
rsc.li/materials-a

Journal of
 Materials Chemistry A
Materials for energy and sustainability

rsc.li/materials-a

ISSN 2050-7488

COMMUNICATION
Zhenhai Wen et al. 
An electrochemically neutralized energy-assisted low-cost 
acid-alkaline electrolyzer for energy-saving electrolysis 
hydrogen generation

Volume 6
Number 12
28 March 2018
Pages 4883-5230

Journal of
 Materials Chemistry A
Materials for energy and sustainability

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  H. He, H. Tong, X.

Song, X. song and J. Liu, J. Mater. Chem. A, 2020, DOI: 10.1039/D0TA00748J.

http://rsc.li/materials-a
http://www-rsc-org.idpproxy.reading.ac.uk/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www-rsc-org.idpproxy.reading.ac.uk/help/termsconditions.asp
http://www-rsc-org.idpproxy.reading.ac.uk/publishing/journals/guidelines/
https://doi.org/10.1039/d0ta00748j
https://pubs-rsc-org.idpproxy.reading.ac.uk/en/journals/journal/TA
http://crossmark.crossref.org/dialog/?doi=10.1039/D0TA00748J&domain=pdf&date_stamp=2020-03-23


1

Highly Stable Zn Metal Anode Enabled by Atomic Layer Deposited Al2O3 Coating for Aqueous 
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Abstract

Rechargeable aqueous zinc-ion batteries (ZIBs) have attracted increasing attentions as an energy storage 

technology for large-scale applications, due to their high capacity (820 mAh g-1 and 5854 Ah L-1), 

inherent high safety, and their low cost. However, the overall performance of ZIBs has been seriously 

hindered by the poor rechargeability of Zn anode, because of the dendrite growth, passivation, and 

hydrogen evolution problems associated with Zn anode. Herein, Al2O3 coating by atomic layer deposition 

(ALD) technique was developed to address the aforementioned problems and improve the rechargeability 

of Zn anode for ZIBs. By coating the Zn plate with ultrathin Al2O3 layer, the wettability of Zn was 

improved and corrosion was inhibited. As a result, the formation of Zn dendrite was effectively 

suppressed, with significantly improved lifetime in the Zn-Zn symmetric cells. With the optimized 

coating thickness of 100 cycles, 100Al2O3@Zn symmetric cells shown a reduced overpotential (36.5 mV) 

and a prolonged life span (over 500 h) at 1 mA cm-2. In addition, the 100Al2O3@Zn has been verified in 

Zn-MnO2 batteries using layered δ-MnO2 as the cathodes and consequently superior electrochemical 

performance with a high capacity retention of 89.4% after over 1000 cycles at a current density of 1 mA 

cm-2 (3.33C for MnO2) is demonstrated. It is expected that the novel design of Al2O3 modified Zn anode 

may pave the way towards high-performance aqueous ZIBs and shed light on development of other metal 

anode-based battery systems. 

Keywords: zinc ion batteries, zinc metal anode, atomic layer deposition, Al2O3 coating, dendrite
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1. Introduction

   Nonaqueous lithium-ion batteries (LIBs) have dominated the global energy storage market over the 

past decades, due to their high energy density, high power density, and long cycle life.1,2 However, the 

increasing concerns over limited lithium resources, high cost, and safety issues limit their future 

applications in large-scale energy storage.3 Sodium-ion batteries (SIBs) and potassium-ion batteries 

(KIBs) have been developed as alternatives to LIBs, because of their relatively abundant sodium (or 

potassium) resources in the Earth’s crust. However, they still suffer from low energy density, the use of 

highly toxic and flammable organic electrolytes, and the high manufacturing cost and safety issues.4,5 

The drawbacks of these nonaqueous-based systems motivate us to explore alternative battery chemistry 

with lower cost, higher safety, and longer cycle life. 

   Recently, aqueous zinc-ion batteries (ZIBs) have gained remarkable attentions as a promising energy 

storage technology, owing to the appealing advantages of Zn anode, including high theoretical capacity 

(820 mAh g-1), low redox potential (−0.762 V vs. SHE), high abundance, and environmental benignity.6-9 

More importantly, the replacement of organic electrolytes with aqueous electrolytes is of great 

significance to achieve intrinsic safety, environmental protection, and cost saving. Additionally, aqueous 

electrolytes offer about 2 orders of magnitude higher ionic conductivity (~ 1 S cm-1) than nonaqueous 

ones (~ 1−10 mS cm-1).10-16 However, the development of aqueous ZIBs is limited by the Zn anode, 

which suffers from dendrite growth, low efficiency, and poor cycle life.17,18 The sharp and high-resistant 

Zn dendrites could not only lead to short circuit by penetrating the separator and sudden failure of ZIBs, 

but also cause rapid capacity decay by lowering efficiency and elevating internal resistance.18,19

   To circumvent these problems resulting from Zn dendrites, various strategies have been proposed to 

stabilize Zn anode, including novel structure design,20-22 Zn alloying,23 surface modification,24-30 

conductive substrates31-33 and electrolyte optimization13,15,34. Among these strategies, surface 

modification represents a facile and effective approach to tune the interaction between Zn anode and 

electrolyte. Metal nanoparticles,24 organic polymers,25,26 carbon-based materials27-29 and metallic 

compounds,30,40 have been investigated as protective layers on Zn-based electrodes, rendering better 

electrochemical performance. For example, Zhi’s group reported that quasi-isolated nano-Au particles 
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on the Zn surface served as heterogeneous seeds for Zn deposition, and enabled stable Zn-

plating/stripping process on the Zn anode.24 These nano-Au particles with high curvature and large local 

electric field preferentially absorbed Zn2+ to uniformly nucleate and grow as Zn-flake-arrays, effectively 

suppressing the formation of big and uneven dendrites/protrusions. As a result, the Au-nanoparticle 

decorated Zn anode demonstrated excellent cycling stability with 2000 h in Zn|Zn symmetric cells and 

2000 cycles in Zn-MnO2 batteries. Cui and co-workers designed a polyamide coating layer on the Zn 

anode to elevate the nucleation barrier and restrict 2D diffusion of Zn2+, which effectively regulated Zn 

deposition behavior in the aqueous electrolyte.26 This polyamide coating served as a buffer layer that 

isolated active Zn from bulk electrolytes, and suppressed the corrosion induced by water and O2. With 

this synergic effect, the polyamide-modified Zn anode exhibited 60-fold enhancement in lifetime (over 

8,000 hours) compared to the bare Zn, even at a high areal capacity of 10 mAh cm−2 (10 mA cm−2 for 1 

h, 85% depth of discharge). Wang et al.28 obtained a spontaneously reduced graphene oxide coating on 

Zn foil (Zn/rGO) to promote uniform Zn electrodeposition and improve the cycling stability. This self-

assembled, layered rGO on a Zn surface provided a large electroactive area and a soft substrate for Zn 

electrodeposition, which significantly mitigated Zn dendritic growth by eliminating its driving force. 

Compared with bare Zn, the Zn/rGO anode exhibited much lower overpotential (~20 mV at 1 mA cm−2) 

and excellent long-life cyclability. Recently, Kang et al.30 designed a porous nano-CaCO3 coating as a 

protective layer to achieve a uniform and bottom-up Zn stripping/plating. This strategy effectively 

suppressed the development of Zn dendrites that may cause large polarization and internal short circuit, 

thus improving the Coulombic efficiency (CE) and cycling stability of Zn batteries. All these results 

suggest that surface modification as an efficient way can construct robust Zn anode, contributing to 

superior electrochemical performance during repeated Zn stripping/plating cycles.

   Atomic layer deposition (ALD) is a promising thin film deposition technique that is capable of 

precisely controlling film thickness at the atomic level, owing to its self-limiting nature of the gas-solid 

reactions during the deposition process.35 Over the past years, ALD has been extensively applied to 

deposit protection layers on anode and cathode materials to prevent direct exposure of the electrode to 

electrolyte, leading to improved electrochemical performance in lithium/sodium-based batteries.37-40 The 

performance enhancement could be achieved using just a few nanometers of surface coatings by ALD, 
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therefore adding negligible weight to the electrode. Moreover, the ALD coating has great potential for 

industrial application through roll-to-roll or fluidized bed ALD process. However, the application of 

ALD in aqueous ZIBs is yet to be fully exploited. Recently, Mai’s groupfirst applied ALD TiO2 coating 

as a protective layer on Zn anode. The amorphous TiO2 layer acted as a buffer layer between Zn anode 

and electrolyte and suppressed the hydrogen evolution and the formation of inactive reaction by-products, 

leading to enhanced electrochemical performance of ZIBs.36 Nevertheless, the ALD deposition of TiO2 

employed TiCl4 as a Ti precursor, which yielded HCl by-product during deposition and was not ideal for 

practical applications.36 In contrast, ALD Al2O3 is the most widely used coating material in LIBs, due to 

its effectiveness among all available ALD materials and its well-established industrial deposition process. 

However, there is no report of using ALD Al2O3 on the Zn anode, to the best of our knowledge. Al2O3 

coating has been previously synthesized onto Zn particles by a sol–gel method, and reported to be able 

to mitigate hydrogen evolution reaction and delay the corrosion of the Zn anode in alkaline electrolyte.41 

Despite the improved performance, the Al2O3 coating by sol–gel method was uneven and rough on Zn 

particles, affecting its function as a protection layer. So, it is expected to have a systematic study on the 

effect of uniform Al2O3 coating on the Zn anodes with nanometers thickness by ALD technique.

   In this work, we demonstrated the use of an ultrathin protective Al2O3 coating layer by ALD on Zn 

anode to achieve dendrite-free Zn deposition and high-performance Zn-MnO2 batteries. The effect of 

ALD Al2O3 thickness on the cycling of Zn|Zn cells was investigated in detail. It was found that Zn anode 

with Al2O3 coating deposited using 100 ALD cycles (100Al2O3@Zn) showed reduced overpotential 

(36.5 mV) and prolong cycling lifespan (over 500 h) at 1 mA cm−2 in Zn|Zn symmetrical cells. 

Furthermore, Zn–MnO2 battery built with 100Al2O3@Zn anode exhibited a high capacity retention of 

89.4% after 1000 cycles at a current density of 1 mA cm−2 (3.33C for MnO2). The improved 

electrochemical performance was ascribed to the robust Zn metal anode enabled by nanoscale Al2O3 

coating, which not only improved the surface wettability but also enhance the corrosion resistance of Zn 

metal, thus less conductive dendrites formation is effectively suppressed. It is expected that this work 

will provide new insight in interfacial engineering for metal anode and in the fundamental understanding 

of interfacial phenomena for high performance metal-based batteries.
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2. Experimental section

2.1  Materials Preparation

   ALD Al2O3 coating on zinc foil: Before ALD coating, zinc foil (0.2 mm in thickness) was cut into 

small round plates (Φ = 14 mm), and cleaned by sonication sequentially in DI water and in alcohol for 

15 minutes, followed by natural drying in the air. Al2O3 coating on the Zn round plates was performed 

at 100 °C by alternatively supplying trimethylaluminum (TMA) and H2O into a commercial ALD reactor 

(GEMStar™ XT Atomic Layer Deposition System). Al2O3 coatings were deposited on the Zn plates by 

adjusting ALD cycles from 30, 60, 100 to 200, which were named as 30Al2O3@Zn, 60Al2O3@Zn, 

100Al2O3@Zn, and 200Al2O3@Zn, respectively. 

   Synthesis of δ-MnO2 3D micro/nano spheres: δ-MnO2 was synthesized by a hydrothermal method.43 

In brief, 6 mmol KMnO4 and 1 mmol MnSO4·H2O were dissolved in 70 mL distilled water under stirring. 

The precursor solution was transferred into a Teflon contained autoclave with a volume of 100 mL, and 

then heated at 180 °C for 12 h. After cooling to room temperature, the black precipitate was vacuum 

filtered until the PH reached to 7, and then dried at 100 °C in the air overnight. 

2.2  Structural characterizations

   The crystal structure of the Zn foils with and without Al2O3 coatings was confirmed by Powder X-

ray diffraction (XRD, Bruker D8-Advance X-ray diffractometer) using Cu Kα radiation (1.54056 Å). 

The morphology was observed by using scanning electron microscope (SEM, Tescan MIRA3 FEG-

ESEM) equipped with energy-dispersive X-ray spectroscopy (EDX). The microstructure of the Zn 

dendrites was examined by using high-resolution transmission electron microscope (HRTEM, FEI F30). 

The surface chemistry state was characterized by X-ray photoelectron spectroscopy (XPS, Axis Ultra 

DLD). The contact angle between Zn and the electrolyte was measured by a contact angle goniometer 

(Ramé Hart 260).

2.3  Electrochemical measurements

   δ-MnO2 (active material) was mixed with carbon black (Super P) and polyvinyldifluoride (PVDF) 

with a weight ratio of 7:2:1 in NMP solvent. The slurry was cast on a thin titanium foil (100 µm in 

thickness) by a doctor blade, and then dried under vacuum at 60 °C overnight. After that, the electrode 

was cut into round disks (Φ = 12 mm) for the cathode electrode in Zn-MnO2 full cells. The mass loading 
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of MnO2 was around 2.2 mg on each disk. CR2032 coin cells were assembled in the air atmosphere to 

evaluate the electrochemical performance of Zn−Zn symmetric cells, Zn−MnO2 full cells. Zn−Zn 

symmetric cells were assembled with the same two zinc plates (Bare Zn or Al2O3 coated Zn), glass fibers 

(separator, Φ = 5/8 inch) and 3M Zn(SO3CF3)2 aqueous electrolyte. Zn|MnO2 full cells were constructed 

with δ-MnO2 electrode as the cathode, bare Zn or 100Al2O3@Zn as the anode, a solution of 3M 

Zn(SO3CF3)2 and 0.1 M Mn(SO3CF3)2 as the electrolyte, and glass fibers (Φ = 5/8 inch) as the separator. 

All the galvanostatic charge/discharge was carried out in the voltage range of 0.8–1.8 V (vs. Zn2+/Zn) on 

a Neware BTS 4000 battery tester. Cyclic voltammetry (CV), Electrochemical Impedance Spectroscopy 

(EIS) and liner polarization (corrosion test) was performed on a Biologic VSP Potentiostat/Galvanostat 

Station. CV was tested in the voltage range of 0.8–1.8 V (vs. Zn2+/Zn) at a scan rate of 0.1 mV s-1. EIS 

was conducted in a frequency range of 200 KHz to 10 mHz with a voltage amplitude of 5 mV. For 

corrosion test, the working (WE), counter (CE), and reference (REF) electrodes were zinc, platinum, and 

Ag/AgCl, respectively. Linear polarization technique was applied to the system by scanning between 

−0.7 and 0.4 V vs. Ag/AgCl from its open circuit voltage (OCV) at the rate of 3 mV s-1 in 3M 

Zn(SO3CF3)2 solution. The surface area of the working electrode was 1.5 (1 × 1.5) cm2, which was used 

to convert corrosion current (Icorr) to corrosion current density (jcorr). All the electrochemical testing was 

conducted at room temperature of 25°C. The charge and discharge specific capacities were calculated 

based on the MnO2 loading weight in each cathode electrode.

3. Results and Discussion
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Figure 1. SEM images of bare Zn (a) and 100Al2O3@Zn (b); XRD patterns of bare Zn and 100Al2O3@Zn (c); High-

resolution XPS spectra of Al 2p (d), Zn 2p (e) and O 1s (f) for 100Al2O3@Zn. 

   

Al2O3 coatings were performed on Zn foils by alternatively introducing TMA and H2O using 30, 60, 100, 

and 200 cycles, corresponding to approximately 3, 6, 10, and 20 nm in the thickness based on the growth 

rate of ALD-Al2O3 (0.1nm per cycle).39 The morphology, crystal structure, and surface chemistry of bare 

Zn and 100Al2O3@Zn are characterized by SEM, XRD, and XPS, and the results are presented in Figure 

1. As shown in Figure 1a and 1b, bare Zn and 100Al2O3@Zn possess a flat surface with microsized 

scratches resulting from the manufacturing process of Zn foils. Compared to bare Zn, 100Al2O3@Zn 

looks much darker under SEM, mainly due to the insulating nature of Al2O3 coating. Figure 1c compares 

the XRD patterns of bare Zn and 100Al2O3@Zn. As can be seen, the XRD pattern of bare Zn can be 

indexed as hexagonal Zn with P63/mmc space group (JCPDS No. 65-5973). 100Al2O3@Zn shows the 

same XRD pattern as bare Zn, with no additional diffraction peaks of Al2O3, which is mainly due to the 

thin and amorphous nature of the ALD Al2O3 coating. Successful coating of Al2O3 on Zn foils is 

confirmed by EDX (Figure S1a) and XPS survey (Figure S2) analysis. For 100Al2O3@Zn, the absence 

of Zn-related peaks (Zn 2p, Zn LMM, Zn 3p and Zn 3d) and the appearance of Al-related peaks (Al 2s 

and Al 2p) in the survey spectrum (Figure S2c) prove the successful deposition and uniform coverage 
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of Al2O3 on the surface of Zn plate by ALD. The chemical state of ALD Al2O3 coating is further analyzed 

by fitting the high-resolution spectra of Al 2p and O 1s and the results are shown in Figure 1d-1f. In 

Figure 1d, a symmetric peak of Al 2p at 72.9 eV is assigned to Al2O3 on the surface of 

100Al2O3@Zn.38,43 As shown in Figure 1f, the O1s spectrum of 100Al2O3@Zn is not symmetric and can 

be fitted into two peaks at 529.3 eV and 530.2 eV, which are attributed to absorbed oxygen and Al-O 

bond in Al2O3, respectively.44,45 The absorbed oxygen species may come from the environment due to 

the adsorption capability of ALD Al2O3 film with oxygen in the air before transferring into XPS chamber. 

Additionally, the C 1s core levels of 100Al2O3@Zn (Figure S3) can be fitted into two peaks at 284.6 eV 

(C-C) and 286 eV (C-O-C), which may be attributed to adventitious carbon. Based on the above results, 

it can be concluded that Al2O3 coating layer was successfully deposited on the surface of Zn foils by 

ALD.

Figure 2. (a, b, c) Charge-discharge profiles for Zn|Zn symmetric cells with bare Zn, 30Al2O3@Zn, 60Al2O3@Zn, 

100Al2O3@Zn, and 200Al2O3@Zn. The EIS of Zn|Zn symmetric cells with bare Zn (d) and 100Al2O3@Zn (e) anodes at the 
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end of charge process in the 5th (10 h), 15th (30 h) and 25th (50 h) cycle. 

The effect of Al2O3 coating thickness on the Zn stripping/plating behavior was first investigated in 

Zn|Zn symmetric cells, and the results are presented in Figure 2. For fair comparison, 200 µL of 3M 

Zn(SO3CF3)2 aqueous electrolyte was added into each cell, and the current density and areal capacity 

was set as 1 mA cm−2 and 1 mAh cm−2, respectively. As seen in the charge/discharge profiles (Figure 

2a, 2b, and 2c), zinc nucleation overpotential (ZNO) is required to initiate Zn plating and stripping 

process for all the samples. ZNO is related to not only Zn2+ and e- transfer resistance, but also the kinetics 

of Zn stripping/plating reactions. In general, the Zn2+ and e− transfer resistance is regarded as intrinsic 

property of the electrolyte and electrode employed.24,46 However, kinetics of Zn stripping/plating 

reactions depends on several factors, such as Zn nuclei size and size distribution, surface tension and 

morphology of nucleation substrates. As displayed in Figure 2b, in the first discharge process, ZNO 

value of Zn|Zn cells gradually increases with elevating ALD cycle numbers from 0 to 200. The ZNO 

value is determined as -133.9, -155.6, -169.5, -173.3 and -235.9 mV, for bare Zn, 30Al2O3@Zn, 

60Al2O3@Zn, 100Al2O3@Zn, and 200Al2O3@Zn, respectively. This result indicates that higher initial 

overpotential is required for Zn plates with Al2O3 coatings to start the Zn plating/stripping process, 

possibly due to the insulating nature of ALD Al2O3 coating layers on the Zn electrode. Despite of the 

higher ZNOs at beginning of the first discharge process, Al2O3 coated Zn anodes show quickly reduced 

overpotentials as the first discharge cycle goes on (Figure2a, at T=1.083 h). This phenomenon suggests 

an activation process of Al2O3 coating on the Zn anode during the first cycle. Furthermore, as shown in 

Figure 2c, 100Al2O3@Zn exhibits the lowest overall voltage hysteresis (T=46−50 h) among all the 

samples, indicating its fastest kinetics of Zn2+ in the stripping and plating process. To get better 

understanding on the ALD Al2O3 coating effect, electrochemical impedance spectroscopy (EIS) of bare 

Zn and 100Al2O3@Zn symmetric cells was performed at the three different time during cycling (5th, 15th, 

25th cycle). As shown in Figure 2d and 2e, all the EIS plots featured with depressed semicircle, which 

can not be fitted into one single semicircle. By fitting the EIS with the equivalent circuit (inset in Figure 

2d and 2e), the fitting curve matched well with the raw data, indicating the suitability of the employed 

equivalent circuit. The calculated impendence parameters (Re, RSEI and Rct) were shown in Table 1. The 

continuous growth of the RSEI and Rct of bare Zn suggest a deteriorated electrode/electrolyte interface 
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during the Zn stripping/plating cycling process. In contrast, for 100Al2O3@Zn, it shows a decreased Rct 

value, indicating suppressed side reaction at the electrode/electrolyte interface. The trend in the EIS data 

demonstrated that the ALD Al2O3 coating can reduce the reactivity between the Zn electrode and the 

electrolyte upon cycling, thus leading to lower impendences and overpotential and enhanced the Zn 

plating/stripping kinetics reaction.37,38

Table 1. The impedance parameters for bare Zn and 100Al2O3@Zn in the 5th, 15th and 25th cycle.

  The amount of electrolytes is a critical factor for the energy density of metal anode batteries, and has 

been rarely investigated in ZIBs.36 Excessive amount of electrolyte always improves the results from 

half-cell tests and meanwhile could lower the energy density of batteries, although it is not the case in 

practical application and becomes defaulted in the lab test. The Al2O3 coating effect on Zn striping and 

plating process was studied in Zn|Zn symmetric cells using different amounts (200 µL, 50 µL, and 25 

µL) of 3M Zn(SO3CF3)2 aqueous electrolyte. The optimized 100Al2O3@Zn and bare Zn are employed 

for comparison, and the results are shown in Figure 3a-f. As can be seen, 50 µL and 25 µL, the lifespan 

of bare Zn shortens from over 100 hours to only about 70 hours, before internal short circuit occurs. In 

contrast, 100Al2O3@Zn maintains a good stability over 100 hours, regardless of the electrolyte amounts 

studied. Moreover, close examination on the voltage vs. time profiles in the 35th cycle (Figure 3d, 3e, 

and 3f) discloses a lower voltage hysteresis for 100Al2O3@Zn than bare Zn. These results strongly 

suggest that the amount of electrolyte has significant influence on the lifetime of Zn|Zn symmetric cells. 

Although the flooded electrolyte could improve the lifespan of bare Zn anode, it will reduce energy 

density at the cell level because of the extra weight added. While for the Zn anode with Al2O3 coating, it 

Bare Zn 100Al2O3@Zn

5th 15th 25th 5th 15th 25th

Re /Ω 1.0 1.0 5.3 0.8 1.0 1.9

RSEI /Ω 39.5 74.2 400.7 150.2 164.0 179.2

Rct /Ω 512.8 974.5 1311.0 375.6 314.4 224.1
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still exhibited comparable cycling performance even with less amount of electrolyte. This advantage will 

become more obvious when taking consideration of raw materials cost and battery energy density in 

practical production. Because of the better surface wettability by ALD Al2O3 coating, it will make the 

utmost of electrolyte during the repeated Zn stripping/plating cycles, thus leading to good 

electrochemical performance even using less electrolyte. Furthermore, the charging-discharging ability 

of bare Zn and 100Al2O3@Zn at high current densities of 2 mA cm-2 and 3 mA cm-2 were shown in Fig. 

S5. As displayed, 100Al2O3@Zn exhibited better cycling stability and lower overpotential than bare Zn 

at high current densities. Specifically, the lifespan of bare Zn was shortened to 20 h and 12 h, at a current 

density of 2 and 3 mA cm-2 respectively. In contrast, 100Al2O3@Zn showed better cycling stability 

without voltage fluctuations during the stripping/plating process. This result demonstrates that the Al2O3 

ALD coating can improve the cycling life of Zn anode even at high current densities. The above results 

demonstrate that Al2O3 coating by ALD not only improves the cycling life of Zn anode, but also reduce 

voltage hysteresis during Zn stripping and plating process, whether cycling within less electrolyte or at 

higher current densities.

Long-term cycling stability of 100Al2O3@Zn and bare Zn was further tested in a Zn|Zn symmetric cell 

configuration, and the results are shown in Figure 3g. Compared with bare Zn, the 100Al2O3@Zn 

exhibits significantly enhanced lifetime and small voltage hysteresis during repeated Zn plating and 

stripping process. For example, the bare Zn shows a voltage hysteresis as high as 73.5 mV, and its voltage 

profiles becomes fluctuated after 242 h, probably due to internal short circuit resulting from Zn dendrites. 

In comparison, the voltage profiles of 100Al2O3@Zn keep very stable for over 500 h without any voltage 

fluctuation and short circuit. In addition, 100Al2O3@Zn exhibits a voltage hysteresis of 36.5 mV, much 

lower than that of bare Zn (73.5 mV), during Zn stripping and plating process. Furthermore, the voltage 

vs. capacity profiles of bare Zn and 100Al2O3@Zn for the selected cycles are displayed in Figure 3h. 

For 100Al2O3@Zn, a flat voltage plateau at both the charge and discharge states can be retained without 

obvious increases in voltage hysteresis throughout the whole cycling process. The capacity profiles of 

100Al2O3@Zn are nearly overlapped, indicating a very stable cycling ability stemming from the ALD 

Al2O3 coating. For bare Zn, however, the voltage profiles become more separated with cycling, 

suggesting unstable Zn stripping and plating behavior on the bare Zn anode. The long-term cycling 
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performance highly demonstrate that ALD Al2O3 coating can not only improve the lifespan, especially 

with small electrolyte amount, but also reduce the voltage overpotential and hysteresis of Zn symmetric 

cells during repeating Zn stripping/plating cycles.

   
Figure 3. Charge-discharge profiles of bare Zn and 100Al2O3@Zn symmetric cells with different amounts of electrolyte: (a, 

d) 200 µL, (b, e) 50 µL and (c, f) 25 µL; (g) long-term cycling stability of the bare Zn and 100Al2O3@Zn with 200-µL 

electrolyte; (h) voltage vs. capacity profiles of bare Zn and 100Al2O3@Zn in 10th, 20th, 30th, 50th and 100th cycles. All the 

cells are cycled at a current density of 1 mA cm−2 with an areal capacity of 1 mAh cm-2.

   In order to understand the reasons for the improved performance by Al2O3 coating, SEM was used to 

examine the top-view and cross-sectional morphologies of Zn anode with/without Al2O3 coating after 

cycling and the glass-fiber separators recovered from the cycled Zn|Zn cells. As shown in Figure 4a-d, 

the cycled bare Zn possesses a severely corroded rough surface covered with vertically aligned thin and 
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sharp Zn dendrite flakes. In contrast, 100Al2O3@Zn presents a clean and flat surface with much less Zn 

dendrite flakes (Figure 4c-f). As expected, the Zn anodes with other different ALD cycle numbers 

(Figure S6) also present smoother surface than the bared one. The SEM results strongly proves that ALD 

Al2O3 coating effectively inhibited the growth of Zn dendrites on the Zn anode, resulting in a smoother 

Zn surface and thus improving the cycling of batteries. Furthermore, the glass-fiber separators from the 

cycled bare Zn an 100Al2O3@Zn symmetric cells were also observed by SEM (Figure S7). As can be 

seen from Figure S7a and the insert, the separator from the bare Zn cell has accumulated a large amount 

of Zn deposition, which is further confirmed by the strong Zn peak in the EDX spectrum (Figure S7c). 

The glass-fiber separator is largely blocked with many Zn dendrites, which might hinder zinc ion 

diffusion through the separator, lead to the loss of active Zn metal, and cause internal short circuit. 

Collectively, these factors could result in an increased cell resistance, low Zn stripping and plating 

efficiency, and deteriorated electrochemical performance. In sharp contrast, the separator from 

100Al2O3@Zn (Figure 7b and insert) has a much cleaner surface than that of bare Zn, with little Zn 

deposition. From Figure4, it is evident that by ALD Al2O3 coating effectively inhibited the growth of Zn 

dendrites on the Zn anode, and reduced the trapping of Zn in the separator, leading to improved 

electrochemical performance in Zn|Zn cells.

Figure 4. Top-view (a, b) and cross-sectional (c, d) morphologies of cycled bare Zn; Top-view (e, f) and cross-sectional 
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(g, h) morphologies of cycled 100Al2O3@Zn

Figure 5. (a) XRD patterns of bare Zn and 100Al2O3@Zn after cycling; XPS spectra of (b) Zn 2p and (dc) O 1s for bare 

Zn and 100Al2O3@Zn after cycling. (d) XPS survey spectra of 100Al2O3@Zn before and after cycling. (e) the enlarged area 

from 300 ~ 0 eV 

In order to get deep understanding on the structure and composition of Zn dendrites, XRD and XPS 

were utilized to characterize the bare Zn and 100Al2O3@Zn recycled from Zn|Zn symmetric cells. As 

shown in Figure 5a, for besides the diffraction peaks assignable to Zn metal (JCPDS No. 65-5973), three 

new diffraction peaks are identified at 12.4°, 19.6° and 33.1°, respectively, for both cycled bare Zn and 

100Al2O3@Zn, and are characteristic peaks of Zn(OH)2 (JCPDS No. 65-5973).47 This suggests that the 

Zn dendrite flakes in Figure 4 are composed of Zn(OH)2 species. This conclusion was also consistent 

with the HETEM results of cycles bare Zn (Figure S8). In addition, the peak intensities of Zn(OH)2 are 

much weaker in cycled 100Al2O3@Zn than bare Zn, revealing the suppressed formation of Zn(OH)2 by 

Al2O3 coating. XPS was employed to determine the chemical state on the Zn anode surface after cycling. 
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Prior to XPS measurements, the Zn anode were thoroughly washed with deionized water to remove 

residual salt and glass fiber. In order to reveal the chemical species of Zn dendrites on the surface of zinc 

anode, high-resolution Zn 2p and O1s spectra were recorded and displayed in Figure 5b and 5c, 

respectively. For 100Al2O3@Zn after cycling, the Zn 2p peak is asymmetric in the shape with a visible 

shoulder on the low energy side, indicating at least two different bonds. A Gauss-Lorentz fit yields a 

main peak at 1020.8 eV and a shoulder peak at 1021.7 eV, which is assigned to Zn metal and Zn(OH)2, 

respectively.48, 49 On the contrary, the Zn 2p spectrum of cycled bare Zn shows a symmetric peak being 

fitted into one peak at 1021.7 eV, which is characteristic of Zn(OH)2. The analysis on Zn2p spectra of 

cycled bare Zn and 100Al2O3@Zn confirms that the formation of Zn(OH)2 is largely suppressed due to 

ALD Al2O3 coating. As shown in Figure 5c, the asymmetric O 1s spectrum of cycled 100Al2O3@Zn is 

composed of a major peak at 530.2 eV (O2- in Al2O3) and a minor peak at 532.3 eV assignable to 

hydroxide (OH-).50 While for the cycled bare Zn, the symmetric O 1s spectrum is fitted well into only 

one peak at 532.3 eV, which is ascribed to the hydroxide. Based on the Zn 2p and O 1s XPS results, it 

can be found that the Zn dendrites contain Zn(OH)2, which is non-conductive and might create an 

insulating barrier for Zn ion diffusion. With the surface modification of Al2O3 coating on Zn anode, 

Zn(OH)2 can be effectively reduced, consequently leading to improved Zn stripping/plating reversibility. 

For a better comparison, we compare the full survey XPS spectra of 100Al2O3@Zn before and after 

cycling and local region in the Al 2s and Al 2p peaks (300-0 eV). As shown in Figure 5d, for 

100Al2O3@Zn before cycling, there is no Zn-related XPS peaks (Zn 2p, Zn LMM, etc.) and obvious Al-

related peaks (Al 2s and Al 2p), indicating the successful coating of Al2O3 on the surface of Zn anode. 

In Figure 5e, it is clear that Al XPS peaks located at about 117.3 eV (Al 2s) and 72.3 eV (Al 2p) can still 

be observed, but their intensities decreased to a significantly lower value. This is expected and consistent 

with the reported ALD Al2O3 coating on Li metal.38 Although the Al content detected by XPS decreased 

to a very low value on the Zn surface after prolonged Zn striping/plating cycles, the improved 

morphology without large Zn dendrite flakes could be observed after extended cycling. This suggests 

that the significant impact of ALD Al2O3 on suppressing dendrite formation and improving the cycling 

performance even after Al2O3 film undergoes some mechanical degradation. 
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Figure 6. Contact angles of (a) bare Zn and (b)100Al2O3@Zn with 3M Zn(SO3CF3)2 electrolyte; (c) corrosion curves of 

bare Zn and 100Al2O3@Zn in 3M Zn(SO3CF3)2 electrolyte.

   The influence of ALD Al2O3 coating on the zinc surface were also investigated by contact angle 

measurement and corrosion test in a 3M Zn(SO3CF3)2 aqueous solution. For the contact angle 

measurement, the electrolyte droplet was kept as 5 μL to avoid gravitational effect. As shown in Figure 

6a and 6b, 100Al2O3@Zn has a contact angle of 71°, lower than than that of bare Zn (88°), indicating a 

better surface wettability between the zinc plate and electrolyte caused by ALD Al2O3 coating. The 

improved surface wettability could result in a more even Zn ion flux across the Zn surface and lower 

charge transfer resistance during Zn stripping and plating process, which are beneficial for the 

electrochemical performance.30,36 The corrosion curves of Zn with and without Al2O3 coating were 

shown in Figure 6c, and the corresponding Tafel fit corrosion kinetic parameters were summarized in 

Table S2. As shown in Figure 6c and the insert, the corrosion potential of Zn foil with Al2O3 coating 

shifts to more negative potential and the corrosion current becomes smaller. For example, the corrosion 

potential of bare Zn and 100Al2O3@Zn is -871.1 mV and -875.7 mV (vs. Ag/AgCl), respectively, 

indicating improved corrosion resistance by Al2O3 coating. This conclusion is further confirmed by the 

lower corrosion current of 100Al2O3@Zn (4.91 mA) than that of bare Zn (8.20 mA). The corrosion test 

results indicate that Al2O3 coating layer can act as inhibitor to alleviate Zn metal from corrosion reaction.  

The Zn anodes with and without ALD coating were further applied in Zn-MnO2 cells using δ-MnO2 

3D micro/nano spheres as cathode (Figure S9) for full-cell validation. Cycling voltammetry (CV) was 

first used to investigate the redox reactions and the reversibility of bare Zn-MnO2 and 100Al2O3@Zn-

MnO2 cells for the initial three cycles during the charge-discharge process. As shown in Figure S10, 

after 
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Figure 7. (a) Cycling performance of 100Al2O3@Zn-MnO2 cell and bare Zn-MnO2 cell at 0.1 mA cm-2 (corresponding to 

100 mA g-1 (1/3 C) for MnO2); charge-discharge profiles of (b) bare Zn-MnO2 cell and (c) 100Al2O3@Zn-MnO2 cell in the 

1st, 5th, 100th, 150th and 200th cycle; (d) Rate capability of 100Al2O3@Zn-MnO2 cell and bare Zn-MnO2 cell ranging from 0.1 

to 3 mA cm-2; charge-discharge profiles of (e) bare Zn-MnO2 cell and (f) 100Al2O3@Zn-MnO2 cell ranging from 0.1 to 3 

mA cm-2; (g) long-term cycling stability and discharge mid-point voltage of 100Al2O3@Zn-MnO2 cell and bare Zn-MnO2 

cell at 1 mA cm-2 (corresponding to 1 A g-1 (3.33 C) for MnO2), and (h) differential capacity (dQ/dV) plots of 

100Al2O3@Zn-MnO2 cell in the 50th, 100th, 200th, 500th and 100th cycles.

the reduction reaction peak (at 1.10V) in the first cycle, the CV curve of bare Zn-MnO2 has two pairs of 

reduction/oxidation peaks located at 1.14/1.37 and 1.57/1.61 V, while 100Al2O3@Zn-MnO2 has also two 

pairs at 1.15/1.38 and 1.56/1.60 V, indicating a similar redox reaction behavior. Therefore, ALD Al2O3 

coating does not change the mechanism of redox reactions in δ-MnO2 cathode. Figure 7a shows the 

cycling performance of bare Zn-MnO2 and 100Al2O3@Zn-MnO2 at 0.1 mA cm-2 (corresponding to 100 

mA g-1 (1/3 C) for MnO2 cathode) for 200 cycles. 100Al2O3@Zn-MnO2 displays much better cycling-
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stability than the bare Zn-MnO2. The discharge capacity of bare Zn-MnO2 decreases from 283.8 mAh 

g-1 in the 1st cycle to 106.2 mAh g-1 in the 200th cycle, with a capacity retention of 37.4% after 200 cycles. 

In contrast, 100Al2O3@Zn-MnO2 exhibits a discharge capacity of 305.5 mAh g-1 in the 1st cycle, and 

maintains a discharge capacity of 226.7 mAh g-1 after 200 cycles, with a high capacity retention of 74.2%. 

Moreover, the CE of 100Al2O3@Zn-MnO2 is also much improved compared to bare Zn-MnO2. The 

charge-discharge profiles in the 1st, 5th, 100th, 150th, and 200th cycles of bare Zn-MnO2 cell and 

100Al2O3@Zn-MnO2 cell are shown in Figure 7b and 7c, respectively. After the first discharge cycle, 

the following discharge curves are divided into two obvious platforms with a turning point at 1.30 V. As 

previously reported in aqueous Zn-MnO2 batteries,12,36,52 the first discharge plateau before 1.30 V is 

dominated by the insertion of H+, and the second one after 1.30 V corresponds to the Zn2+ insertion into 

MnO2. 100Al2O3@Zn-MnO2 has much smaller polarization than bare Zn-MnO2. The voltage plateaus 

during charge and discharge process agree well with the CV results. These results suggest that ALD 

Al2O3 coating can enhance the cycling stability and reduce the electrode polarization during the charge-

discharge process. The rate capabilities of bare Zn-MnO2 and 100Al2O3@Zn-MnO2 battery are displayed 

in Figure 7d and the corresponding charge–discharge curves at each current density are shown in Figure 

7e and 7f. As clearly seen from Figure 7d, 100Al2O3@Zn-MnO2 shows a more superior rate capability 

than bare Zn-MnO2 at all the current densities. For example, 100Al2O3@Zn-MnO2 delivers a reversible 

capacity of average 303 mA h g-1, about 98.4% of its theoretical capacity (308 mAh g-1), at 0.1 mA cm-

2 (100 mA g-1 for MnO2). When the current increases from 0.1 to 0.3, 0.5, 1 and 2 mA cm-2 (300, 500, 

1000 and 2000 mA g-1 for MnO2), the discharge capacity can reach 262.7, 219.6, 174.9 and 127.2 mAh 

g-1, respectively. It still can deliver a discharge capacity of 69.2 mAh g-1, even at a current as high as 3 

mA cm-2 (3 A g-1 or ≈ 10 C for MnO2). In contrast, for bare Zn-MnO2, its discharge capacities are about 

279.6, 213.9, 150.6, 106.7 and 63.7 mAh g-1 ranging from 0.1 to 2 mA cm-2, and only delivers ~ 15 mAh 

g-1 at a current of 3 mA cm-2. Furthermore, the characteristic turning point and plateaus can still be easily 

distinguished in charge-discharge curves of 100Al2O3@Zn-MnO2 (Figure 7f), even at the high current 

density of 3 mA cm-2, while it is not the case for bare Zn-MnO2 (Figure 7e). The long-term cycling 

stability is further evaluated at 1 mA cm-2 (1 A g-1 for MnO2). As shown in Figure 7g, for 100Al2O3@Zn-

MnO2, a discharge capacity of 158.4 mAh g-1 is retained even after 1000 cycles, with a high capacity 
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retention of 89.4%. 100Al2O3@Zn-MnO2 exhibits overlapped charge-discharge profiles in the 50th, 100th, 

200th, 500th, and 1000th cycles (Figure S11) and dQ/dV plots (Figure 7h), demonstrating a high cycling 

stability and reversibility. On the contrary, the capacity of bare Zn-MnO2 shows a suddent decrease after 

400 cycles and finally stabilizes at 54.7 mAh g-1 after 1000 cycles with a capacity retention of only 51.0%. 

In addition, the discharge mid-point voltage of 100Al2O3@Zn-MnO2 (1.32 V in the 1000th cycle) exhibits 

a much higher stability than that of bare Zn-MnO2 (1.15 V in the 1000th cycle) during the whole cycling 

process, suggesting that ALD Al2O3 coating improves the capacity retention, reduce discharge voltage 

decay, and increase the energy density of ZIBs. 

3. Conclusions

In conclusion, we have successfully demonstrated the ALD Al2O3 coating as a thin protective layer 

on the Zn metal for constructing robust Zn anode in aqueous ZIBs for the first time. The nanoscale 

ultrathin Al2O3 coating reduced the Zn anode reactivity with the electrolyte, improved the uniformity of 

Zn plating/stripping, and suppressed the formation of Zn dendrites, thus significantly improving the 

lifespan of Zn-Zn symmetric cells. Superior batteries performance was achieved when Zn metal with 

optimized Al2O3 coating (~ 10 nm) applied as an anode in Zn-MnO2 batteries. The presented design of 

ALD Al2O3 coated metal Zn anode may bring in new opportunities to the realization of safe and eco-

friendly aqueous ZIBs and shed light on the development of other metal anode-based battery systems.
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Nanoscale Al2O3 coating by atomic layer deposition technique enabled safe and dendrite-free Zn anode 
for rechargeable aqueous zinc-ion batteries.
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