6.95 g cm-3 (Figure S13), which was pretty 

close to 7.14g cm-3, suggesting the compact Zn deposition. It 

should be noted that the Zn deposits with densely packed chunk 

morphology exhibited low accessible surface to electrolyte in 

comparison to other Zn deposits, thus minimizing the side 

reactions. Moreover, these densely packed chunky Zn crystals 

had low possibility for contact lost with current collector and the 

formation of “dead Zn” during cycling, which was beneficial for 

improving the reversibility of metallic Zn electrode. To evaluate 

the electrochemical reversibility of the Zn electrode, 

electrochemical plating/stripping investigation was performed on 

a Ti foil and the CE was calculated (Figure S14 and Movie S4). 

It should be noted that the Zn deposits on the Ti foils showed 

morphology of stacked nanosheets, chunky crystals, and pillars 

at 1 mA cm-2, 10 mA cm-2, and 100 mA cm-2, respectively 

(Figure S15). This is in good accordance with that on Zn foils 

under the same deposition condition. Moreover, as 

demonstrated in Figure S16–S18, metallic Zn electrode showed 

relatively low CE (below 85%) when cycled in 1 M ZnSO4 at low 

current densities of 1–5 mA cm-2 (porous deposits) and at high 

current densities of 50–100 mA cm-2 (metal pillars). By contrast, 

metallic Zn electrode exhibited the highest plating/stripping 

efficiency of 96.1 % at 10 mA cm-2 under the same conditions, in 

consist with the densely packed chunky crystal morphology as 

shown in Figure 1 and 2. The Coulombic efficiency of metallic Zn 

cycled in 3 M ZnSO4 was overall higher than that in 1 M ZnSO4. 

Notably, the Columbic efficiency reached nearly 100.0 % (99.2–

99.8 %) at high current densities (10–100 mA cm-2), suggesting 

the high electrochemical reversibility. 

 

Mechanism of Zn metal electrodeposition. 

To understand the ultrafast Zn metal electrodeposition reaction 

fundamentally, we studied the electrochemical plating kinetics of 

metallic Zn using computational analysis and identified the 

dominating factor that regulated the metallic Zn plating behavior 

under various conditions. Surface energy and electrochemical 

activation current density of various crystal planes were 

calculated for metallic Zn crystal with a space group of P63/mmc 

(Figure 3a). The thermodynamically stable facets of hexagonal 

Zn metal were shown in Table S2, among which the {0001} facet 

was the most energetically favorable with the lowest surface 

energy (i.e. 0.021 eV/Å2). The structure of deposited Zn shall be 

in conformity of the crystallographic thermodynamics at low 

current densities, leading to a favorable morphology of 

hexagonal plates with dominating facet of {0001} (also known as 

the Wulff construction). In the event of larger applied 

electrochemical overpotential/current densities, high-index 

facets with higher surface energies were activated, therefore 

simultaneous growth of various crystal planes took place and the 

deposition process became kinetics-controlled. Due to the 

activation of high-index facets, the metallic Zn crystals grew 

isotopically and the deposits were uniform, leading to a plat and 

dense deposition layer, which was desirable for battery 

application. By simply assuming the deposition overpotential led 

to the growth of high energy facets, we estimated the current 

densities that activated these high-index facets. As shown in 

Figure 3a, the activation current densities of these high-index 

facets were around 1 mA cm-2. These results indicated that at 

low working current densities (< 1 mA cm-2), the Zn deposits 

were favorable to form plate morphology with low-index facets, 

especially {0001}. When the applied current density increased to 

higher than the critical value (> 1 mA cm-2), high-index facets 

could be accessed, and the deposition turned to kinetics-

controlled, leading to more spherical and dense structures. 

However, at extremely high current densities such as 100 mA 

cm-2, Zn2+-ions in the electrolyte region close to the electrode 

would be exhausted quickly, resulting in a diffusion-controlled 

case where Sand’s model works. Therefore, the deposition 

process of these non-uniform metal pillars at ultrahigh current 

densities could be divided into two stages, the initial plating-

controlled stage producing the “roots” and the following 

diffusion-controlled stage generating the “crown” of the deposits. 

On the basis of Sand’s model, the diffusion-limiting current 

density in a 1 M ZnSO4 electrolyte was determined to be 21.9 

mA cm-2 (Figure 3b). Interestingly, we found that the Sand’s 

limiting current density correlated strongly to the electrolyte 

concentration. With the ZnSO4 concentration increased to 3 M, 

the limiting current density rose to larger than 50 mA cm-2, 

suggesting that less concentration polarization and uniform 

deposition could be achieved in high-concentration electrolyte 

under high applied current densities. Taking the-above 

calculation modeling results together, it was concluded that the 

Zn metal electrodeposition reactions in mild ZnSO4 electrolyte 

was controlled by multiple factors including crystallographic 

thermodynamics, kinetics, and Zn2+-ion diffusion. As shown in 

Figure 3c, at low current densities (e.g. < 1 mA cm-2, mode I), 

the metallic Zn deposition was controlled by the surface 

energetics and the crystallography-supported hexagonal plates 

were favored. With the increase of the applied current densities 

(e.g. 1–10 mA cm-2, mode II), the metallic Zn plating kinetics 

started to play a role and high-index facets of metallic Zn grew. 

Zn metal deposits became dense and spherical in this scenario. 

Further, at ultrahigh current densities (e.g. 10–100 mA cm-2, 

mode III), the plating process was diffusion-controlled and space 

charge region formed, where non-uniform metal pillar deposits 
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could be observed. It should be noted that the separator would 

affect the Zn deposition morphology in practical batteries under 

high current densities, since it might block the local ion diffusion. 

While the Zn||Zn symmetrical cells without separator showed 

stable cycling performance with a low overpotential of 50 mV at 

10 mA cm-2 and 2 mAh cm-2 (Figure S19), the Zn||Zn 

symmetrical cells with a glass fiber separator showed a clear 

short circuit after several electrochemical cycles with an 

overpotential of 140 mV under the same test condition. These 

results suggested that the metal electrodeposition behavior in 

actual batteries should be more complicated due to the 

existence of separator, especially under high current densities, 

where further research is needed. However, the separator have 

little impact on the Zn deposition morphology under low current 

densities since the crystallographic thermodynamics and kinetics 

of Zn holds the key to determine the Zn morphology at this stage. 

The deposited Zn showed a nanosheet morphology in Zn||Zn 

symmetrical cells with a glass fiber separator at 1 mA cm-2 

(Figure S20), which implied that the correlation between current 

density and the Zn morphology we established under condition 

of low current densities could be applicable in actual batteries. In 

addition, the morphology of Zn metal electrode in Zn||Zn 

symmetrical cells after 100 deposition/dissolution cycles at 10 

mA cm-2 and 2 mAh cm-2 was also investigated using SEM. As 

shown in Figure S21, the Zn electrodes after the 1st, 10th, and 

100th cycle all showed a flat and dense Zn deposition layer with 

chunky crystal morphology, indicating the dense Zn deposition 

under realistic conditions. These results suggested that these 

electrochemical reactions could be controlled to achieve uniform 

Zn plating at an appropriate range of current density and 

electrolyte concentration, which should be beneficial to improve 

electrochemical reversibility of Zn metal electrode and enable 

high power Zn metal batteries with long cycle life. 

 

Reversible Zn plating at high current density. 

Emboldened by the high electrochemical reversibility, Zn||Zn 

symmetric cells with ZnSO4 electrolyte were assembled and 

cycled at a high current density of 50 mA cm-2 and an areal 

capacity of 10 mAh cm-2. To benefit the energy density of Zn 

batteries, a thin Zn metal electrode with thickness of ~26 μm 

was employed in this work (Figure S22) and a depth of 

discharge (DOD) of 66.7 % was achieved. To reduce the 

influence of mass transport in electrolyte during fast 

charging/discharging condition, regular glass fiber separator was 

replaced with a glass fiber gasket during the cell fabrication 

(Figure S23, S24). As shown in Figure 4a, the as-fabricated 

Zn||Zn symmetrical cells exhibited stable electrochemical cycling 

with a low overpotential (i.e. 106 mV) for over 100 cycles, which 

could completely vie with the best reported thin Zn metal 

electrodes under ultrahigh current densities and areal capacities 

thus far (Table S3). The electrochemical Zn plating/stripping 

behavior under ultrahigh current densities was further studied 

using Zn||Ti cells at 50 mA cm-2, which displayed stable 

plating/stripping curves and a remarkable average CE of 99.2% 

for 100 cycles (Figure 4b). To get insight into the outstanding 

electrochemical plating/stripping behavior of metallic Zn under 

ultrahigh current densities, the charge transfer resistance for the 

Zn||Zn symmetrical cell was evaluated, which exhibited an 

ultralow value of 0.1 ohm (Figure 4c), suggesting ultrafast ion 

diffusion at the electrolyte/electrode interface. In addition, The 

Zn metal electrode showed a dense and uniform surface 

structure consisting of closely packed and hexagonal crystals 

after 10 plating/stripping cycles at 50 mA cm-2 and 10 mAh cm-2 

(inset of Figure 4c), suggesting an ideal metal plating/stripping 

behavior. To investigate possibility of Zn metal electrode for high 

power applications, MnO2||Zn cells were fabricated. As shown in 

Figure 4d and 4e, the aqueous MnO2||Zn cell presented 

considerable cyclic stability with a capacity retention of 75.8 % 

after 100 cycles at 50 mA cm-2 and an outstandingly high CE of 

99.97 %. Besides, the XRD and X-ray photoelectron 

spectroscopy (XPS) analysis of Zn anodes in MnO2||Zn battery 

showed little change during cycling at 50 mA cm-2 (Figure S25), 

which was in consistent with the high CE and reversibility of Zn 

anode cycling under high current densities. 

Conclusion 

In this work, we investigated the ultrafast and reversible Zn 

metal electrodeposition in aqueous ZnSO4 electrolyte to enable 

stable cycling of aqueous Zn electrode (> 100 cycles) with a 

DOD of 66.7 % at current density as high as 50 mA cm-2. Both 

in-situ optical visualization and theoretical modeling confirmed 

the dynamic electrodeposition of Zn metal at different current 

densities: A transition for the plating behavior from 

thermodynamically favourable Zn plates to kinetic-controlled 

packed crystals, to diffusion-limited metal pillars was observed in 

a typical 1 M ZnSO4 electrolyte with the working current density 

increased from 1 to 100 mA cm-2. High electrolyte concentration 

(e.g. 3 M ZnSO4) facilitated the ion diffusion and increased the 

Sand’s limiting current density, leading to a densely packed 

morphology with high conformity for the deposits at high current 

densities (10-100 mA cm-2), thus enabling high CE (> 99 %). The 

findings in this work shed light on the fundamental 

understanding of Zn metal nucleation and growth under various 

battery operating conditions, guiding the design of high power 

Zn metal batteries with long cycle life. 
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Figures 

 
Figure 1. (a) Schematic of the transparent electrochemical cell for in-situ optical imaging. The Zn metal electrode was covered by 

water-resistant epoxy to ensure the working area at cross-section. Operando OM images of plated Zn metal in ZnSO4 electrolyte at (b) 

1 mA cm-2 for 30000 s, (c) 10 mA cm-2 for 3000 s, and (d) 100 mA cm-2 for 300 s. (e) HRTEM image of Zn sheet deposits at 1 mA cm-

2, demonstrating the atomic (002) lattice fringes. The inset showed the HRTEM image of as-deposited Zn sheet. (f) XRD patterns for 

the Zn metal deposited at different current densities (1–100 mA cm-2). (g) Peak intensity ratio of the (002)Zn: (101)Zn deduced from the 

XRD patterns in (f). The insets in (g) showed the SEM images of the metallic Zn deposited at 1 mA cm-2 (red), 10 mA cm-2 (green), 

and 100 mA cm-2 (purple). 



RESEARCH ARTICLE    

7 

 

 

 

Figure 2. SEM images of the Zn metal deposited at different current densities (1–100 mA cm-2) in (a) 1 M, (b) 2 M, and (c) 3 M 

ZnSO4 electrolyte. (d) Thickness and (e) ESA reflected by the electrochemical double layer capacitance of Zn deposits at 1–100 mA 

cm-2 in 1–3M ZnSO4 electrolyte. 
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Figure 3. (a) Surface energy and electrochemical activation current density of various crystal planes of Zn metal. The inset shows the 
Wulff construction of hexagonal Zn metal crystal; (b) Sand’s limiting current densities for Zn electrodeposition in ZnSO4 electrolyte 
with different concentrations; (c) Illustration of different morphology evolution modes of Zn deposits governed by the crystallographic 
thermodynamics, kinetics and Zn2+-ion diffusion at different current densities and electrolyte concentrations, indicating that mode II is 
good for improving the reversibility of Zn metal electrode. 
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Figure 4. (a) Voltage profile of Zn||Zn symmetric cell with a glass fiber gasket at 50 mA cm-2 and 10 mAh cm-2. (b) Voltage-areal 
capacity plot of Zn||Ti cell at 50 mA cm-2 in ZnSO4 electrolyte for the 100th cycle. The inset shows the Coulombic efficiency-cycle 
number pots for 100 cycles. (c) EIS results of Zn||Zn symmetric cell after 10 electrochemical cycles at 50 mA cm-2 and 10 mAh cm-2. 
The inset shows a SEM image of Zn metal electrode after 10 cycles, displaying a dense and uniform surface. (d) Charge/discharge 
curves and (e) cyclic stability of Zn||MnO2 full cells employing glass fiber gasket at 50 mA cm-2. 
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reversible Zn metal electrode in aqueous battery with a depth of discharge of 66.7 % at 50 mA cm-2 was achieved. 

 


