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Abstract 
Despite the advances of aqueous zinc (Zn) batteries as sustainable energy storage 

systems, their practical application remains challenging due to the issues of 

spontaneous corrosion and dendritic deposits at the Zn metal anode. In this work, 

conformal growth of zinc hydroxide sulfate (ZHS) with dominating (001) facet was 

realized on (002) plane-dominated Zn metal foil fabricated through a facile thermal 

annealing process. The ZHS possessed high Zn2+ conductivity (16.9 mS cm-1) and low 

electronic conductivity (1.28 × 104 Ω cm), and acted as a heterogeneous and robust 

solid electrolyte interface (SEI) layer on metallic Zn electrode, which regulated the 

electrochemical Zn plating behavior and suppressed side reactions simultaneously. 

Moreover, low self-diffusion barrier along the (002) plane promoted the 2D diffusion 

and horizontal electrochemical plating of metallic Zn for (002)-textured Zn electrode. 

Consequently, the as-achieved Zn electrode exhibited remarkable cycling stability over 

7000 cycles at 2 mA cm-2 and 0.5 mAh cm-2 with a low overpotential of 25 mV in 

symmetric cells. Pairing with a MnO2 cathode, the as-achieved Zn electrode achieved 

stable cell cycling with 92.7 % capacity retention after 1000 cycles at 10 C with a 

remarkable average Coulombic efficiency of 99.9 %. 

 

Keywords: Rechargeable aqueous batteries, Zn metal anode, Interfacial chemistry, 

Zinc hydroxide sulfate, Electrochemical performance 

 

1   Introduction 

Worldwide concerns about global warming and energy crisis increase the urgency to 

develop sustainable energy (e.g., solar, wind, and tidal) technologies that include 

energy conversion, storage and utilization with low cost and high safety [1-5]. 

Rechargeable batteries with Zn metal anode and mild aqueous electrolyte have attracted 

extensive attention for large-scale energy storage due to both intrinsic safety and cost-

effectiveness [6-15]. For instance, the material cost for aqueous Zn metal batteries is 

estimated to be US$21.43/kWh, which is less than a third of that for current lithium ion 

batteries (US$70.96/kWh, Table S1 online). However, Zn metal anode is 
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thermodynamically unstable in aqueous electrolyte, as exemplified by the spontaneous 

corrosion and electrochemical dendritic deposition of metallic Zn [16-20]. Various 

strategies, including introducing polymer corrosion inhibition layer [21] and employing 

additive ions in the electrolyte [22], have been proposed to achieve highly reversible 

aqueous Zn metal electrodes. Notably, building an artificial solid-electrolyte-interface 

(SEI) with poor electronic conductivity and high ionic conductivity can avoid the direct 

chemical or electrochemical reactions between active Zn metal and electrolyte, and 

ensure fast Zn2+ transfer simultaneously [19, 23-26]. However, it remains challenging 

to fabricate homogeneous and stable artificial SEI for long-term cycling. 

Inhomogeneous artificial SEI could be cracked and even detached from Zn metal 

electrodes during cycling. Also, ionic conductivity of many reported artificial SEIs on 

Zn metal electrode is often unsatisfactory (e.g. < 1 mS cm-1), especially for a battery 

running under fast-charging/discharging conditions. Therefore, construction of robust 

SEI with high ionic conductivity is of significant importance yet challenging for 

realizing high-performance aqueous Zn metal electrodes. 

Electrochemical reactions between electrolyte (usually the additive) and active metal 

have been widely utilized to in-situ construct a surface protection layer (artificial SEI 

layer) during electrochemical cycling for various battery anodes (e.g., vinylene 

carbonate for Si anode in lithium-ion batteries, LiNO3 for lithium anode in lithium 

metal batteries, and fluoroethylene carbonate for hard carbon anode in sodium-ion 

batteries) [27-29]. In the case of aqueous Zn chemistry, Zn metal chemically reacts with 

aqueous electrolyte spontaneously after the battery assembly before its cycling, 

producing Zn(OH)2/zinc hydroxide sulfate (ZHS), accompanied by the consumption of 

electrolyte and active Zn metal [30, 31]. The as-formed ZHS byproducts are generally 

micrometer-size sheets and stacked randomly to form a loose surface layer on metallic 

Zn. Corrosion would take place continuously on Zn metal electrode to produce ZHS 

[19, 32], and thus ZHS has long been treated/understood as harmful side products. Thus 

far, the most common method to tackle the corrosion issue is to construct artificial SEI 

by electrochemical decomposition of electrolyte additives [33-35]. However, 

spontaneous chemical corrosion reactions can occur before the electrochemical 

formation of artificial SEI, which would make the electrolyte additives insufficient to 

protect Zn metal anode in regular aqueous electrolytes. We propose to utilize the 

spontaneous reactions between metallic Zn and electrolyte, and regulate the production 

of ZHS for Zn metal protection. In principle, if a dense and uniform ZHS layer could 

form on metallic Zn surface, the direct contact between Zn metal and liquid electrolyte 

would be cut off, and the chemical corrosion of metallic Zn would be significantly 

hindered. Besides the conformal formation of a robust protection layer, high Zn2+ ion 

conductivity and low electronic conductivity of such specific layer are also of key 

importance for realizing stable electrochemical Zn plating/stripping [33]. However, few 

reports have paid attention to the chemical and physical properties of such “harmful” 

ZHS in battery studies. Thus, it is of vital importance to reveal the hidden 

chemistry/physics of ZHS and its controlled growth, which could provide new insights 

for improving Zn metal anode. 

In this study, epitaxial growth of homogeneous and dense (001) plane-dominated ZHS 

layer was realized on (002)-textured Zn metal foil electrode [denoted as (002)-Zn 

electrode] that was fabricated by a simple thermal annealing process, enabling highly-

reversible aqueous Zn metal batteries. A homogeneous ZHS layer with dominating 

(001) facet was built on the surface of (002)-Zn electrode after resting in ZnSO4 

electrolyte, which exhibited high Zn2+-ion conductivity (16.9 mS cm-1) and low 

electronic conductivity (1.28×104 Ω cm). The (002)-Zn electrode showed significantly 
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suppressed corrosion and produced 9 times lower hydrogen volume in comparison to a 

pristine Zn electrode. Also, the (002) plane of as-achieved electrode allowed low self-

diffusion barrier, leading to horizontal electrodeposition of metallic Zn. Symmetrical 

cells assembled by (002)-Zn metal electrodes showed stable Zn stripping/plating for 

7000 cycles with a low overpotential of 25 mV at 2 mA cm-2 and 0.5 mAh cm-2. 

MnO2||(002)-Zn full cells exhibited a moderately high capacity of 83.6 mAh g-1 under 

10 C and excellent cycling stability for 1000 cycles with 92.7% capacity retention, far 

outperforming the MnO2||Zn counterparts measured under the same condition (showing 

only 34.9 % capacity retention after 100 cycles). 

 

2   Materials and methods  
2.1 Preparation of (002)-Zn foil electrode 

The (002)-Zn foils were prepared by annealing commercial Zn metal foils under a 

flowing 5% Ar/H2 gas at 300 ºC for 60 min. Subsequently, the Zn foils were cooled 

down naturally to room temperature and stored in a glove box before further use. 

 

2.2 Materials characterization 

X-ray diffraction (XRD) patterns were conducted on a PANalytical B.V., Holland with 

Cu Kα radiation (λ = 0.145 nm). The texture coefficients (Tc) of Zn metal were 

calculated according to the following formula: 

𝑇𝑐(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙)/𝐼0(ℎ𝑘𝑙)

∑(𝐼(ℎ𝑘𝑙)/𝐼0(ℎ𝑘𝑙))
× 100% 

Where Tc(hkl) was the texture coefficient of the (hkl) facet, I(hkl) was the diffraction 

intensities of the (hkl) facet measured in the XRD for the Zn sample, and Io(hkl) was the 

diffraction intensities of the (hkl) facet for the standard Zn sample (PDF#04-0831). 

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) 

elemental mapping images and EDX spectrums were collected by using a field-

emission SEM instrument (GeminiSEM300). The electron backscattered diffraction 

(EBSD) measurements were performed on an orientation imaging microscopy (OIM) 

data collection on a SEM (GeminiSEM300). The pristine Zn and (002)-Zn foils were 

ion milled using a precision-ion-polishing system (Gatan PSPS Ⅱ 695) before EBSD 

measurements. Optical microscopy (OM) images were collected on an Olympus BX53 

light microscope equipped with LED lamp and CMOS detector (DP27, Olympus). In-

situ OM studies were carried out in 0.2 mol L-1 ZnSO4 aqueous electrolyte using a 

home-made transparent cell. High resolution transmission electron microscopy 

(HRTEM) image and selected area electron diffraction (SAED) pattern of ZHS sheets 

were collected on a field emission transmission electron microscope (Tecnai G2 F30, 

FEI). 

 

2.3 Electrochemical measurements 

Symmetrical cells were assembled with two pristine Zn foils or (002)-Zn foil electrodes 

in CR2032 type coin cells. Glass fiber (GF/A) and 3 mol L-1 ZnSO4 aqueous solution 

were used as the separator and electrolyte, respectively. All cells were rested for 12 h 

before testing on Land battery tester. Electrochemical cycling behaviors were measured 

by galvanostatic charge and discharge at current density of 2–5 mA cm-2 with areal 

capacity of 0.5–5 mAh cm-2. The electronic resistance and ionic conductivity were 

measured using a Biologic VMP3 electrochemical workstation with two blocking 

electrodes. The ZHS film for electrochemical measurements was prepared by pressing 

ZHS powder sample using an automatic tablet press. The ZHS powder was prepared 
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by a liquid-phase synthesis. Typically, 200 mL 0.2 mol L-1 ZnSO4 aqueous solution 

was mixed with 200 mL 0.2 mol L-1 hexamethylenetetramine aqueous solution and 400 

mL ethanol. After adjusting the pH to 5~6 using 0.5 mol L-1 H2SO4, the mixed solution 

was rested at 70 ºC for 2 h and then cooled to room temperature. Electrochemical 

impedance spectroscopy (EIS) data was collected at open-circuit voltage from 10-1 to 

105 Hz with an AC voltage of 5 mV. The ionic conductivity was calculated by σ = 

l/(Rb*S), where l was the thickness of the ZHS membrane, Rb was the resistance 

according to EIS, and S was the contact area between ZHS and blocking electrode. 

During the ionic conductivity measurement, a drop of aqueous ZnSO4 electrolyte was 

employed for ZHS and glass fiber membranes to reflect the apparent ionic conductivity 

under the battery working conditions. Zn||Zn symmetric cell in a pouch configuration 

with an electrode size of 4 × 5 cm2 was fabricated and the volume of hydrogen gas was 

extracted and recorded by a disposable syringe after resting. Full cells were assembled 

with the pristine Zn foils or (002)-Zn foils as the anodes, the MnO2 as the cathode, the 

GF as the separator, and the 3 mol L-1 ZnSO4 + 0.1 mol L-1 MnSO4 solution as the 

electrolyte. The MnO2 cathode were prepared by electrodeposition under 1.8 V for 8 h 

with a two-electrode system, where a carbon cloth was employed as working electrode, 

Zn foil was employed as the counter electrode, and 3 mol L-1 ZnSO4 + 0.3 mol L-1 

MnSO4 was employed as electrolyte. The active mass loading of the cathode was about 

0.5 mg cm-2. The cycling performance was conducted on Land battery tester in the 

voltage range of 1.0–1.8 V. 

 

2.4 Theoretical calculations 

The DFT calculations [36, 37] were performed by using Vienna Ab-initio Simulation 

Package (VASP) [38] with Projector Augmented Wave (PAW) method [39]. The 

exchange-correlation energy was described by the functional of Perderw, Burke, and 

Ernzerhof (PBE) form [40, 41] including van der Waals corrections (DFT-D3 method) 

[42]. The kinetic energy cutoff of electron wave functions was 520 eV. The geometry 

optimizations were performed by using the conjugated gradient method, and the 

convergence threshold was set to be 10-4 eV in energy and 0.02 eV Å-1 in force. The 

Brillouin zone was sampled by using the Monkhorst−Pack scheme [43]. The interface 

energy was evaluated using the same method in a previous work [44]. Visualization of 

the electrolyte structures were made by using VESTA [45]. The MEAM calculations 

were performed by using LAMMPS [46], the force field of Zn was taken from previous 

publications [47]. 

 

3   Results and discussion 
3.1 Theoretical prediction of horizontal ZHS on (002)Zn plane 

Figure 1a illustrates the corrosion and cycling of commercial (pristine) Zn electrodes 

in aqueous electrolyte. Chemical corrosion of metallic Zn produces sheet-like ZHS, 

which stacks randomly to form a loose corrosion layer on metallic Zn foil. The pore 

structure of the ZHS layer allows the penetration of electrolyte and its direct contact 

with fresh metallic Zn, leading to continuous corrosion side-reactions and increased 

thickness of the ZHS layer. Such ZHS layer would increase the interface resistance, 

aggravate the non-uniform plating behavior of metallic Zn, and eventually lead to rapid 

battery failure. However, if the reaction between Zn metal and aqueous electrolyte 

could produce a homogeneous and horizontal ZHS film on metallic Zn surface with 

high ionic conductivity, such ZHS layer would serve as a SEI to stabilize Zn metal 

electrode and improve the electrochemical reversibility of aqueous Zn batteries (Fig. 

1b). In aqueous electrolyte system (typically ZnSO4 electrolyte), metallic Zn reacts with 
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H2O molecules to produce Zn(OH)2, which would be transformed to ZHS due to the 

more stabilized crystalline structure [48]. Both Zn(OH)2 and ZHS fall inside the well-

known class of layered double hydroxides (LDH), which are derivative phases of the 

mineral brucite with extra anions and/or water molecules between the brucite layers 

[49]. The crystal structures and symmetries of the brucite support the sheet-like growth 

of Zn(OH)2 and ZHS with (001) dominated crystal facet. (001)brucite facet and (002)Zn 

facet both possess hexagonal Bravais lattice, and share very similar crystallographic 

symmetry. Therefore, the affinity of (001)brucite with (002)Zn should be stronger than 

other facets of metallic Zn, such as (101)Zn. As shown in Fig. 1c and Fig. S1 online, the 

interface energy of (002)Zn-(001)ZHS is lower than the interface energy between other 

planes of Zn and (001)ZHS such as (101)Zn-(001)ZHS, indicating the higher affinity 

between (002)Zn facet and (001)ZHS facet. In this way, the ZHS may prefer horizontal 

and dense growth with dominating (001) facet along the (002)Zn facet. Besides, the 

higher ordered and flat surface atomic structure of (002)Zn gives a lower surface atom 

self-diffusion barrier (Fig. 1d and Fig. S2 online), which is beneficial for promoting the 

2D diffusion of metallic Zn and inhibiting its dendritic growth during electrochemical 

plating process. Together, due to unique symmetry and high ordered structure of 

(002)Zn facet and (001)ZHS facet, the Zn metal electrode with (002) facet stands a good 

chance of in-situ generating horizontal ZHS to suppress corrosion side reactions and 

meanwhile promote 2D diffusion of metallic Zn to inhibit dendritic growth, thus 

realizing high electrochemical reversibility. 

 
Fig. 1 Computational analysis of the SEI chemistry of aqueous Zn metal electrode. 

Schematic illustration of ZHS formation and electrochemical cycling of (a) pristine Zn 

electrode and (b) (002)-Zn electrode in ZnSO4 aqueous electrolyte. Random growth of 

ZHS and its loose stacking lead to continuous corrosion of metallic Zn and degrade the 

electrochemical cycling of pristine Zn metal electrode. Dense ZHS layer forms on 

(002)-Zn electrode, which enables stable electrochemical cycling. (c) Interface energies 

of Zn-Zn(OH)2 and Zn-ZHS, suggesting the thermodynamically favorable interface at 

Zn (002)-Zn(OH)2 (001) and Zn (002)-ZHS (001). (d) Surface diffusion properties of 
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the three main crystal facets of Zn metal based on MEAM method, revealing the lowest 

diffusion energy of Zn atom on (002)Zn plane 

 

3.2 Preparation and characterization of (002)-Zn electrode 

In light of the above theoretical analyses, we sought to explore a controllable method 

to fabricate Zn metal electrode with dominating (002) facet. In the crystal structure of 

hexagonal metallic Zn, the (002) facet has the lowest surface energy among all its facets 

due to its close packed plane structure (Fig. 2a, 2b, and Fig. S3 online, Table S2 online). 

According to the classical metal annealing theory, annealing helps metal crystals 

transform into grains with the minimum surface energy [50]. Fig. 2c schematically 

illustrates the preparation process of (002)-Zn electrode. After annealing in Ar/H2 

atmosphere, the pristine Zn foil with random orientation transformed into (002)-Zn foil. 

Fig. 2d showed the XRD patterns of the (002)-Zn foil obtained after annealing at 300 

ºC for 60 min. The texture coefficient of the (002)Zn plane was up to 84 %, which was 

much higher than the pristine Zn foil (8 %), suggesting the (002)-dominating facets of 

Zn foil after annealing. SEM images showed that both the surface of pristine Zn and 

(002)-Zn foils were flat, and the (002)-Zn foil exhibited clear grain boundaries after 

annealing, suggesting the recrystallization during the annealing (Fig. 2e) [51]. EBSD 

was also employed to further analyze the texture information of (002)-Zn foil. As 

shown in Fig. 2f and 2h, the crystal plane of pristine Zn foil was random and disordered. 

In contrast, the (002)-Zn foil showed red series-dominated surface representing the 

(002) texture of metallic Zn. Polar graph was further conducted to investigate the 

texture of the (002)-Zn foil. The (001) polar figures demonstrated the texture change 

from the pristine Zn foil to (002)-Zn foil (Fig. 2g and 2i). The grains of pristine Zn foil 

were mainly vertical (normal of (001) facet parallel to Y0), while the grains of (002)-

Zn foil were mainly horizontal (normal of (001) facet parallel to Z0). Moreover, the 

reverse pole figures also verified such transition (Fig. S6 online). All these XRD and 

EBSD results verified the (002)-dominated plane of Zn metal electrode after annealing. 

 
Fig. 2 Preparation and characterizations of (002)-Zn electrode. (a) Equilibrium crystal 

morphology of hexagonal metallic Zn by Wulff construction theory. (b) Surface 

energies of the main planes for hexagonal Zn metal. (c) Fabrication of (002)-Zn 

electrode via annealing in Ar/H2 atmosphere. (d) XRD patterns of pristine Zn and (002)-

Zn electrodes. (e) SEM images of pristine Zn and (002)-Zn electrodes. (f) EBSD 
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inverse pole figure (IPF) maps and (g) pole figures of pristine Zn electrode, (h) EBSD 

IPF maps and (i) pole figures of (002)-textured Zn electrode, revealing the (002) 

dominated crystal plane of the as-prepared (002)-Zn electrode 

 

3.3 In-situ growth of horizontal ZHS 

Pristine Zn and (002)-Zn electrodes were immersed in 3 mol L-1 ZnSO4 aqueous 

electrolyte and rested for 7 days, and the morphology and structure of the as-formed 

ZHS on the surface of Zn metal electrodes were studied. The pristine Zn electrode 

became gray after resting in aqueous electrolyte. OM images showed that a large 

number of randomly distributed flakes with size of about 200 μm were produced on the 

surface of pristine Zn electrode (Fig. 3a). The SEM results also confirmed the formation 

of abundant flakes on pristine Zn electrodes (Fig. 3b), and the corresponding EDS 

elemental mapping results revealed the existence of Zn, O and S elements for these 

flakes, supporting the formation of flake-like ZHS (Fig. 3c). In contrast, the (002)-Zn 

electrode after resting in aqueous electrolyte displayed its initial metallic luster and no 

flakes were observed on the electrode surface under OM (Fig. 3d). Meanwhile, the 

(002)-Zn electrode remained a smooth surface (Fig. 3e) with the same elemental signals 

of Zn, O and S (Fig. 3f), supporting the formation of a horizontal layer of ZHS on the 

surface of the (002)-Zn electrode (Fig. 3f). HRTEM image of ZHS peeled from (002)-

Zn electrode showed a thin sheet-like morphology with flat surface (Fig. 3g). Moreover, 

the SAED pattern in Fig. 3h indicated the clear diffraction spots of (100) and (010) 

facets, suggesting that the (001) facet was dominating, which agreed well with the 

theoretical findings in Fig. 1c. XRD measurement for both samples was further carried 

out. The XRD pattern of the pristine Zn electrode after resting in aqueous electrolyte 

showed strong XRD peaks of Zn4(OH)6SO4·4H2O and Zn4(OH)6SO4·3H2O besides 

metallic Zn (Fig. S7 online), revealing the severe corrosion of pristine Zn in aqueous 

electrolyte and the phase information of ZHS [19, 49]. In contrast, the (002)-Zn 

electrode after resting in aqueous electrolyte exhibited very weak XRD diffraction 

signal of ZHS. Note that the pristine Zn electrode corroded continuously in the aqueous 

electrolyte and produced a large number of H2 bubbles (Fig. S8 online), while (002)-

Zn electrode released few bubbles, suggesting its excellent anti-corrosion property in 

aqueous electrolyte. In order to quantitatively analyze the corrosion of pristine Zn and 

(002)-Zn electrodes, symmetric cells in a pouch cell configuration were assembled with 

the electrode size of 4 × 5 cm, and the hydrogen evolution rates for both cells were 

recorded. As shown in Fig. 3i, the pristine Zn electrode showed a high hydrogen 

evolution rate of 0.31 mL d-1, and such a high hydrogen evolution rate remained over 

the entire measurement period of 7 days. As contrast, the (002)-Zn electrode displayed 

a low hydrogen evolution rate in the initial stage (0.12 mL d-1 for the 1st day), and there 

was almost no hydrogen gas produced in the following remaining time. The total 

amount of gas evolution within 7 days was 2.12 mL for the pristine Zn electrode, while 

that for the (002)-Zn electrode was only one-tenth (0.22 mL, Fig. S9 online), suggesting 

the significantly suppressed corrosion side-reactions at the (002)-Zn electrode. 
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Fig. 3 Formation of horizontal ZHS on (002)-Zn electrode. (a) OM image, (b) SEM 

image, and (c) the corresponding EDS elemental mapping images of pristine Zn 

electrode after resting in aqueous ZnSO4 electrolyte for 7 days. (d) OM image, (e) SEM 

image, and (f) EDS elemental mapping images of (002)-Zn electrode after resting in 

aqueous ZnSO4 electrolyte for 7 days. (g) TEM and (h) SAED images of ZHS sheet 

peeled from a (002)-Zn electrode after resting in aqueous ZnSO4 electrolyte for 7 days. 

These results indicate the horizontal growth of ZHS with dominating (001) facet. (i) 

The hydrogen evolution rates of pristine Zn and (002)-Zn electrodes in aqueous ZnSO4 

electrolyte. The inset shows digital images of a Zn||Zn and (002)-Zn||(002)-Zn 

symmetric cells before and after resting in aqueous ZnSO4 electrolyte 

 

3.4 Epitaxial electrodeposition of metallic Zn 

An ideal SEI layer should possess both high ionic conductivity and low electronic 

conductivity. The ionic conductivity and electronic conductivity of the as-prepared 

ZHS film (Fig. S10 online) were evaluated. As shown in Fig. 4a and Fig. S11, Fig. S12 

online, the ZHS membranes with different thicknesses showed a high apparent ionic 

conductivity of ~16.0 mS cm-1, which was about 4 times that of a glass fiber (GF) 

separator with ZnSO4 electrolyte (3.7 mS cm-1). Meanwhile, the electronic resistivity 

of ZHS was determined to be 1.28 × 104 Ω cm, which was 3 orders of magnitude lower 

than that of Zn metal (13.3 Ω cm, Fig. 4a and Fig. S13 online). Therefore, the horizontal 

ZHS surface layer has the potential to serve as an ideal SEI to improve the 

electrochemical reversibility of metallic Zn anode. EIS was employed to investigate 

the ion transfer property of the horizontal ZHS surface layer. As shown in Fig. S14 

online, the charge transfer resistance of the (002)-Zn electrode with horizontal ZHS 

before cycling was ~18 ohm, smaller than that of the pristine Zn electrode (~ 28 ohm). 

After 10 plating/stripping cycles, the charge transfer resistance of the pristine Zn 

electrode increased to ~130 ohm, which was caused by the formation of ZHS corrosion 



9 

products. Meanwhile, the charge transfer resistance of the (002)-Zn electrode with 

horizontal ZHS remained at ~18 ohm, demonstrating the important role of the 

horizontal ZHS surface layer in supressing corrosion side-reactions and promoting the 

ion transfer during cycling. In addition to the stable surface structure, (002) plane of 

the (002)-Zn electrode possesses the lowest theoretical self-diffusion barrier, thus 

improved 2D diffusion can be expected. As shown in Fig. 4b, the deposition current of 

the pristine Zn electrode under -150 mV reached a stable value after > 100 s, while the 

deposition current of the (002)-Zn electrode became stable within 30 s, suggesting a 

rapid 2D diffusion process for the (002)-Zn electrode [52], which was consistent with 

the DFT calculations. The morphology of the pristine Zn and (002)-Zn electrodes was 

further investigated by SEM after the electrodeposition of metallic Zn at 5 mA cm-2 and 

5 mAh cm-2. After electrodeposition (Fig. 4c and 4d), the Zn deposits were randomly 

distributed and nearly vertical to the electrode surface for a pristine Zn electrode, 

suggesting a slow diffusion process and high self-diffusion barrier, in accordance with 

the electrochemical analysis in Fig. 4b and the DFT results in Fig. 1d. Also, the nearly 

vertical metallic Zn deposits would easily pierce the separator, leading to short circuit 

of the batteries during electrochemical cycling. The (002)-Zn electrode after Zn plating 

showed a flat and compact surface morphology, which suggested the horizontal 

deposition of metallic Zn. The Zn deposition process was further monitored by in-situ 

OM. As shown in Fig. 4e and Movie S1 online, Zn dendrites were observed on the 

pristine Zn electrode after electrodeposition for 10 minutes at a current density of 10 

mA cm-2. With the increase of deposition time, the thickness of Zn deposition layer 

increased significantly, and it reached ~95 μm and evolved to a loose deposition layer 

after 30 minutes. In sharp contrast, the Zn deposition layer on (002)-Zn electrode 

remained dense and flat throughout the entire deposition process. The thickness of 

deposition layer was only 15 μm after 30 minutes of deposition (Fig. 4f and Movie S2 

online), suggesting a much more uniform and dense electrochemical plating behavior. 

These direct in-situ results again demonstrated the uniform 2D electrodeposition of 

metallic Zn on (002)-Zn electrode, which made it highly promising for rechargeable 

aqueous batteries. 
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Fig. 4 The electrochemical plating behavior of (002)-Zn electrode. (a) The ionic 

conductivity of GF separator and ZHS, and the electronic resistivity of Zn metal and 

ZHS. (b) Chronoamperograms of pristine Zn and (002)-Zn electrodes at the 

overpotential of -150 mV. SEM images of (c) pristine Zn and (d) (002)-Zn electrodes 

after plating 5 mAh cm-2 of Zn at 5 mA cm-2. In-situ OM images of the electrochemical 

plating behavior of (e) pristine Zn and (f) (002)-Zn electrodes at 10 mA cm-2 

 

3.5 Electrochemical performance of (002)-Zn electrode 

To evaluate the electrochemical performance of (002)-Zn electrode in aqueous 

batteries, Zn||Zn and (002)-Zn||(002)-Zn symmetric cells were assembled and tested by 

galvanostatic cycling. Under a current density of 2 mA cm-2 with a fixed areal capacity 

of 0.5 mAh cm-2, the (002)-Zn electrode exhibited stable plating/stripping cycling for 

3500 h (Fig. 5a), which was among the best recently reported Zn metal electrodes 

(Table S3 online), demonstrating the superior electrochemical stability of the (002)-Zn 

electrode. Moreover, the (002)-Zn electrode showed stable and low overpotentials of 

23 mV, 23 mV and 35 mV at the 10th, 500th and 7000th cycle, respectively, showing 

superior electrochemical cycling stability. In sharp contrast, the pristine Zn electrode 

only lasted 200 h of cycling, and it encountered a sudden voltage hysteresis increase 

(300 mV after 268 h) and cell failure. Under a higher current density of 5 mA cm-2 and 

a fixed higher areal capacity of 2 mAh cm-2, the (002)-Zn electrode still exhibited stable 

cycling for 250 h, while the pristine Zn electrode survived for only 30 h (Fig. 5b). 

Furthermore, the cycle life of (002)-Zn electrode reached 100 h at a high current density 

of 5 mA cm-2 and a high areal capacity of 5 mAh cm-2, 4 times longer than that of 

pristine Zn (20 h, Fig. S17 online). Under the depth of charge (DOC) of Zn of 51%, the 



11 

(002)-Zn electrode showed stable Zn plating/stripping cycling for more than 50 cycles 

at 10 mA cm-2 and 3 mAh cm-2, which far outperformed the pristine Zn electrode with 

a short cycle-life of less than 10 cycles under the same test condition (Fig. S18 online). 

The electrodes after electrochemical cycling were characterized by SEM. The pristine 

Zn electrode after 40 cycles at 5 mA cm-2 and 2 mAh cm-2 showed a non-uniform 

surface with significant plate-like ZHS corrosion products (Fig. 5c and S16 online). 

Accordingly, due to the fast accumulation of resistive ZHS layers, the overpotential of 

the pristine Zn electrode increased after 40 cycles. In contrast, the (002)-Zn electrode 

after the same test condition exhibited a uniform surface under SEM and no corrosion 

products were detected by XRD (Fig. 5d and S16 online). Also, the overpotential of the 

(002)-Zn electrode remained stable after 40 cycles. These results suggest the important 

role of surface ZHS layer in suppressing corrosion side-reactions and improving the 

cycling stability of the (002)-Zn electrode. The high electrochemical reversibility and 

practicability of the as-achieved (002)-Zn electrode was also examined using full cells 

with MnO2 cathodes. The cycling performance of pristine MnO2||pristine Zn and 

MnO2||(002)-Zn cells were shown in Fig. 5e-g. The MnO2||(002)-Zn cell displayed a 

moderately high capacity of 83.6 mAh g-1 at 10 C for the initial cycle and its capacity 

retention was 92.7 % for 1000 cycles. As a sharp contrast, the MnO2||pristine Zn cell 

only showed 34.9 % capacity retention after 100 cycles under the same test condition. 

Moreover, the pristine Zn electrode in MnO2||pristine Zn cell showed a porous surface 

with a lot of pits after 100 cycles, while the (002)-Zn electrode in MnO2||Zn cell 

exhibited a flat and uniform surface after 1000 cycles (Fig. S19 online), suggesting the 

good stability of (002)-Zn electrode due to the protection from the in-situ formed (001) 

ZHS. Besides, the MnO2||(002)-Zn cell showed improved self-discharge rate and 

increased Coulombic efficiency in comparison to the MnO2||pristine Zn cell (96 % for 

the MnO2||(002)-Zn cell vs. 87 % for the MnO2||pristine cell after resting for 12 h, Fig. 

S20 online). The MnO2||(002)-Zn cell exhibited average discharge capacities of 288.6, 

174.4, 134.9, 99.5, and 83.6 mAh g−1 at 0.1, 0.5, 1, 5, and 10 C, respectively, which far 

outperformed the MnO2||pristine Zn cell that displayed average discharge capacities of 

218.8, 134.1, 104.1, 68.6, and 62.3 mAh g−1 at 0.1, 0.5, 1, 5, and 10 C (Fig. S21 online). 

This result suggests the important role of ZHS layer in facilitating Zn2+-ion diffusion at 

the anode/electrolyte interface. The above-demonstrated electrochemical results 

highlight the important role of crystal plane and surface regulation of metallic Zn in 

improving the electrochemical reversibility and stability, and show great promise of the 

(002)-Zn electrode for practical applications. 
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Fig. 5 Electrochemical performance of (002)-Zn electrode. Voltage profiles of Zn||Zn 

and (002)-Zn||(002)-Zn symmetric cells at (a) 2 mA cm-2 and 0.5 mAh cm-2, and (b) 5 

mA cm-2 and 2 mAh cm-2. The insets in (a) and (b) show the expanded view at specific 

cycles. SEM images of (c) the pristine Zn electrode and (d) the (002)-Zn electrode after 

40 cycles at 5 mA cm-2 and 2 mAh cm-2. Some glass fibers from the separator are 

adhered on the cycled pristine Zn electrode and cannot be completely removed, 

suggesting the rough electrode surface. Discharge-charge voltage profiles of (e) 

MnO2||Zn and (f) MnO2||(002)-Zn cells. (g) Cycling stability of pristine MnO2||Zn and 

MnO2||(002)-Zn cells, suggesting the high electrochemical reversibility of the (002)-Zn 

electrode 

 

4   Conclusions 

In this work, we reported the spontaneous growth of horizontal ZHS layer with 

dominating (001) facet on the surface of Zn metal electrode with (002) texture in 

aqueous electrolyte, which possessed high ionic conductivity and low electrical 

conductivity and could work as an effective SEI to enable stable electrochemical 

cycling in aqueous electrolyte. The in-situ generated ZHS isolated the active Zn metal 

from aqueous electrolyte, and prevented corrosion side-reactions. At the same time, the 

low self-diffusion barrier of (002)-Zn electrode induced the horizontal deposition of 

metallic Zn and prevented its dendritic growth. As a result, the (002)-Zn electrode 

exhibited stable cycling for 3500 h with a low overpotential of 25 mV at 2 mA cm-2 

and 0.5 mAh cm-2. A MnO2||(002)-Zn full cell also showed remarkable cycling stability 

under 10 C for 1000 cycles with 92.7% capacity retention. The SEI chemistry of (002)-

Zn electrode demonstrated in this study would benefit the rational design of stabilized 

Zn electrode for advanced aqueous batteries and promote the large-scale application of 

aqueous Zn batteries. 
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Graphical abstract 

 

Conformal growth of homogeneous and dense (001) plane-dominated zinc hydroxide 

sulfate layer was realized on (002)-textured Zn metal foil electrode, which achieved 

stable interface chemistry by hindering further corrosion reaction and promoting 

horizontal electrochemical plating of metallic Zn, thus improving the electrochemical 

reversibility of (002)-textured Zn electrode and aqueous Zn batteries. 

 


