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Figure 3 (Color online) Different electrolyte regulation strategies. (a) Schematic representation of the solvation structure and in situ-formed
passivation layer in concentrated hybrid aqueous electrolyte 4 mol/L Zn(OTF), + 2 mol/L LiClO, and diluted hybrid aqueous electrolyte 1 mol/L Zn
(OTF); + 2 mol/L LiClO,, respectively[33], Copyright © 2021, Wiley-VCH; (b) schematic diagram of 3 mol/L ZnCl,, Zn(ClO,),, and Zn(BFy), highly
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Figure 4 (Color online) Construction strategy of the Zn anode electrode protective layer. (a) The schematic descriptions of the EDL structure before
and after introducing Sac (Sac™ represents free Sac anions, Sac* represents Sac anions chemically bonded with Zn surfaces); (b) the XRD patterns of
pristine Zn plate, Zn plate soaked in water, and Zn plate soaked in Sac/water'*’), Copyright © 2021, Wiley-VCH; (c) schematic illustration of the
formation mechanism of Zn,P,O.-rich SEI derived from glycerophosphorylcholine; (d, e) high-resolution transmission electron microscope images of
the SEI layer formed in glycerophosphorylcholine electrolyte!, Copyright © 2024, Wiley-VCH; (f) schematic illustrations of the EDL structure for
bare Zn and Zn@Si0,-SA electrodes®”), Copyright © 2022, Wiley-VCH; (g) the composition difference of the EDL on LER@Zn and LEP@Zn anodes
in ZnSO, electrolyte!®), Copyright © 2024, Wiley-VCH
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Figure 5 Test process of the EDL. (a) Cyclic voltammograms curves for Zn-Zn symmetric coin cells in a voltage range from —15 mV to 15 mV under
various scanning rates; (b) plots of capacitive current versus scan rate; (c) EDLC in different aqueous electrolytes using three-electrode cell
configurations*”), Copyright © 2021, American Chemical Society; (d) the differential capacitance-potential curves in ZnSQy electrolyte with different
metal cation additives*”), Copyright © 2024, the Royal Society of Chemistry; (e) non Faradaic capacitance-potential curves of the Ti electrodes with/
without Trist ], Copyright © 2024, Wiley-VCH; (f) /-t curves generated by a small amplitude potential step and the differential capacitance calculated
in Zn||Zn symmetric cells with MPS0552, Copyright © 2024, Wiley-VCH
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Figure 6 (Color online) Test strategy of EDHM. (a) Schematic diagram of the EDHM; (b) in situ EDHM of bare Zn (upon) and OH-F-mSiO,@Zn
(down) electrodes at different deposition times at 10 mA cm Y, Copyright © 2024, American Chemical Society; (c) the voltage profiles of
galvanostatic Zn deposition at different current densities in 2 mol/L ZnSO, electrolyte; (d) the phase maps corresponding to points (i—iii) in (c): (i-iii)
0.1 mA cm™2, (ij—iii;) 0.5 mA ecm 2, (ip—iiiy) 1.0 mA em 2, (is—iii3) 2.0 mA cm 2, (i,~iiis) 4.0 mA cm %! Copyright © 2024, Springer Link
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Figure 7 (Color online) Optical characterization technique of the Zn anode interface. (a) In situ Raman spectra of the surface layer of the working
electrode in the ImS/ZSO electrolyte'!, Copyright © 2022, the Royal Society of Chemistry; illustration of operando Raman detection of interfacial
environment during Zn deposition on Cu substrate (b) and corresponding spectra in different electrolytes ()", Copyright © 2023, Wiley-VCH; (d) in
situ FTIR of the Zn/electrolyte interface upon Zn plating/stripping in ZnSO,/Tris at 0.1 mA em™2*%!, Copyright © 2024, Wiley-VCH; (e) in situ FTIR
spectra of zinc foil surface at different deposition stages in MPS00 and MPS05 electrolytes”*!, Copyright © 2024, Wiley-VCH; (f) in situ ATR-SEIRAS
results in BE and BE/AK electrolytes®®), Copyright © 2024, Wiley-VCH; (g) schematic of the electrochemical cell for in situ FTIR measurements and
corresponding ion concentration profile tested by chronopotentiometry; (h) in situ FTIR spectra are collected during the Zn-electroplating/stripping with
the variation of spectra color from blue (Zn-plating, bottom) to orange (Zn-stripping, top). Note that the background was first collected in the
atmosphere, and then, the first spectrum after filling the electrolyte [A(#), without current], and the second spectrum [A4(%,), with current, within the time
resolution of IR], as well as the subsequent spectra [A4(#,), with current] were collected; (i) evolution of the relative absorbance A(z,)-A(%y) of 1 mol/L
ZSE during Zn-plating (bottom) and Zn stripping (top)*®”’, Copyright © 2024, American Chemical Society
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Figure 8 (Color online) Molecular dynamics simulation of the EDL in Zn anode interfaces. (a) Snapshots of MD simulations with TPPS/ZnSO,
electrolyte in the vicinity of the Zn slab surfaces after 0, 200, and 400 ps'®”, Copyright © 2023, Wiley-VCH; (b) MD simulation snapshots of PCA-Zn
electrolyte with Zn anode and with the addition of electric field™®!, Copyright © 2024, Wiley-VCH; MD simulation of the Fu adsorption process on Zn

before (c) and after (d) 50 ns™®?!, Copyright © 2024, Wiley-VCH
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Research progress on structural regulation and advanced
characterization of electric double layer at Zn anode interface
of aqueous Zn-ion batteries
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Resource depletion and environmental degradation have driven the development of renewable energy sources, such as solar
and wind power, to replace fossil fuels. However, the inherent intermittency of these renewable energy sources poses a
significant challenge to the power grid, necessitating the development of large-scale energy storage systems. Recently,
rechargeable aqueous Zn batteries using Zn metal as the anode have been revisited as a potential solution for grid energy
storage due to the advantages of non-flammability, environmental benignity, low cost, etc. Unlike most metals including Li,
Na, K, Mg, Al, etc., Zn metal can be directly applied as the anode for aqueous batteries and also exhibits a high theoretical
capacity of 819 mAh g™, superior volumetric capacity of 5854 mAh cm™ and low redox potential of —0.762 V vs. the
standard hydrogen electrode. The performance of aqueous Zn-ion batteries, however, remains unsatisfactory for their
further commercial application due to uncontrollable dendrite growth and interfacial side reactions. Specifically, the
deposition-stripping process of Zn metal is controlled by the Zn anode-electrolyte interface, where the structural evolution
of the electric double layer (EDL) is the critical issue for the excellent electrochemical performance of zinc anodes. The
EDL is the region where electrochemical reactions occur, and it plays a critical role in electrochemical energy conversion
and storage. Previous reports reveal that EDL is crucial to the formation of solid electrolyte interphases and conventional
electrochemical double layer capacitors. Generally, the dipolar H,O molecules exist in the inner Helmholtz layer of the
EDL, participating in the interfacial reactions during battery operation. Consequently, uncontrollable electrochemical and
chemical corrosion reactions continuously occur, significantly degrading the battery performance. Moreover, the de-
solvation process of [Zn(H,0)s]*" and the Zn deposition process both occur in the EDL, determining the electrochemical
reactions at the surface of the Zn anode and the morphology of Zn deposition. Modifying the EDL structure can greatly
influence the efficiency, stability, and overall performance of the battery system. In recent years, researchers have made
some achievements in the research of Zn anodes by proposing various modification strategies in Zn anode-electrolyte
interface modification. However, due to the limitation of characterization methods, the reaction mechanism of the EDL still
remains unclear.

In this work, we systematically investigate the structural evolution mechanism, interfacial reaction mechanisms
regulation strategies, electrochemical and in-situ spectral characterization methods, and theoretical simulations of the EDL
at zinc anode-electrolyte interfaces. Moreover, we introduce novel perspectives for the investigation of the EDL at the Zn
anode-electrolyte interface in the future. These include, for example, a multi-scale study on the evolution of the EDL at the
zinc anode through the integration of electrochemical, spectroscopic, and theoretical modeling methodologies.
Furthermore, we propose to examine the evolution behavior of the EDL at the Zn anode-electrolyte interface under
practical application conditions within Ah-scale Zn batteries. These research endeavors will offer references for the
practical deployment of aqueous Zn-ion batteries.

aqueous Zn-ion battery, Zn anode, structure and characterization of electric double layer, reaction mechanism of
Zn anode interface
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