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Abstract: Despite impressive merits of low-cost and high-safety electrochemical energy 

storage for aqueous zinc ion batteries, researchers struggled long against unsolved issues of 

dendrite growth and side reactions of zinc metal anode. Herein, a new strategy of zinc-

electrolyte interface charge engineering induced by amino acid additive is demonstrated for 

highly reversible zinc plating/stripping. Through electrostatic preferential absorption of 

positively charged arginine molecules on the surface of zinc metal anode, a self-adaptive zinc-

electrolyte interface is established for the inhibition of water adsorption/hydrogen evolution 

and the guidance of uniform zinc deposition. Consequently, an ultra-long stable cycling up to 

2200 hours at a high current density of 5 mA cm-2 is achieved under an areal capacity of 4 mAh 

cm-2. Even cycled at an ultra-high current density of 10 mA cm-2, 900 hours-long stable cycling 
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is still demonstrated, indicating a reliable self-adaptive feature of zinc-electrolyte interface. 

This work provides a new perspective of interface charge engineering in realizing highly 

reversible bulk zinc anode that could prompt its practical application in aqueous rechargeable 

zinc batteries.  

1. Introduction 

Rechargeable lithium-ion batteries (LIBs) have made huge commercial success ranging 

from portable electronics, electric vehicles to grid-scale energy storage. [1-4] However, the long-

existing concerns regarding the intrinsic safety hazards and the limited lithium resources which 

shadow the development of LIBs from the very beginning, have dramatically steered the 

development of non-lithium safe batteries. [5-10] Aqueous zinc ion batteries (AZIBs), one of the 

non-lithium safe batteries, has attracted considerable attention due to the natural abundance of 

zinc, the intrinsic safety of aqueous electrolyte and the low redox potential/high theoretic 

capacity of zinc anode toward high energy batteries. [11-14] The research on AZIB is currently 

undergoing the phase transition from the usage of conventional alkaline electrolyte to the 

neutral/mildly acidic one, which is hypothesised to be corrosion free from the strong alkaline 

to yield stable zinc plating/stripping processes. [15-18] Unfortunately, recent studies have proved 

above hypothesis to be another fantasy since corrosion reaction and zinc dendrite growth still 

occur in the neutral/mildly acidic electrolyte, [19] which are caused by the hydrogen evolution 

reaction (HER), the formation of electrochemically inactive by-products (such as 

ZnSO4[Zn(OH)2]3 (ZSH) in ZnSO4 electrolyte) and the uneven deposition of zinc. [20-22] These 

problems will unavoidably lead to the accelerated decay of Zn anode, cause poor reversibility 

of zinc plating/stripping, and degrade life span of the whole battery system. 

To date, there have been various strategies proposed in improving the reversibility of bulk 

Zn anode, including constructing artificial functional layer, [23-29] introducing electrolyte 

additives, [30-34] and employing highly concentrated electrolytes. [35] The artificial layers, mostly 

composed of polymers or inorganic materials, can block the contact between the electrolyte and 

anode, guide the uniform distribution of Zn2+, and thus exhibit improved cycle life and 

Coulombic efficiency (CE) of Zn anode. However, the artificial layers built by ex-situ methods 

are generally not homogeneous enough to completely avoid the electrolyte invasion. More 

problematically, the anode volume change during Zn plating/stripping process can ruin the 

uncompacted layers, which severely limits their practical application in the case of high 

charge/discharge depth (>2 mAh cm-2). Electrolyte additives such as organic 

molecules/polymers and metal ions have been utilized to suppress the side reactions and restrict 

the Zn dendrite growth, which is enabled by interface absorption and/or electrostatic shielding. 
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[36] Unfortunately, the polarity-induced molecule absorption is far from strong enough to 

achieve a thorough surface coverage of Zn anode, while the electrostatic shielding of metal ions 

plays a limited role to suppress HER and prevent the formation of by-products. [37] Upon 

recognizing the nature of zinc plating is a typical redox process at the zinc-electrolyte interface, 

the interfacial charge state can essentially be utilized to guide Zn2+ adsorption/diffusion from 

the kinetics perspective. 

From the point of view in regulating zinc-electrolyte interfacial charge states, an interface 

charge engineering strategy is proposed by introducing amino acid additive to achieve highly 

reversible zinc plating/stripping. The positively charged amino acid such as arginine (Arg) is 

verified to be preferentially adsorbed on the surface of bulk Zn anode, initiating a self-adaptive 

zinc-electrolyte interface with strong steric hindrance, which effectively hinders water 

adsorption and guides uniform zinc deposition. Consequently, bulk Zn anode achieves an ultra-

long stable cycling up to 2200 hours at a high current density of 5 mA cm-2 and an areal capacity 

of 4 mAh cm-2. Moreover, such self-adaptive zinc-electrolyte interface enables AZIB full cells 

with MnO2 cathode achieving long-term stable cycling. 

 

2. Results and discussion 

The key of this interface charge engineering strategy is to regulate zinc-electrolyte interface 

charge states by harnessing the electrostatic absorption of amino acids. Three typical hydrophile 

amino acids with varied types of electric charge in mildly acidic ZnSO4 electrolyte (pH=5) were 

selected to investigate the absorption behaviors. Figure 1a and 1b show the adsorption model 

of amino acids and the corresponding adsorption energy through density functional theory 

(DFT) calculation. The highest adsorption energy calculated belongs to the positively charged 

arginine (Arg), whereas the negatively charged glutamate (Glu) exhibits the lowest value. 

Furthermore, the adsorption energy of Arg is calculated to be much higher than those values of 

H2O and Zn, indicating that Arg molecules will be preferentially adsorbed on the Zn surface 

and guide Zn2+ flux during the plating process, which fulfils a passive role in isolating water 

adsorption to prevent HER and restricting Zn dendrite growth.  

To further assess the electrostatic adsorption in terms of positive charge, Arg/Glu are 

modulated with positively/negatively charged and neutral (uncharged) states to investigate the 

difference in adsorption energy (the inset of Figure 1b), which clearly shows that positive 

charge will boost the interface adsorption regardless of the species of amino acids. Considering 

the mildly acidic environment of ZnSO4 electrolyte, positively charged Arg additive is chosen 

for the subsequent electrochemical analysis. The Zeta potential measurement of Zn powders 
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(Figure S1) clearly verifies the strong electrostatic absorption of Arg molecules on the Zn 

surface, as the potential value increases from -27.4 to 8.23 mV with the addition of Arg. We 

further examine the adsorption behaviors of Arg by performing electrochemical impedance 

spectroscopy (EIS) tests at different potentials (Figure 1d), where the ZnSO4 solution has been 

replaced by Na2SO4 solution to avoid the interference of faraday current. It is found that the 

surface capacitance is obviously decreased upon the Arg introduction, further addressing the 

strong electrostatic adsorption of Arg on the surface of Zn metal. To further illustrate the self-

adaptability of the Arg adsorption, cyclic voltammetry (CV) curve of Zn symmetric cell in 0.1 

M Arg solution is shown in Figure S2. A typical capacitive absorption behavior is verified with 

no redox peak observed, indicating that the zinc-electrolyte interface is dynamic during the Zn 

plating/stripping process. Such self-adaptive absorption layer of Arg can effectively adjust the 

interface charge states of Zn anode and therefore substantially affect the whole Zn 

plating/stripping process. 

The chemical stability of Zn in the electrolyte with Arg additive was further investigated 

by immersing Zn metal in electrolytes as shown in Figure S3a-h. In comparison to the bare 

ZnSO4 electrolyte, the Arg-added one distinctly restricts the surface corrosion, as a smooth 

surface morphology is observed after soaking the Zn for 5 days in the electrolyte with an Arg 

concentration up to 0.1 M. The ionic conductivity of above electrolytes (Figure S3i) shows a 

slight decrease with the increase of the Arg concentration. Hence, considering the optimal cycle 

life (Figure S3j), electrolyte containing 0.1 M Arg (named as ZnSO4+Arg) is taken for the 

further tests. Symmetrical cell with galvanostatic method (1 mA cm-2 and 1 mAh cm-2, Figure 

1c) was used to test the stability of Zn anode in bare ZnSO4 electrolyte and amino acid-added 

electrolytes. Compare to the bare ZnSO4 electrolyte and electrolytes with Glu/Ser additives, the 

cell with Arg additive can achieve unprecedent cycle life up to 2950 hours and beyond at lower 

current density and areal capacity (0.32 mA cm-2, 0.32 mAh cm-2, over 3900 hours, Figure S4), 

revealing a fact that Arg additive can maximize the cycle life of bulk Zn anode under the same 

testing conditions. 

To unveil the suppression of side reactions upon interfacial adsorption of charged Arg 

molecules, linear sweep voltammetry (LSV) scans were carried out as shown in Figure 2c. 3 

M ZnSO4 solution was replaced by 1 M Na2SO4 one to avoid the interference of zinc deposition 

reaction. Notably, the initial potential for HER decreases about 85 mV with Arg additive, 

suggesting the increased HER polarization and suppressed water adsorption. The phenomena 

can also be verified through linear polarization as shown in Figure 2d. Compared with bare 

ZnSO4 electrolyte, Zn corrosion potential in ZnSO4+Arg electrolyte increases and the corrosion 
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current density is reduced by 88.1 μA cm-2, suggesting that the corrosion of Zn anode is largely 

impeded. [38] At a low current density, it is well known that, side-reactions other than dendrite 

growth will become the primary reason for cell failure. [19] To identify the inhibition effect for 

side-reactions, symmetrical cells are tested at a small current density of 0.1 mA cm-2 and areal 

capacity of 1 mAh cm-2. The life span of Zn electrode is greatly extended with Arg additive 

(Figure 2f) for more than 700 hours stable cycling, while the cell in the bare ZnSO4 shows 

voltage fluctuations after 150 hours due to the severe side reactions. In-situ optical microscopic 

observation during cycling provides an intuitive view on the inhibition of hydrogen evolution 

and surface corrosion in ZnSO4+Arg electrolyte (Figure 2a, b and Video S1). In bare ZnSO4 

electrolyte, small gas bubbles emerge on the flat surface of Zn electrode in the first cycle, which 

develops heavily along with loose deposits accumulated after 20 cycles. On the contrary, there 

is no obvious gas evolution and loose deposits on the Zn electrode cycled in ZnSO4+Arg 

electrolyte. X-ray diffraction (XRD) results (Figure 2e) provide the same verdict that no 

miscellaneous peaks appeared in ZnSO4+Arg electrolyte after the zinc plating process. In 

contrast, Zn in bare ZnSO4 electrolyte shows extra peaks at 16.6 °, 21.1 ° and 23.0 ° 

corresponding to the formation of Zn4SO4(OH)6·5H2O by-products (PDF #39-0688), which 

manifests the inhibited side reactions in ZnSO4+Arg electrolyte. X-ray photoelectron 

spectroscopy (XPS) analysis of bare Zn and Zn anodes cycled in bare ZnSO4 electrolyte and 

Arg-added one is conducted as shown in Figure S5. It can be seen that the Zn 2p peaks located 

at 1022.05 and 1045.15 eV show no shift, indicating the maintenance of the chemical 

environment of Zn deposits in both electrolytes.[29] Compared with the Zn anode cyled in 

ZnSO4+Arg, the S 2p peaks located at 168.7 eV and 169.9 eV corresponding to the formation 

of ZSH as observed in XRD analysis,[39] indicating the severe side reactions in bare ZnSO4 

electrolyte. 

Dendrite growth is another major concern when design the Zn anode since it can degrade 

the electrochemical reversibility significantly. The morphology evolutions of Zn surface after 

different cycles are shown in Figure 3e and 3f. In bare ZnSO4 electrolyte, the surface becomes 

coarse with porous structure even after only one cycle, which turns to be severely aggravated 

with the hexagonal nanosheets and the particles accumulation after 50 cycles. By comparison, 

a smooth Zn surface is well maintained in ZnSO4+Arg electrolyte after 50 cycles. Since the 

dendrite formation will be more notorious under ultra-high areal capacity testing,[40,41] an 

extremely high capacity of 10 mAh cm-2 is plated to further study the restriction of dendrite 

growth in ZnSO4+Arg electrolyte (Figure S6, S7). The Zn electrode maintains smooth surface 

with a dense and uniform deposition as observed in the cross-sectional image. In contrast, large 
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quantities of hexagonal nanosheets are formed on the electrode surface, which leads to thick 

and loose deposits from the cross-sectional view. EDS mapping in Figure S7 shows that 

hexagonal dendrites and large clusters plate in bare ZnSO4 electrolyte due to the associated 

growth of dendrite and ZSH by-products, while no obvious signals corresponding to O/S 

elements are observed for the Zn electrode in ZnSO4+Arg electrolyte. In-situ optical 

microscopy is also carried out to characterize Zn plating process (Figure S8, Video S2), Cu 

wire was used as substrate and current is set as 10 mA. In bare ZnSO4 electrolyte, Zn plating 

shows obviously spiked growth and size of dendrite continuously increases. On the contrary, 

benefitting from the self-adaptive zinc-electrolyte interface, spherical growth is observed for 

the Zn plating in ZnSO4+Arg electrolyte. 

To study the impact of Arg absorption on zinc plating/stripping, cyclic voltammetry (CV) 

scans were performed as shown in Figure 3a. In general, the nucleation process has a crossover 

point (A). The difference between potentials (B/C) and A corresponds to the nucleation 

overpotential, which obeys the following equation: [42] 

𝒓𝐜𝐫𝐢𝐭 = 𝟐
𝜸𝑽𝒎

𝑭|𝜼|
                                                      (1) 

Where γ is the surface energy of the anode-electrolyte interface, Vm is the molar volume of Zn, 

F is the Faraday constant and η is the nucleation overpotential. This equation indicates that the 

higher overpotential is, the finer particles of Zn deposition tends to form. Compared with bare 

ZnSO4 electrolyte, the overpotential in ZnSO4+Arg electrolyte is increased by nearly 30 mV, 

making Zn2+ plating more prone to grow in small nuclei. The charge transfer resistance and 

nucleation overpotential in symmetric cells (Figure S9 and S10) are both increased with the 

addition of Arg, further suggesting the hindered Zn2+ transfer kinetics. This can be attributed to 

the strong steric hindrance of charged Arg adsorption layer, which will guide the uniform Zn2+ 

ion flux on the Zn anode surface. In a further step, a negative overpotential of -150 mV is 

applied to Zn electrode to test chronoamperometry curve (Figure 3b). In bare ZnSO4 electrolyte, 

the current density is continuously increasing, suggesting a continuous 2D diffusion process. 

[43,44] Conversely, the change in current density is slowed down beyond the initial 100 s with 

the addition of Arg in the electrolyte, indicating the hindered Zn2+ 2D diffusion. Such verdict 

is also verified by DFT calculation, as shown in Figure 3g and 3h, with the adsorption of Arg 

on anode surface, Zn migration energy at different positions is significantly increased, which 

also indicates the inhibition of 2D diffusion process. 

Therefore, the guided uniform Zn2+ ion flux and the restrained 2D diffusion make Zn2+ in 

contact with anode surface tend to react directly to avoid consecutive dendrite growth. 

Simultaneously, charged Arg molecules on protrusions also play a beneficial role in the 
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inhibition of dendrite growth through electrostatic shielding.[45] To further testify the dendrite 

restriction effect, symmetrical cells at various capacity (10 mAh cm-2 and 20 mAh cm-2, 

respectively, Figure 3c, d) were tested, short circuit occurs rapidly for the cells in bare ZnSO4 

electrolyte (less than 30 hours) due to the severe dendrite growth. On the opposite, the cell with 

ZnSO4+Arg electrolyte can support more than 200 hours even at an ultra-high areal capacity of 

20 mAh cm-2, resulted by the self-adaptive feature and steric hindrance of Arg adsorption. 

The promotion effect of Arg additive is illustrated in Figure 4a. In bare ZnSO4 electrolyte, 

Zn2+ randomly absorbs on the zinc surface and migrate to the tip of nucleation sites during the 

plating process, leading to dendrite formation. Simultaneously, side reactions including HER 

and by-products formation will inevitably occur due to the competitive H2O adsorption on the 

anode surface, resulting in poor reversibility of Zn anode. Nevertheless, with the Arg additive, 

Zn metal surface is occupied by Arg molecules through absorption, which can obstruct H2O 

adsorption and restrict dendrite growth, creating a stable zinc-electrolyte interface. That is, with 

the continuous deposition of Zn2+, the adsorbed Arg is still anchored at interface in a self-

adaptive manner, thereby yielding a smooth plating behaviour. 

To evaluate the cycling stability of Zn anode in ZnSO4+Arg electrolyte for the practical 

application, an ultra-high testing condition with the current density of 5 mA cm-2 and areal 

capacity of 4 mAh cm-2 (Figure 4b) are applied when testing the symmetric cells. The insert of 

Figure 4b reveals the details of voltage profiles during Zn plating/stripping process under the 

different cycling periods. In bare ZnSO4 electrolyte, the cell fails only after 70 hours, while 

ZnSO4+Arg electrolyte can ensure a long-term stable cycling for more than 2200 hours. Even 

at 10 mA cm-2 and 4 mAh cm-2, which largely exceeds the general requirements for practical 

application, stable cycling up to nearly 900 hours is recorded indicating the self-adaptive feature 

of interface adsorption to accommodate deep and fast charge/discharge, which is among the 

best life span reported under similar testing conditions so far (Figure 4d, table S1). By 

assembling the Zn-Ti cell, the CE in ZnSO4+Arg electrolyte is recorded with an average value 

of 98.3% (Figure 4e-g), unveiling the good reversibility of Zn plating/stripping. By contrast, 

the CE in bare ZnSO4 electrolyte fluctuated significantly and the cut-off voltage cannot be 

reached after 60 cycles due to the severe side reactions. Voltage curve under continuous 

charging in symmetrical cell (Figure S11) shows severe fluctuation in bare ZnSO4 electrolyte, 

in contrast, a high Zn extraction rate is obtained in ZnSO4+Arg electrolyte which indicates the 

reversibility of electrode is greatly improved. [46-48] The results from above electrochemical tests 

strongly prove the effectiveness of Arg additive, which can be ascribed the formation of stable 

and self-adaptive interface layer due to the strong electrostatic adsorption of Arg molecules. 
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Such self-adaptive zinc-electrolyte interface can be constructed by other positively charged 

amino acid such as lysine (Lys) and similar promotion effect is demonstrated with long cycle 

life and high CE in symmetric cells (Figure S12), demonstrating the universal applicability of 

the interface charge engineering strategy.  

As a proof-of-concept, AZIB is evaluated in ZnSO4+Arg electrolyte by selection of a 

conventional MnO2 cathode material synthesized according to the literature method. [23] The 

nanorod-like α-MnO2 can be verified by XRD (Figure S13) and SEM (Figure S14). The full 

cells were tested with the addition of 0.1M MnSO4 to avoid the dissolution of cathode Mn2+ in 

the above electrolytes. The CV curves of full cells (Figure S15) presents typical redox peaks of 

MnO2 in both bare ZnSO4 and ZnSO4+Arg electrolytes, indicating that the redox process of 

MnO2 remains unchanged with Arg introduction. Due to the adsorption of Arg, 

Zn|ZnSO4+Arg|MnO2 cell shows a minor increase in voltage polarization, which is identical to 

the charge-discharge curves in Figure 5a and 5b. The cycling performance and corresponding 

CEs of cells are tested at 500 mA g-1 (Figure 5c), where the capacity of Zn|ZnSO4|MnO2 cell 

experiences abrupt drop after only 120 cycles. At this current density (about 1 mA cm-2 for 

anode), the continuous dendrite growth on the anode will cause short circuit after about 150 

hours, which is consistent with the cycle life of symmetrical cell. On the contrary, 

Zn|ZnSO4+Arg|MnO2 full cell exhibits superior cycling performance with an average CE of 

99.7% and capacity retention of more than 83% over 200 cycles, which emphasize the key role 

of Arg adsorption in benefiting the zinc plating/stripping. Additionally, full cell also shows a 

high rate capability with Arg additive (Figure S16). The surface morphology of Zn anodes after 

50 cycles in different electrolytes are shown in Figure S17, holes and prominences occurr in 

bare ZnSO4 electrolyte and a smooth surface can still be maintained in ZnSO4+Arg electrolyte. 

 

3. Conclusion 

In this work, we demonstrate an interface engineering approach to regulate the zinc-

electrolyte interface charge states through electrostatic absorption of positively charged Arg 

additive, to achieve highly reversible Zn anode. The adsorbed Arg molecules can form a self-

adaptive interface which maintain stable during Zn plating/stripping process and effectively 

prevent H2O adsorption and hinder the 2D diffusion of Zn2+, thereby suppressing side reactions 

and dendrite growth. This self-adaptive zinc-electrolyte interface enables a stable and highly 

reversible average plating/stripping CE of 98.26% over 300 cycles. This strategy effectively 

extends Zn electrode lifespan to nearly 2200 hours of symmetrical cells under ultra-high current 

density and areal capacity of 5 mA cm-2 and 4 mAh cm-2. Moreover, the application potential 
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of ZnSO4+Arg electrolyte is validated by Zn|MnO2 full cell which shows the preferable cycling 

stability. 
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Figure 1. (a) Density functional theory (DFT) calculation models of Arg, Ser and Glu. (b) 

Absorption energy of H2O, Glu, Zn, Ser and Arg on Zn surface in mildly acidic electrolyte, 

respectively. Inset is absorption energy of Arg and Glu with positively charged, uncharged and 

negatively charged on Zn surface, respectively. (c) Cycling stability of symmetrical cells 

with/without amino acid additives at 1 mA cm-2, 1 mAh cm-2. (d) Differential capacitance curve 

for Zn in Na2SO4 solution with/without Arg additive. 
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Figure 2. In-situ optical microscope image of Zn electrode at 1st, 5th, 10th and 20th cycle (a) 

in bare ZnSO4 electrolyte and (b) in ZnSO4+Arg electrolyte. (c) Linear sweep voltammetry 

(LSV) curve in 1 M Na2SO4 and 1 M Na2SO4+0.1 M Arg electrolyte. (d) Linear polarization 

curves in bare ZnSO4 and ZnSO4+Arg electrolyte. (e) X-ray diffraction (XRD) patterns of bare 

Zn and Zn electrodes after 10 mAh cm-2 Zn plating in two electrolytes. (f) Cycling stability of 

symmetrical cells at 0.1 mA cm-2, 1 mAh cm-2.  
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Figure 3. (a) Cyclic voltammograms (CVs) for Zn nucleation on Ti foil and (b) 

Chronoamperograms (CAs) of Zn in bare ZnSO4 electrolyte and ZnSO4+Arg electrolyte, 

respectively. Cycling stability of symmetrical cells (c) at 1 mA cm-2, 10 mAh cm-2 and (d) 1 

mA cm-2, 20 mAh cm-2. Surface morphology of Zn electrode at 1st, 10th and 50th cycle (e) in 

bare ZnSO4 electrolyte and (f) in ZnSO4+Arg electrolyte. Zn migration energy on Zn (0001): 

(g) Zn with Arg, (h) bare Zn, insets show the calculated migration positions. 
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Figure 4. (a) Schematic illustration of Zn plating behavior with and without Arg additive. In 

bare ZnSO4 electrolyte, uneven Zn plating and H2O adsorption will lead to dendrite growth and 

side-reactions. In ZnSO4+Arg electrolyte, a stable and self-adaptive interface adsorption of Arg 

can obtain a uniform Zn plating surface. Galvanostatic cycling of symmetrical cell in bare 

ZnSO4 and ZnSO4+Arg electrolyte at (b) 5 mA cm-2, 4 mAh cm-2 (insets: the enlarge profiles 

of voltage curve) and (c) 10 mA cm-2, 4 mAh cm-2. (d) Comparison of cycling stability of 

symmetrical cell over 2 mA cm-2, 2 mAh cm-2. [28,29,34,44,49] (e) CEs of Zn plating/stripping on 

Ti foil in bare ZnSO4 and ZnSO4+Arg electrolyte at 1 mA cm-2 and capacity of 1 mAh cm-2 and 

the corresponding voltage profiles (f) and (g) at different cycles, respectively. 
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Figure 5. Electrochemical performance of full cells: (a,b) Galvanostatic charge-discharge 

profiles of Zn/ZnSO4/MnO2 and Zn/ZnSO4+Arg/MnO2 batteries at 2nd, 50th and 100th, 

respectively. (c) Long-term cycling performance and corresponding CEs at 500 mA g-1. 

 

 



  

18 

 

Amino Acid-Induced Interface Charge Engineering Enables Highly Reversible Zn 

Anode 

 

Haotian Lu, Xuanlin Zhang, Minghe Luo, Keshuang Cao, Yunhao Lu, Ben Bin Xu, Hongge 

Pan, Kai Tao and Yinzhu Jiang* 

 

ToC figure  

 
Although aqueous rechargeable zinc battery holds great promise in energy storage, dendrite 

growth and side reactions have long limited the advance of zinc metal anode in rechargeable 

zinc battery. Herein, an interface charge engineering strategy is proposed via amino acid 

additive to regulate zinc-electrolyte interface charge states in achieving highly reversible Zn 

plating/stripping process.   
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Experimental Section 

Electrolyte preparation: 3 mol L-1 ZnSO4 electrolyte was obtained by dissolving zinc sulfate 

heptahydrate (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) in deionized water. 

Different kinds of amino acids (Arg, Glu, Ser, Aladdin) were added into ZnSO4 electrolyte and 

adjusted electrolyte pH to 5 (±0.2) by sulfuric acid or zinc hydroxide, in which the addition 

amount of Glu and Ser was 0.1M and the addition amount of Arg was 0.01 M, 0.05 M, and 0.1 

M respectively. 

Preparation of MnO2: MnO2 was obtained from previous report. [1] Firstly, 4.74 g of KMnO4 

and 11.03 g of Mn(CH3COO)2·4H2O (Sinopharm Chemical Reagent Co., Ltd) were dissolved 

into 40 mL deionized water separately. Then Mn(CH3COO)2 solution was slowly added into 

KMnO4 solution and heated at 80 °C for 4 h. The obtained precipitates were filtered and washed 

with deionized water and dried at 80 °C for 12 h and were further annealed at 200 °C for 2 h in 

air.  

DFT calculation: First-principles calculations based on density functional theory were 

performed via the Vienna ab-initio simulation package (VASP) [2,3] using the generalized 

gradient approximation (GGA) with the projected augmented wave (PAW) method. [4,5] 

Perdew-Burke-Ernzerh (PBE) [6] function was adopted for exchange-correlation functional. The 

energy cutoff for the plane wave basis expansion was set to 400 eV. The Brillouin zone was 

sampled by the Gamma-point for geometric optimization. The Grimme’s method (DFT-D3) [7] 

was employed to incorporate the effects of van der Waals interactions. To minimize the 

interactions between the molecules, a supercell (13.801 Å×15.937 Å) of Zn(0001) surface with 
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five zinc layers and 20 Å vacuum were selected to simulate the adsorption systems. The bottom 

three-layer zinc atoms were fixed to describe the bulk properties, and the other atoms were fully 

relaxed until the Hellmann-Feynman force on each atom was less than 0.05 eV/Å. An extra 

electron was added to/extracted from this system to simulate the charged state of the amino 

acids. The adsorption energy (Eads) of the amino acids on Zn(0001) surface was obtained by 

using the following equation: 

𝐸ads = 𝐸amino acid+Zn(0001) − 𝐸amino acid − 𝐸Zn(0001) 

where Eamino acid + Zn(0001)  was the total energy of the adsorption systems. Eamino acid was the energy 

of the optimized amino acid configurations and EZn(0001) was the energy of the Zn(0001) surface. 

The migration energy is defined as the relative energy between adjacent high-symmetric zinc 

adsorption positions along the migration path. 

Electrochemical measurements: The Neware BTS-5 test system was employed to obtain 

galvanostatic measurements of coin cells. Linear polarization, chronoamperometry (CA), linear 

sweep voltammetry (LSV), differential capacitance (DC) and cyclic voltammetry (CV) tests 

were carried on an CHI660C electrochemical workstation with three-electrode systems which 

Ti foil, Zn plate and Ag/AgCl adopted as working, counter and reference electrode. 

Electrochemical impedance (EIS) was carried out with symmetric cell. The corrosion current 

was calculated from Tafel fit system in electrochemical workstation. Ionic conductivities were 

tested by two blocking electrodes and calculated from equation: 𝜎 = 𝑙/(𝑅·𝑆). Where l represents 

the distance between electrodes, R represents the resistance from electrochemical impedance 

spectrum test, and S is the area of blocking electrodes. Differential capacitance curve was 

calculated from equation: C = -(ωZim)-1. Where C is differential capacitance and ω is angular 

frequency and Zim is the imaginary part of impedance, 1000 Hz was selected as specific 

frequency. To avoid electrochemical reaction, 0.1 M Na2SO4 was selected as solution. 
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Cell fabrication: CR2025 coin cells were assembled at air atmosphere for symmetrical cells, 

CE and full cell tests. Zn plates (Sinopharm Chemical Reagent Co., Ltd) and Ti foils (Shenzhen 

Kejing Star Technology) without further modification were cut in round coins with 8 mm radius 

and glass fiber filters were used as the separator. The symmetrical cells assembled with two 

identical Zn plates. Ti foil as working electrode and Zn plate as counter electrode were used to 

test CE. Cathode electrodes comprised MnO2 (70 wt%), Super P carbon (20 wt%) and 

polyvinylidene fluoride (10 wt%) in N-methyl-2-pyrrolidone solvent were mixed and coated on 

Ti foils (10 μm thickness) by the doctor blading method. The electrodes were dried in vacuum 

drying oven at 80 °C overnight and mass load was about 2 mg cm−2. This cathode and Zn plate 

anode were used to assemble full cells. 

Materials characterization: Zeta potentials were obtained from Malvern Zetasizer Nano-ZS. 

X-ray diffraction (XRD) patterns were carried out on a Bruker D8 diffractometer equipped with 

Cu‐Kα radiation, with 2θ range from 5° to 80°. X-ray photoelectron spectroscopy (XPS) 

spectres were carried out from Kratos AXIS Supra, all binding energies were corrected for the 

charge shift using C 1s peak at 284.8 eV. Surface morphology and element distribution images 

were obtained from scanning electron microscopy (SEM, HITACHI SU8010) and Oxford X-

Max 80 EDX spectrometer. All these electrode samples were obtained in three-electrode 

electrochemical cells with Zn plates as both reference/counter electrodes and working 

electrodes. in-situ optical microscope video and images were obtained from a ZW-C200 optical 

microscope (Shenzhen Zhongwei Science and Technology Co. LTD). 
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Figure S1. Zeta potential of Zinc powder with and without 0.01M Arg additive. 

  



  

23 

 

 

 

Figure S2. Cyclic voltammetry (CV) curve of Zn symmetric cell with 0.1M Arg solution at 

5mV s-1. 
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Figure S3. Surface morphology of Zn plate soaked 5 days: (a-b) in 3 M ZnSO4. (c-d) with 0.01 

M Arg additive. (e-f) with 0.05 M Arg additive. (g-h) with 0.1 M Arg additive. (i) Ionic 

conductivity of electrolytes with different Arg concentration. (j) Symmetrical cell test with 

different Arg concentration at 1 mA cm-2, 1 mAh cm-2. 
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Figure S4. Galvanostatic cycling of symmetrical cell at 0.32 mA cm-2, 0.32 mAh cm-2 and 

corresponding cycling details. 
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Figure S5. X-ray photoelectron spectroscopy (XPS) characterization of bare Zn, cycled Zn in 

bare ZnSO4 and ZnSO4+Arg, respectively: (a) Zn 2p spectra, (b) S 2p spectra. 
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Figure S6. Surface and cross-sectional morphology of Zn electrode after 10mAh cm-2 Zn plating 

(1 mA cm-2 current density). (a-c) Zn in ZnSO4+Arg electrolyte. (d-f) Zn in bare ZnSO4 

electrolyte. 
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Figure S7. Surface morphology and corresponding elemental mappings of Zn electrodes after 

10 mAh cm-2 Zn plating (1 mA cm-2 current density) (a-d) in ZnSO4+Arg electrolyte. (e-h) in 

bare ZnSO4 electrolyte. 
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Figure S8. In-situ optical microscope image of Cu wire at 10 mA current, different Zn plating 

time, (a) in bare ZnSO4 electrolyte and (b) in ZnSO4+Arg electrolyte. 
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Figure S9. Nyquist plots of Zn symmetric cells in 3 M ZnSO4 electrolyte and 3 M ZnSO4+0.1 

M Arg electrolyte, respectively.  

  



  

31 

 

 

Figure S10. Nucleation overpotential of Zn symmetric cells in 3 M ZnSO4 electrolyte and 3 M 

ZnSO4+0.1 M Arg electrolyte, respectively 

  



  

32 

 

 

Figure S11. Symmetrical cells charge curves in bare ZnSO4 and ZnSO4+Arg electrolyte, current 

density: 1 mA cm−2. 
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Figure S12.  Galvanostatic cycling of symmetrical cell in ZnSO4+Lys electrolyte at (a) 1 mA 

cm-2, 1 mAh cm-2 and (b) 10 mA cm-2, 4 mAh cm-2. (c) CEs of Zn plating/stripping at 1 mA 

cm-2 and 1 mAh cm-2 and the corresponding voltage profiles (d) at different cycles. 
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Figure S13. XRD pattern of MnO2 showing the α-MnO2 structure (PDF: #44-0141) 
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Figure S14. SEM image of MnO2 showing the nano-rod like morphology. 
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Figure S15. CV curves of MnO2/ZnSO4/Zn and MnO2/ZnSO4+Arg/Zn cells (2nd cycle, 5mV s-

1). 
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Figure S16. Rate capability of Zn/ZnSO4+Arg/MnO2 cell. 
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Figure S17. SEM image of Zn anode after 50 cycles in full cells: (a) Zn/ZnSO4/MnO2 cell, (b) 

Zn/ZnSO4+Arg/MnO2 cell. 

  



  

39 

 

Table S1. Ccomparison of this work with other previously reported cycling performance of 

symmetrical cells.  

Areal capacity 

(mAh cm-2) 

Current density 

(mA cm-2) 

cycle life 

(hour) 

reference 

1 1 180 

[8] 4 2 280 

1 20 100 

0.068 0.2 170 [9] 

1 1 200 [10] 

2 2 200 

[11] 

2.5 5 110 

1 2 140 [12] 

1 1 150 [13] 

5 5 160 

[14] 

2 10 400 

0.05 0.25 836 [1] 

1 5 2100 

[15] 

0.125 0.25 3800 

0.5 0.5 2200 [16] 

0.25 0.5 8000 

[17] 

10 10 150 

2 2 1100 [18] 

1 1 2950 

This work 4 5 2200 

4 10 900 
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