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Abstract 

Energy storage technology greatly influences human daily life, including the development of 

portable electronic devices, electric vehicles, smartwatches, etc. Researchers are seeking 

renewable and sustainable energy storage systems due to environmental concerns. Aqueous zinc-

ion batteries are a promising energy storage system due to their low cost, high safety and 

environmentally friendly. The metallic Zn has the advantages of low redox potential and high 

theoretical capacity. However, the Zn anode suffers from serious problems with Zn dendrite growth 

and side reaction. The cycling stability and electrochemical performance are affected by these 

problems significantly. Adding organic solvent in electrolytes is a promising solution because the 

organic molecules can enter the solvation structure and replace water molecules, reducing water 

activity and inhibiting the hydrogen evolution reaction. Certain organic molecules possibly form 

the protective layer from the reduction reaction in the electrolyte, which the protective layer is 

derived from electrochemical reactions and is beneficial for uniform Zn2+ deposition. 

Chapter 1 is an overview of electrolyte engineering in zinc-ion batteries. The mechanism of Zn 

dendrite formation, hydrogen evolution reaction, and Zn corrosion are discussed in detail. In 

addition, the advantages of SEI layer formation and solvation structure manipulation are 

introduced. The review of electrolyte engineering is divided into three parts: highly concentrated 

electrolytes, organic solvents, and additives. In the additive section, the metal-ion additive, SEI 

layer forming additive, and surfactant additive are discussed. All these electrolyte engineering 
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strategies are summarized and demonstrated with theoretical calculation and electrochemical 

performance. Challenges and objectives are also stated.  

Chapter 2 is the methodology for analyzing the solvation structure and stability of zinc ion batteries, 

including physical characterizations, electrochemical characterizations and computational 

simulations. 

Chapter 3 is a complete research project of enabling a stable zinc-ion battery by adding an organic 

solvent to the electrolyte. Diglyme (G2) is chosen as the organic solvent. It has affected the Zn2+ 

solvation structure, which inhibits the formation of Zn dendrite and hydrogen evolution reactions. 

Furthermore, the G2 molecule participates in the reduction reaction on the electrolyte-electrode 

interface, forming an organic-inorganic (ZnF2-ZnCO3- ZnSO3) layer on the Zn surface. The 

electrochemical performance shows high columbic efficiency and excellent stable and long cycling 

performance. In addition, the G2 organic solvent also expands the cell operating temperature to -

18°C. The Zn//I-AC full cell with G2 solvent is capable in low-temperature conditions. A high 

columbic efficiency is also obtained at a low temperature.  
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Chapter 1. Introduction of aqueous zinc ion 

battery 

Electrolyte engineering of Zinc anode protection for aqueous zinc-

ion batteries 

 

1.1 Abstract 

The increasing need for electrical energy storage has sparked a search for advanced battery 

solutions. The aqueous zinc-ion batteries (AZIBs) as potential alternatives to lithium-ion batteries 

(LIBs) have gained significant attention for their attractive features of low cost, high safety, and 

environmentally friendly. Significant progress has been made in exploring stable zinc anodes. 

However, several fundamental challenges regarding zinc dendrite growth, hydrogen evolution 

reaction, and zinc corrosion still hinder the advancement of zinc-based energy storage systems. 

The electrolyte plays a critical role in batteries, as its properties significantly influence energy 

storage mechanisms, reaction kinetics, side reactions, and cycling stability in ZIBs. Adjusting the 

electrolyte composition directly impacts overall performance. This review focuses on protecting 

zinc metal anode by performing electrolyte engineering from two aspects: solvation structure 

modification and solid electrolyte interface (SEI) formation. Critical issues and challenges of zinc 

metal anode will be discussed in detail. Previously reported progresses are collected and analyzed 

through theoretical simulations (DFT calculation, MD simulation, etc.) and electrochemical 

performances (morphology, cycling performance, etc.).  
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1.2 Background 

Nowadays, since the advancement of energy storage technology, various applications such as 

electric vehicles and portable electronic devices have emerged in every single person’s life, which 

significantly benefits and convenient the lifestyle of everyone. Lithium-based batteries are the 

most mature and market-successful energy storage devices due to their high energy density and 

high voltage output. However, the limited lithium metal resources and its relatively high cost have 

become a problem for sustainable development. Besides, the flammability of organic electrolytes 

in lithium-based batteries is a concern for daily use. Therefore, a more sustainable alternative must 

be discovered, and aqueous zinc-ion batteries (AZIBs) have emerged. 

AZIBs have emerged as one of the most promising energy storage systems for great safety and 

electrochemical performance. The mechanism of AZIBs can be summarized as reversible 

intercalation. During discharge process, the zinc metal anode will lose electron and dissolve into 

electrolyte. All the metal ions and salt ions are transported through the electrolyte. Electrons are 

transported through current collectors. The zinc metal ions are eventually intercalated and stored 

in the cathode material. During charge process, the process is reversed. Metallic Zn as the anode 

has great stability in the majority of battery environments. The aqueous electrolyte environment 

avoids flammability, and better safety is obtained. There are much more abundant zinc metal 

resources on the earth compared to lithium metal resources, which leads to a lower cost of zinc 

metal. Furthermore, zinc metal has a low redox potential (- 0.76 V vs the standard hydrogen 

electrode (SHE) and a high theoretical capacity (820 mAh g-1). However, besides all these 

advantages, AZIBs suffer from several critical challenges, including zinc dendrite growth, side 

reactions, and zinc metal corrosion. 
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1.3 Critical problems on zinc anode-electrolyte interface 

Zinc dendrites usually tend to form unevenly on the zinc anode surface during the zinc nucleation 

process, which is also called the tip effect. The tip effect refers to the phenomenon where 

protruding tip region is formed during Zn2+ diffusion on the anode surface. These tips have higher 

current density and favorable sites for Zn2+ deposition, causing the Zn2+ to get together and store 

up at the same location. Then Zn dendrite forms in this way, and the formed dendrite will attract 

more Zn2+ to deposit on the existing dendrite. Eventually, the dendrite will break through the 

separator and cause a short circuit in the battery(1). In the zinc aqueous electrolyte, the Zn2+ anion 

tends to interact with water molecules and form a solvation structure of [Zn(H2O)6]
2+ during the 

Zn2+ deposition. The solvation sheath of [Zn(H2O)6]
2+ necessitates a high energy barrier to be 

overcome for Zn2+ desolvation, which results in a high overpotential for water decomposition on 

the zinc surface(2, 3). Therefore, the hydrogen evolution reaction (HER) happens spontaneously 

as follows: 

2H+ + 2e- → H2          0V vs SHE            (1) 

Zn2+ + 2e- → Zn          -0.76V vs SHE                                      (2) 

The producing hydrogen gas increases the pressure inside the battery and causes an electrolyte 

leakage. The local PH value has also changed due to the consumption of H+ and results in an 

alkaline environment where by-products form as follows (4):  

2H2O + 2e
- → H2 + 2OH

-
                            (3) 

Zn2+ + 2OH- → Zn(OH)2 + 2e
-
                       (4) 

Zn(OH)2 + 2OH
- → Zn(OH)4

2-
                  (5) 

Zn(OH)4
2- → ZnO+H2O + 2OH

-                                               (6) 

These by-products of Zn(OH)2 and ZnO form unevenly on the surface, which causes further 

growth of Zn dendrite. Furthermore, the consumption of zinc metal leads to Zn corrosion, which 

results in the consumption of active material and self-discharge for the battery. Therefore, it is 

urgent and important to reduce the impact of the solvation effect and promote a smoother Zn2+ 
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deposition(4-6).  

 

1.4 Electrolyte Engineering 

The electrolyte is the medium for ion diffusion and mass transport between the cathode and anode. 

It is made up by salt and solvent. For zinc ion batteries, they can use either aqueous solvent or 

organic solvent for the electrolyte. It has an impact on ionic conductivity, transport kinetic and 

electrochemical performance for the battery(7, 8). To inhibit the hydrogen evolution reaction and 

promote uniform Zn2+ deposition, it is necessary to remove the active water molecule on the 

electrode-electrolyte interface and protect the Zn surface. Therefore, novel electrolyte engineering 

is considered a promising strategy for better Zn2+ deposition(9).  

In general, the electrolyte engineering will be focusing on the development of additive, solvent 

and salt. Additive usually function as protective shield on the Zn surface. One of the common 

additive is SEI forming additive, which performs solid electrolyte interface (SEI) layer(10) on the 

zinc surface. In the first charge and discharge of lithium batteries, the electrolyte receives electrons 

and reacts with Li+ ions to form an interface that has similar properties as a solid electrolyte. 

Therefore, people name these kinds of film as solid electrolyte interfaces. These SEI layers act as 

a protective film on the lithium metal, which lithium ions can pass through the film while electrons 

cannot. Therefore, the SEI layer has the following advantages: 1. It suppresses further consumption 

of lithium ions and enhances the lifespan of batteries. 2. It is uniform and isolates the contact 

between electrodes and electrolyte, which restricts further interfacial reaction in the electrolyte. 3. 

It suppresses the formation of dendrites and provides more nucleation sites. In turns of aqueous 

zinc ion batteries, similar ideas can be applied by adding additive or organic solvents in the aqueous 

electrolyte(13).  

The development of solvent is usually applied by using organic solvent in the system, which focus 

on modifying the solvation structure of [Zn(H2O)6]
2+ (11). The basic idea is to reduce the content 

of water molecules in the [Zn(H2O)6]
2+ solvation sheath. Therefore, there are fewer water 



5 

 

molecules, and restricted side reactions happen on the zinc surface(14). The water molecules are 

replaced by either the additive molecules/organic molecules or possible reduction ions in the 

electrolytes. The modified solvation structure has the following advantages: 1. High coulombic 

efficiency (CE) and excellent stability will be achieved in the electrochemical performance. 2. It 

suppresses the side reaction of HER and by-products. 3. It suppresses the growth of Zn dendrite 

and self-corrosion. The development of salt is usually applied by increasing the salt 

concentration(12) in the system. The highly concentrated electrolyte has similar ideas of 

rearranging the solvation structure. By increasing the salt concentration in the electrolyte, a large 

number of salt ions anions will be forced to enter the inner solvation sheath, and the water 

molecules will be replaced. Side reactions and the uneven Zn2+ deposition will be suppressed. 
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1.5 Literature review 

In this review, electrolyte engineering will be summarized and introduced in the aspects of salt, 

solvent and additive. The use of highly concentrated electrolytes, organic solvents, and additives 

will be classified and analyzed by both theoretical simulations and electrochemical performance. 

The use of additives will be further divided into metal ion additive(15), SEI forming additive, and 

surfactant additive(9). 

 

1.5.1 Highly concentrated electrolyte 

Nowadays, various Zn-salt has been studied and analyzed in zinc-ion battery systems, including 

ZnSO4, Zn(CF3SO3)2 (16), ZnCl2 (17), Zn(NO3)2, Zn(TFSI)2 (18, 19), etc. Researchers found that 

the salt concentration of electrolytes is a critical factor that significantly affects the electrochemical 

performance of batteries(20, 21). By increasing the concentration of salts up to a rational value, 

the batteries present much better cycling stability and higher CE. Olbasa et al. (22) developed a 

highly concentrated electrolyte of 4.2M ZnSO4 + 0.1M MnSO4 compared to a low concentrated 

electrolyte of 2M ZnSO4 + 0.1M MnSO4. Raman spectroscopy in the range from 2700 cm
-1 to 

3400 cm-1 is shown in Fig. 1a. The peaks represent the water molecules within the solvation 

structure with Zn2+. As the concentration of ZnSO4 salt increases from 2M to 4.5M, the peaks 

slightly shift to a lower frequency. This result indicates fewer water molecules in the solvation 

structure, which proves that the solvation structure is modified. The water molecules could be 

replaced by SO4
2- anions in the solution.  

The X-ray absorption near-edge spectra are performed in Fig. 1b. The peaks for all the electrolytes 

with different concentrations are almost the same. The intensity of Zn2+ absorbing O_SO4
2- slightly 

increases as the salt concentration increases. This proves that the Zn2+ is more favorable to interact 

with O_SO4
2- anion in the electrolyte. Then the radial distribution function is simulated, and 

coordinated numbers are calculated to study the distribution of neighbor molecules and ions in the 
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Zn2+ solvation structure. As presented in Fig. 1c, the Zn-O_H2O pair distributes at 1.9Å for both 

electrolytes. The coordination number of 4M electrolyte is 2.98, and the coordination number of 

1M electrolyte is 3.91. This indicates that more water molecules are interacting with Zn2+ in low-

concentrated electrolytes.  

In Fig. 1d, the Zn-O_SO4
2- pair displays at 1.5Å for both electrolytes. The coordination number of 

4M electrolyte is 1.31, and the coordination number of 1M electrolyte is 0.47. This indicates that 

there are more SO4
2- anions in the Zn2+ solvation structure in highly concentrated electrolytes. 

Furthermore, the O_SO4
2- displays at a closer distance than the O_H2O pair toward Zn

2+, which 

leads to a better interaction between Zn2+ and SO4
2- anion in the solution. This theoretical 

simulation proves that the water molecules are replaced by SO4
2- anions in the Zn2+ solvation 

structure, and the [Zn(H2O)6]
2+ solvation sheath is modified for easier Zn2+ desolvation. 

Schematics of Zn2+ plating on copper are shown in Fig. 1e and Fig. 1e. Since there are more SO4
2- 

anions in the solvation structure, there are fewer water molecules that got decomposed on the 

surface. Hydrogen evolution reaction is suppressed, which also leads to fewer formation of by-

products. Therefore, the surface is smooth, and the more uniform Zn2+ deposition is attributed.     
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Figure 1. (a) Raman spectra for various concentrations of electrolyte with ZnSO4 and MnSO4. (b) 

The X-ray absorption near-edge spectra for various concentrations of electrolyte with ZnSO4 and 

MnSO4. (c) Radial distribution function and coordination numbers of Zn-O_H2O with different 

concentrations of electrolyte. (d) Radial distribution function and coordination numbers of Zn-

O_SO4
2- with different concentrations of electrolyte. (e),(f) Schematic of Zn2+ deposition on copper. 

Copyright 2020, American Chemical Society 

 

Zn(TFSI)2 salt is also a popular choice due to its high electrochemical stability and ionic 

conductivity. Wang et al. (23) reported a highly concentrated electrolyte of 1m Zn(TFSI)2 + 20m 

LiTFSI (m is mol/kg). As shown in Fig. 2a, molecular dynamic (MD) simulation is performed to 
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analyze the solvation structure in the electrolyte. For the 1m Zn(TFSI)2 + 5m LiTFSI electrolyte, 

the Zn2+ fully interacts with six water molecules, and the solvation structure of [Zn(H2O)6]
2+ is 

displayed (Fig. 2b). For the 1m Zn(TFSI)2 + 10m LiTFSI electrolyte, the Zn
2+ bonds with only 

two water molecule and the rest of four water molecules are replaced by TFSI anions. For the 1m 

Zn(TFSI)2 + 20m LiTFSI electrolyte, all six water molecules are replaced by TFSI anions, and 

there are no water molecules in the solvation structure anymore. Then the coordination numbers 

of Zn2+ interacting with water molecules and salt anions are calculated. In Fig. 2c, the coordination 

number of the Zn-O_TSFI pair is zero for the 1m Zn(TFSI)2 + 5m LiTFSI electrolyte. As the 

concentration of LiTFSI increases, the coordination number increases. When the concentration of 

LiTFSI increases to 20m, the coordination number increases to six, which represents the 

occupation of six TFSI anions in the solvation structure. In comparison, the coordination number 

of the Zn-O_H2O pair is six in 5m LiTFSI (Fig. 2d). As the concentration of LiTFSI increases, 

fewer and fewer water molecules display in the solvation structure. In Fig. 2e, 17O NMR spectra 

present a peak shift toward lower frequency as the concentration of LiTFSI salt increases. This 

result indicates that water molecules are restricted in the Zn2+ solvation structure, which is possibly 

due to the Li+ solvation structure. The full cell of the Zn anode coupled with LiMn2O4 cathode is 

investigated in Fig. 2f. The cell shows excellent stability for 4000 cycles at a 4C rate with capacity 

retention of 85% and a high CE of 99.9%. 
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Figure 2. (a) Molecular dynamic (MD) simulation cell of electrolyte (1m Zn(TFSI)2 + 20m 

LiTFSI). (b) Zn2+ solvation structure in 1m Zn(TFSI)2 + 5m/10m/20m LiTFSI electrolytes. (c) The 

coordination number of Zn-O_TSFI pair in 1m Zn(TFSI)2 + 5m/10m/20m LiTFSI electrolytes. (d) 

The coordination number of Zn-O_H2O pair in 1m Zn(TFSI)2 + 5m/10m/20m LiTFSI electrolytes. 

(e) 17O (nuclear magnetic resonance) NMR spectra of electrolytes with different salt concentrations. 

(f) Long cycling performance of Zn//LiMn2O4 full cell at 4C rate. Copyright 2018, Nature 

 

ZnCl2 is a commonly used Zn-salt for highly concentrated electrolytes due to its excellent solubility. 

Every 100 mL of water can dissolve 432g of ZnCl2 at room temperature. Zhang et al. (24) 

introduced a highly concentrated electrolyte of 30m ZnCl2. In Fig. 3a, the Zn//Zn symmetric cell 

is assembled, and a long cycling performance with stable charge and discharge potential is 
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achieved at 0.2mA cm-2 for the 30m ZnCl2 electrolyte. For the 5m ZnCl2 electrolyte, the potential 

varies after 380 cycles, and the cell eventually short-circuited at 500 cycles, which results in an 

unstable cycling performance. Then the morphology of cycled Zn electrode is discovered from the 

SEM image. In Fig. 3b, the SEM image shows a large number of flakes on the surface of cycled 

electrode for the 5m ZnCl2 electrolyte. In comparison, the SEM image shows a much more uniform 

and smoother Zn surface for the 30m ZnCl2 electrolyte (Fig. 3c). The XRD also shows the same 

outcomes from SEM. In Fig. 3d, by-products of Zn(OH)2 and ZnO are shown on the cycled Zn 

electrode in the 5m ZnCl2 electrolyte, while there are no by-products on the Zn electrode in the 

30m ZnCl2 electrolyte. This result also indicates the suppression of hydrogen evolution reaction 

on the Zn surface. A poor CE of 73.2% is obtained for the 5m ZnCl2 electrolyte (Fig. 3e) compared 

to a high CE of 95.4% for the 30m ZnCl2 electrolyte (Fig.3f).  
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Figure 3. (a) Zn//Zn symmetric cell with 30m ZnCl2/5m ZnCl2 electrolyte at 0.2mA cm
-2. (b) SEM 

image of cycled Zn electrode in 5m ZnCl2 electrolyte. (c) SEM image of cycled Zn electrode in 

30m ZnCl2 electrolyte. (d). XRD of cycled Zn electrode in 30m ZnCl2/5M ZnCl2 electrolyte. (e) 

CE of asymmetric cell with 5m ZnCl2 electrolyte. (f) CE of asymmetric cell with 30m ZnCl2 

electrolyte. Copyright 2018, Royal society of chemistry 

 

Zn(CF3SO3)2 (Zn(OTF)2) is another example of Zn-salt used in Zinc-ion batteries. Clarisza et al. 
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(25) demonstrated a highly concentrated electrolyte of 1m Zn(OTF)2 + 20m LiTFSI. When the 

concentration of LiTFSI increases, the Linear sweep voltammetry (LSV) shows a wider 

electrochemical potential window of 2.856V compared to the water decomposition potential 

window of 1.23V (Fig. 4a). This result shows that the hydrogen evolution reaction is suppressed. 

The wider electrochemical potential window results in better stability of electrolytes in the battery 

system. Raman spectroscopy is performed to analyze the water molecules in the electrolyte. As the 

electrolyte concentration increases, the intensity of Zn(OTF)2 peak at 1033 cm
-1 is not affected 

(Fig. 4b). By considering the intensity ratio of LiTFSI and water molecules, since the intensity of 

LiTFSI increases significantly, the intensity of water molecules decreases in the 20m LiTFSI 

highly concentrated electrolyte. The decreased water molecules indicate the suppression of 

hydrogen evolution reaction and the reconstruction of solvation structure. In Fig. 4c, the 

coordination number of Zn-O_H2O, the pair is six in the low-concentrated electrolyte, which 

shows a [Zn(H2O)6]
2+ solvation structure. In comparison, the coordination number of the Zn-

O_H2O pair is one (Fig. 4d) and the coordination number of the Zn-O_TFSI pair is five (Fig. 4e) 

in the highly concentrated electrolyte. This concludes a solvation structure of Zn2+ interacts with 

one water molecule and five TFSI anions. Furthermore, in the low-concentrated electrolyte, the Zn 

plating on the Cu surface is sharp and rough with plenty of flakes (Fig. 4f). The Cu surface after 

Zn stripping has lots of residue remaining (Fig. 4g). On the other hand, a smoother Cu surface is 

obtained after Zn plating (Fig. 4h) and a more uniform and cleaner Cu surface is obtained after Zn 

stripping (Fig. 4i) in the highly concentrated electrolyte. 
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Figure 4. (a) Linear sweep voltammetry of Zn symmetric cell for different concentrations of 

electrolytes. (b) Raman spectroscopy of different concentrations of electrolytes. (c) The 

coordination number of Zn-O_H2O pair in low concentrated electrolytes. (d) The coordination 

number of Zn-O_H2O pair in highly concentrated electrolytes. (e) The coordination number of Zn-

O_TFSI pair in the highly concentrated electrolytes. (f) SEM image of Zn plating in the low-

concentrated electrolyte. (g) SEM image of Zn stripping in the low-concentrated electrolyte. (h) 

SEM image of Zn plating in the highly concentrated electrolyte. (i) SEM image of Zn stripping in 

the highly concentrated electrolyte. Copyright 2022, American Chemical Society 
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1.5.2 Organic solvent 

All the examples from 1.3.1 conclude the advantage of highly concentrated electrolytes. However, 

the viscosity of highly concentrated electrolyte might be high and leads to relatively low ionic 

conductivity. The cost of large amounts of salts used in the electrolyte is also a nonnegligible factor. 

Therefore, a relatively low-cost organic solvent is a better choice for manipulating Zn2+ solvation 

structure, including dimethyl sulfoxide (DMSO), dimethyl carbonate (DMC), glycerol, 1,2-

dimethoxyethane (DME), ethylene glycol (EG)(26, 27), TEP(28) and many more.  

The Gutmann donor number (DN) is a parameter that reflects the inherent electron-donating 

capacity. It can be utilized to assess the solubility of intermediate products and changes in the 

hydrogen-bonding network within aqueous electrolytes. In the context of organic solvent, a high 

DN indicates a strong electron-donating capability, leading to the displacement of water molecules 

within the solvation structure. Moreover, water-miscible additives with strongly polar groups are 

advantageous as they tend to preferentially solvate Zn cations due to their high polarity. These 

organic solvents can disrupt the existing water clusters and act as proton acceptors, forming bonds 

with water molecules in the aqueous solution. 

Cao et al. (29) introduced DMSO in the ZnCl2 electrolyte, in which DMSO has a higher donor 

number (29.8) than H2O (18). In Fig. 5a, X-ray absorption near-edge structure (XANES) is 

performed to show the bonding strength of Zn2+-O. By introducing the DMSO into the electrolyte, 

the edge position shifts to a lower energy level. This shows that the bonding between Zn2+ and 

oxygen from water molecules is weakened due to restricted electron transfer. Fourier transformed 

extended X-ray absorption fine structure (ft-EXAFS) is further tested for analyzing solvation 

structure (Fig. 5b). Without the addition of DMSO, the distance between Zn2+ and O_H2O 

decreases. This result indicates that the Zn2+-O_H2O bonding is stronger without DMSO, which 

leads to the formation of [Zn(H2O)6]
2+. Then the 67Zn NMR spectra show an upshift toward higher 

frequency with the addition of DMSO in Fig. 5c. This shows that the DMSO molecule is capable 

to enter the Zn2+ solvation structure and replace the water molecules. Zn//Ti asymmetric cells are 
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assembled to test the CE. In Fig. 5d, without the addition of DMSO, a poor CE of 90.7% is obtained 

for less than 50 cycles. In comparison, with the addition of DMSO, the CE improve to 99.5% for 

400 cycles. Stability is also tested by assembling Zn//Zn symmetric cells. In Fig. 5e, the cell shows 

excellent stability for 1000 hours with DMSO under conditions of 0.5 mA cm-2 and 0.5 mAh cm-

2. In contrast, the cell failed at 390 hours with bulk electrolyte.     

 

Figure 5. (a) X-ray absorption near-edge structure (XANES) for Zn2+-O bonding. (b) Fourier 

transformed extended X-ray absorption fine structure (ft-EXAFS) for Zn2+-O bonding. (c) 67Zn 

(nuclear magnetic resonance) NMR spectra of electrolytes. (d) Coulombic efficiency of Zn//Ti 

asymmetric cell at 1 mA cm-2 and 0.5 mAh cm-2. (e) Cycling performance of symmetric cells at 

0.5 mA cm-2 and 0.5 mAh cm-2. Copyright 2020, American Chemical Society 
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Dong et al. (30) reported a non-concentrated electrolyte of 2M Zn(OTF)2 with DMC as the organic 

solvent. Solvation structure information is investigated by MD simulation in Fig. 6a. In the bulk 

Zn(OTF)2 electrolyte, the Zn
2+ is surrounded by only water molecules. In the electrolyte with water 

and DMC as a solvent in a volume ratio of 4:1 (W4D1), OTF- anion and DMC molecule entered 

the solvation structure and replace the water molecule, due to the strong interaction with Zn2+. The 

calculated coordination number of Zn2+-O further agrees with the above results. In the W4D1 

electrolyte, the coordination number of Zn-O_H2O is 3.9, the coordination number of Zn-O_DMC 

is 0.7 and the coordination number of Zn-O_OTF- is 1.4. This leads to a solvation structure of 

Zn[H2O]3.9[OTF
-]0.7[DMC]1.4. Furthermore, with the addition of DMC solvent, the fraction of 

water molecules in the electrolyte decreases to 100ns (Fig. 6c). More than 80% of water molecules 

remain in the bulk 2M Zn(OTF)2 electrolyte while 65% of water molecule remain in the W2D1 

electrolyte. The few water molecule in the electrolyte restricts the hydrogen evolution reaction 

significantly. 17O NMR spectra show a downshift toward lower frequency, which indicates the 

decrease of water molecules in the solvation structure due to the breaking of H-O bonding (Fig. 

6d). XRD of cycled Zn electrode shows the formation of by-product in bulk Zn(OTF)2 electrolyte, 

which related to the decomposition of water molecules on the Zn surface (Fig. 6e). Excellent 

stability is obtained from Zn//Zn symmetric cell that runs at 5mA cm-2 for 800 hours with steady 

charge and discharge potential. 

Zhang et al. (31) illustrated an electrolyte of 2M ZnSO4 dissolved in water and glycerol solvent in 

a volume ratio of 1:1. Linear polarization curve is performed to analyze the corrosion of Zn metal 

in the electrolyte (Fig. 7a). With the addition of glycerol, the corrosion current decreases from 

1.5mA to 0.14mA. This indicates a lower corrosion rate and restricted hydrogen evolution reaction 

in the electrolytes. The image of Zn foils soaked in the bulk ZnSO4 electrolyte shows a color 

change, which proves the formation of by-products on the Zn surface (Fig. 7b). XRD further 

concludes the formation of ZnSO4(Zn(OH)2)3(H2O)5 by-product on the Zn surface in the bulk 

ZnSO4 electrolyte (Fig. 7c). These results show that glycerol has the capability of protecting the 

Zn surface from reactions happened on the Zn surface. In Fig. 7d, DFT calculation shows that the 



18 

 

binding energy of Zn2+-SO4
2- (55.34eV) and Zn2+-glycerol (5.578eV) are larger than Zn2+-H2O 

(0eV). This indicates that Zn2+ is more favorable to interact with glycerol molecules and SO4
2- 

anions. Chronoamperograms (CA) show a stable 2D diffusion with the addition of glycerol (Fig. 

7e). This indicates a smooth and uniform Zn deposition on the Zn surface. Better CE is obtained 

in glycerol electrolyte and the 1:1 ratio of glycerol/water electrolyte has the best CE of 99.5% for 

500 cycles (Fig. 7f). In Fig. 7g, Zn//Zn symmetric cell shows excellent stability for 900 hours at 

2mA cm-2 and 6mAh cm-2 with the addition of glycerol. Without glycerol, the cell fails at 80 hours 

with poor stability.       
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Figure 6. (a) MD simulation cell for Zn(OTF)2 electrolyte with water solvent and water-DMC 

solvent in a volume ratio of 4:1 (W4D1). (b) Radial distribution function and coordination numbers 

of Zn-O_H2O, Zn-O_DMC, and Zn-O_OTF-. (c) Fraction of free water molecules in the electrolyte 

after simulation. (d) 17O NMR spectra of electrolytes with different volume ratios of DMC and 

H2O. (e) XRD of cycled Zn electrode. (f) Zn//Zn symmetric cell cycling performance at 5mA cm
-

2. Copyright 2021, Royal Society Of Chemistry  
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Figure 7. (a) Linear polarization curve of electrolyte with and without glycerol. (b) Zn foils soaked 

in electrolytes with and without glycerol. (c) XRD of Zn foils soaked in electrolytes. (d) Binding 

energy of Zn2+-H2O, Zn
2+-glycerol and Zn2+-SO4

2-. (e) Chronoamperograms (CA) of Zn2+ 

diffusion. (f) CE of different volume ratios of electrolytes. (g) Zn//Zn symmetric cell cycling 
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performance. Copyright 2021, Royal Society Of Chemistry 

 

Ma et al. (32) demonstrated a Zn(OTF)2 electrolyte with DME as an organic solvent. The solvation 

structure is simulated as shown in Fig. 8(a-c). With the addition of DME, one water molecule is 

replaced by an OTF- anion, which leads to the reconstruction of the Zn2+ solvation structure. The 

coordination number of Zn-O_H2O is 4.32, Zn-O_OTF
- is 1.38 and Zn-O_DME is 0.23 (Fig. 8d). 

This result further proves the participation of DME and OTF- in the solvation sheath. The binding 

energy of Zn2+-DME is much larger than DME-H2O and Zn
2+-H2O, which indicates better 

interaction between Zn2+ and DME molecules. The lowest unoccupied molecular orbital (LUMO) 

level shows that the Zn2+-DME and Zn2+-OTF- have lower LUMO energy in Fig. 8f. This result 

indicates that DME molecule and OTF- anion are much easier to accept electron and interphase 

layer is formed due to DME and OTF- reduction. Absorption energy of DME on Zn (0 0 2) is 

higher than H2O, which indicates that DME prefers to adsorb on the Zn surface (Fig. 2g). The 

charge density model in Fig. 3h shows that the Zn2+ interacts with DME through O bonding. The 

linear polarization curve in Fig. 8i shows a lower corrosion current with the addition of DME, 

which results in a suppression of side reaction on the Zn surface. Chronoamperograms (CA) curve 

shows a more stable 3D diffusion of Zn2+ with the addition of DME (Fig. 8j). The cycled Zn 

electrode in Fig. 8k shows the formation of Zn dendrite in bulk electrolyte while a smooth and 

uniform Zn deposition is obtained with DME in the electrolyte.       
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Figure 8. (a) Image of MD simulation cell in (b) DME electrolyte (c) bulk electrolyte. (d) Radial 

distribution function and coordination number of Zn-O_H2O, Zn-O_OTF
- and Zn-O_DME. (e) 

Binding energy of Zn2+-H2O, Zn
2+-DME and Zn2+-OTF-. (f) LUMO level of free OTF-, DME, 

Zn2+-OTF- and Zn2+-DME. (g) Absorption energy of H2O and DME on Zn (0 0 2) surface. (h) 

Charge density on Zn (0 0 2) surface. (i) Linear polarization curve of electrolyte with and without 

DME. (j) Chronoamperograms (CA) of Zn2+ diffusion. (k) Image of Zn electrode after platting. 

Copyright 2022, Elsevier 
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1.5.3 Additive 

1.5.3.1 Metal ion additive 

The low-cost and simple prepared metal ions additives (Na+, Mg2+ (33), Mn2+, Al3+, Ni2+, Co2+, 

Pb2+, etc.) have been considered promising additives due to their excellent performance on both 

anode and cathode(34-36). Metal ion additives can increase the ion conductivity in the electrolyte 

for fast ion transport kinetics. They can suppress the formation of Zn dendrite and side reaction on 

the anode. They can also protect the cathode from dissolution and intercalate in the cathode to 

improve capacity. Chang et al. (37) reported the function of Pb2+ ion and Ni2+ ion in protecting the 

Zn anode from dendrite growth. Pb2+ ions have a reduction potential of -0.359V at 298K and Ni2+ 

ions have a reduction potential of -0.257V at 298K. Zn2+ has a more negative reduction potential 

of -0.76V compared to Pb2+ and Ni2+ ions, which shows that Pb2+ and Ni2+ ions will be reduced 

first before Zn deposition. Therefore, the reductive Pb and Ni metal on the Zn surface provides 

nucleation sites for co-deposition with Zn2+. The elemental mapping images of deposited Zn in 

bulk, PbSO4, and NiSO4 electrolytes are shown in Fig. 9a-c. Sharp and vertical Zn dendrites form 

on the Zn surface in the bulk electrolyte. With the addition of PbSO4, the Zn dendrite is 

significantly reduced and both Zn and Pb are uniformly contributed, which indicates the co-

deposition of Pb-Zn alloy on the surface. With the addition of NiSO4, a relatively uniform Zn 

surface with little protrusion is obtained. This also indicates the co-deposition of Zn-Ni. The X-

ray images of Zn plating in 400s further show the suppression of Zn dendrite in PbSO4 and NiSO4 

electrolytes (Fig. 9d-f). 
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Figure 9. Elemental mapping images of Zn2+ deposition in (a) bulk electrolyte, (b) PbSO4 

electrolyte, and (c) NiSO4 electrolyte. X-ray image of Zn
2+ deposition in (d) bulk electrolyte, (e) 

PbSO4 electrolyte, and (f) NiSO4 electrolyte. Copyright 2019, Wiley 

 

Unlike Pb2+ and Ni2+ ions which have larger reduction potential, Xu et al. (38) introduced 

Na2SO4 additive with low reduction potential of Na
+ in ZnSO4 electrolyte. During the Zn 

deposition process, the Zn protrusions on the surface exhibit a strong electric field on their tips 

and force more deposition of Zn2+ ions on the protrusions. By introducing Na2SO4 in the 

electrolyte, since the Na+ ion has a more negative reduction potential of -2.710V than Zn2+, Zn2+ 

ions will be reduced first and form protrusions on the surface. Then the Na+ ions will deposit on 
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the Zn protrusions and aggregate as an electrostatic shield. These Na+ ions repel Zn2+ and force 

them to deposit at a non-protrusion area during subsequent Zn deposition. Therefore, the 

formation of Zn dendrite is restricted on the surface (Fig. 10a-c). The SEM image in Fig. 10d-f 

also shows uneven Zn dendrite in bulk electrolyte and uniform Zn surface in Na2SO4 electrolyte. 

The symmetric cell at 0.2 mA cm-2 also shows excellent cycling stability for 300 h with a low 

overpotential of 48 mV in the additive electrolyte (Fig. 10g). 

 

Figure 10. (a-c) Schematic of Na+ helping uniform Zn2+ deposition. (d) SEM image of pure Zn 

surface. (e) SEM image of cycled Zn electrode without Na2SO4 additive. (f) SEM image of cycled 

Zn electrode with Na2SO4 additive. (g) Cycling performance of symmetric cell at 0.2mA cm
-2 with 
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and without Na2SO4 additive. Copyright 2021, Elsevier  

 

1.5.3.2 SEI layer additive 

The SEI layer at the interface between the electrolyte and electrode acts as a protective film and 

protects the Zn surface from the Zn dendrite and side reaction. The properties and components of 

the SEI layer are highly relative to the salt and ions in the electrolyte. Therefore, by introducing 

either organic or inorganic additives, organic SEI layers such as CF3 and CH and inorganic SEI 

layers such as ZnF2 and ZnCO3 might form on the surface. There are two types of SEI layers: in 

situ SEI layer and Artificial SEI layer. The in-situ SEI layer is formed due to the decomposition of 

solvent and additives in the electrolyte. The artificial SEI layer is protective 2D material that is 

absorbed on the anode surface. As discussed in 1.4, Ma et al. (32) introduced DME organic solvent 

in the electrolyte to modify the solvation structure. The DME can further form the SEI layer on 

the Zn surface. The XPS spectra of C 1s shows the formation of organic components (C-C, CF3, 

and C-O) and inorganic component (ZnCO3) due to the reduction of Zn
2+- DME components (Fig. 

11a). The F 1s spectra show the formation of organic CF3 and inorganic ZnF2 caused by the 

reduction of OTF- anion in the Zn(OTF)2 salt. The S 2p spectra show organic SO3 and inorganic 

ZnS and ZnSO3 which comes from the reduction of OTF
- anion and DME. After 60s sputtering, 

the organic content reduces and the inorganic components of ZnF2, ZnCO3, and ZnSO3 increase 

and remain. This result shows that the DME and OTF- anion can perform inorganic ZnCO3-ZnF2-

ZnSO3 layer on the Zn surface, which protects the Zn surface from side reactions. SEM image of 

cycled Zn electrode further shows that the SEI layer promotes uniform Zn deposition and 

suppresses the formation of the dendrite (Fig. 11b-c). The symmetric cell also shows better cycling 

stability for 5000 h at 2 mA cm-2 in the DME40 electrolyte (Fig. 11d). A high CE of 99.7% for 800 

cycles is obtained in the DME40 electrolyte (Fig. 11e). 
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Figure 11. (a) XPS spectra of C 1s, F 1s, and S 2p. (b) SEM image of Zn electrode cycled for 100 

cycles in the bulk electrolyte. (c) SEM image of Zn electrode cycled for 100 cycles in DME 

electrolyte. (d) Cycling performance of Zn symmetric cell at 2 mA cm-2. (e) CE of asymmetric 

cells with different volumes of DME in the electrolyte. Copyright 2022, Elsevier 
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Similarly, Di et al (38) also found the formation of an organic-inorganic SEI layer in Zn(OTF)2 

electrolyte with triethyl phosphate (TEP) additive. The XPS spectra of C 1s show the organic 

component of C-C, C-O, CF3, and C=O which are derived from the decomposition of TEP 

organic solvent (Fig. 12a). P 2p spectra shows organic RPO3
- and inorganic Zn3(PO4)2. The 

RPO3
- comes from the reduction of TEP and the Zn3(PO4)2 is derived from the reduction of the 

Zn2+-PO3
- complex. F 1s spectra show organic CF3 and inorganic ZnF2 which are caused by the 

reduction of OTF- and Zn2+. S 2p spectra show organic SO3 and S-C and inorganic ZnS which 

also derived from the reduction of OTF- and Zn2+. The XPS spectra prove the formation of an 

organic-inorganic hybrid SEI layer on the surface. The Zn2+ will perform desolvation on the SEI 

film which water molecules are stopped outside the SEI layer and only Zn2+ continuous diffuse 

through the SEI layer. The XRD shows the formation of by-products on the Zn surface in the 

non-TEP electrolyte, and the SEM image further concludes the formation of a large number of 

flakes on the Zn surface (Fig. 12b). High and stable CE of 99.5% for 200 cycles is obtained with 

the addition of TEP while a low and fluctuant CE is achieved in the bulk electrolyte. 

Furthermore, the symmetric cell shows long and stable cycling performance at 1 mA cm-2 for 

2500 hours in the TEP electrolyte and shows a short circuit at 300 hours in the bulk electrolyte.    
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Figure 12. (a) XPS spectra of C 1s, P 2p, F 1s, and S 2p. (b) XRD and SEM of Zn foils soaked in 

TEP electrolyte and bulk electrolyte. (c) CE of asymmetric cell in TEP electrolyte and bulk 

electrolyte. (d) Cycling performance of Zn symmetric cell at 1 mA cm-2. Copyright 2021, Elsevier 

 

2D materials such as graphene oxide (GO) can be treated as protective SEI layer for smoother 

Zn2+ deposition. Abdulla et al. (39) introduced the use of GO as an electrolyte additive in a 

ZnSO4 electrolyte. The SEM image shows that the Zn2+ deposition is uniform with the addition 
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of the GO additive (Fig. 13d-f). Without GO additive, the deposited Zn aggregate through 2D 

diffusion and form Zn dendrite (Fig. 13a-c). The mechanism of GO is shown in Fig. 13g. The 

GO molecules will deposit on the Zn surface with Zn2+ and absorb on the surface to provide 

more nucleation sites for Zn2+ deposition. Therefore, the Zn2+ will deposit on the GO molecules 

instead of the Zn protrusion, which leads to a uniform deposition. The asymmetric cell also 

shows a high CE of 99% for 100 cycles at 1mA cm-2 and 1mAh cm-2 in GO electrolyte.   



31 

 

 

Figure 13. (a-c) SEM image of cycled Zn electrode without GO additive. (d-f) SEM image of 

cycled Zn electrode without GO additive. (g) Schematic of Zn2+ deposition with and without GO. 

(h) CE of the asymmetric cell at 1mA cm-2 and 1mAh cm-2 with and without GO. Copyright 2021, 

American Chemical Society 
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1.5.3.3 Surfactant additive 

Surfactant has the properties of reducing the surface tension between the electrolyte and Zn surface. 

Therefore, surfactants can be absorbed on the Zn surface and isolate the direct contact between the 

Zn surface and water molecules. The surfactant congregates on the surface following the Zn 

deposition and these surfactant aggregates will protect the Zn surface from uneven dendrite growth. 

Hydrogen evolution reaction is also suppressed in this environment. There are four types of 

surfactants: cationic surfactant, anionic surfactant, amphoteric surfactant, and non-ionic surfactant. 

Cationic surfactants have a positive charge on their hydrophilic functional group, and they have 

been considered as a promising additive for protecting Zn surface, such as triethyl 

methylammonium (TMA) and tetrabutylammonium sulfate (TBA2SO4)(40). Bayaguud at el. (40) 

reported the use of TBA2SO4 surfactant additive in ZnSO4 electrolyte for Zn surface protection. 

As shown in Fig. 14a, to minimize surface energy and exposed surface area during nucleation, 

Zn2+ ions adsorbed on the electrode surface tend to diffuse in a 2D direction and congregate into 

large nuclei. During subsequent electroplating, the continuous lateral diffusion and uneven 

distribution generated by these nuclei lead to more adsorption and reduction of Zn2+ ions at the 

previous nucleation sites. A large amount of Zn dendrites forms on the Zn surface. In Fig. 14b, 

when a moderate amount of TBA2SO4 is present in the electrolyte the TBA
+ cations are better 

adsorbed near the nucleus in the electroplating process, forming the TBA+ cationic layer. Zn2+ is 

repelled by the absorbed TBA+ aggregate and forced to deposit on the unabsorbed surface. SEM 

image in Fig. 14c-f clearly shows the morphology of the Zn deposited surface. Without the addition 

of TBA2SO4, multiple Zn aggregates lead to Zn dendrites on the surface. With the addition of 

TBA2SO4, a smooth and uniform surface is obtained.    
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Figure 14. (a-b) Schematic of Zn2+ deposition without and with TBA2SO4. (c-d) SEM image of 

cycled Zn electrode in the bulk electrolyte. (e-f) SEM image of cycled Zn electrode in TBA2SO4 

electrolyte. Copyright 2020, American Chemical Society 

 

Similar to TBA2SO4, Yao et al. (41) discovered the function of TMA in the aspects of Zn anode 

protection. As shown in Fig. 15a-b, the TMA cation participated in the Zn solvation structure and 

replace the water molecules during diffusion. After Zn nucleation, TMA cations are further 

absorbed on the already formed Zn and aggregate as a protective layer to stop further Zn2+ 
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deposition on the same nucleation site. Hydrogen evolution reaction as well as by-product 

formation is restricted due to the absence of water molecules on the surface. Cycling 

performance also shows excellent stability at both high current density and low current density 

conditions (Fig. 15c-d).  

 

Figure 15. (a-b) Schematic of Zn2+ deposition without and with TMA. (c) Cycling performance of 

symmetric cell at 1 mA cm-2 and 0.5 mAh cm-2 with and without TMA. (d) Cycling performance 

of symmetric cell at 5 mA cm-2 and 2.5 mAh cm-2 with and without TMA. Copyright 2021, Wiley 

 

Opposite to cationic surfactants, anionic surfactants have a negative charge on their hydrophilic 

functional group. Lin et al. (42) discovered sodium 3,3′-dithiodipropane sulfonate (SPS) as an 

anionic surfactant for better Zn deposition. As shown in Fig. 16a, Zn2+ is more likely to deposit on 
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Zn (1 0 1 ) plane in bulk electrolyte and the intensity of Zn2+ deposition on Zn (0 0 2) and Zn (1 0 

0) are relatively weak. In comparison, Zn2+ prefers to deposit on Zn (0 0 2) plane in the SPS 

electrolyte, and the intensity of Zn2+ deposition on Zn (1 0 0) and Zn (1 0 1) are significantly 

reduced. By looking at the structure of Zn in Fig. 16b, Zn2+ deposition on the (0 0 2) plane is more 

favorable for uniform deposition. Furthermore, the absorption energy of the SPS anion on the (0 0 

2) plane (6.43 eV) is smaller than the absorption energy on the (1 0 0) plane (7.35 eV) and (1 0 1) 

plane (7.16 eV) (Fig. 16c). Therefore, these results indicate the mechanism of promoting uniform 

Zn deposition for SPS. In the pure electrolyte, Zn2+ ions tend to adsorb on the (1 0 1) surface of 

the anode. This leads to the growth of larger protrusions and the formation of uneven Zn dendrites 

during further deposition. However, when SPS is introduced into the electrolyte, the deposition of 

Zn2+ ions on the (100) and (101) planes is restricted due to the higher amount of SPS adsorbed on 

these surfaces. As a result, Zn2+ ions have a higher tendency to deposit on the (002) plane. The 

deposited Zn leads to a horizontal and uniform growth pattern on the anode surface (Fig. 16d).       
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Figure 16. (a) XRD of Zn2+ deposition in the orientation of (0 0 2), (1 0 1), and (1 0 0) with and 

without SPS. (b) Crystal structure of Zn (c) Absorption energy of SPS anion on Zn surface in the 

orientation of (0 0 2), (1 0 1), and (1 0 0). (d) Schematic of Zn2+ deposition with and without SPS. 

Copyright 2023, Royal Society of Chemistry 

 

Additionally, Zhou et al. (43) illustrate the impact of sodium lignosulfonate (SL) on promoting 

uniform Zn2+ deposition. SL has negatively charged sulfonic groups that can interact with Zn2+ 

and reduce the Zn nucleation overpotential. It also has phenolic hydroxyl groups that can interact 

with water molecules and form hydrogen bonding. This affects the Zn2+ solvation structure and 

leads to a better Zn2+ desolvation process. Furthermore, SL tends to be absorbed on the 

protrusion of deposited Zn and form a protective shield to isolate the contact between water 
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molecules and Zn surface, which results in more uniform Zn deposition and suppression of side 

reaction (Fig. 17d). The cycling rate performance in Fig. 17a shows excellent tolerance and 

stability in Zn//Zn symmetric cell with SL as surfactant. Without the addition of SL, the 

symmetric cell failed when the current density increases to 4 mA cm-2. Long cycling 

performance in Fig. 17b-c shows excellent stability at 0.5 mA cm-2, 0.5 mAh cm-2 for 600 cycles, 

and 4 mA cm-2, 4 mAh cm-2 for 1200 cycles with the addition of SL in the electrolyte.  

 

Figure 17. (a)Rate performance of symmetric cell at 0.5, 1, 2, 4 mA cm-2 with and without SL. (b) 

Cycling performance of symmetric cell at 0.5 mA cm-2 and 0.5 mAh cm-2 with and without SL. (c) 

Cycling performance of symmetric cell at 4 mA cm-2 and 4 mAh cm-2 with and without SL. (d) 

Schematic of Zn2+ deposition with and without SL. Copyright 2021, Elsevier 
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Amphoteric surfactants have both anion and cation in their hydrophilic groups. Lu et al. (44) 

introduced arginine in the electrolyte and analyzed the absorption of arginine on the Zn surface. 

By introducing the arginine additive, the positively charged arginine adsorbs on the Zn surface and 

hinders the adsorption of H2O molecules, which limits the growth of dendrites and results in the 

formation of a stable zinc-electrolyte interface (Fig. 18a). At the condition of 5mA cm-2 and 4mAh 

cm-2, the symmetric cell has cycled for 2200 hours with excellent stability in arginine electrolyte 

(Fig.18b). Without arginine additive, the symmetric cell only cycled for 80h and get short circuit. 

By performing the DFT calculation, arginine has the largest absorption energy, especially for the 

positively charged arginine (Fig. 18c). This result further proves the great absorption of arginine 

on the Zn surface and regulation of Zn2+ flux during plating. A high and long-cycled CE of 98.26% 

is also obtained with the addition of arginine (Fig. 18d).    
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Figure 18. Schematic of Zn2+ deposition with and without arginine. (b) Cycling performance of 

symmetric cell at 5mA cm-2 and 4mAh cm-2. (c) Absorption energy of H2O, Glu, Zn, Ser, and Arg 

on Zn surface. Inset is the absorption energy of Arg and Glu with negatively charged, uncharged, 

and positively charged. (d) CE of asymmetric cell with and without arginine. Copyright 2021, 

Wiley  

 

Non-ionic surfactants have a non-electrically charged group. Similar to all other surfactants, the 

non-ionic surfactant is usually absorbed on the Zn surface and protects the Zn surface from the 

formation of uneven Zn dendrite. Lu et al. (45) reported a non-ionic surfactant of polyethylene 

oxide (PEO) in ZnSO4 electrolyte and shows tremendous cycling performance. The long chain 

PEO tends to absorb on the Zn surface and isolate the water molecules from the Zn surface to 
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restrict hydrogen evolution reaction. Furthermore, the viscosity of the electrolyte is modified, 

resulting in a suppressed Zn2+ diffusion kinetic, which ensures a slow and uniform Zn deposition 

(Fig. 19a). SEM in Fig. 19c-d shows sharp Zn dendrites that grow vertically in the non-PEO 

electrolyte. These dendrites will eventually cross through the separator and cause a short circuit. 

In the PEO electrolyte, Zn2+ deposits horizontally on the surface, and a more uniform surface is 

obtained (Fig. 19e-f). Furthermore, a high CE that is greater than 99% is achieved for 1500 cycles 

in PEO electrolyte. Without PEO, the CE is relatively low and decreases after 120 cycles (Fig. 

19g).  

 

Figure 19. (a) Schematic of Zn2+ deposition in the bulk electrolyte. (b) Schematic of Zn2+ 

deposition in PEO electrolyte. (c-d) SEM image of cycled Zn electrode in the bulk electrolyte. (e-

f) SEM image of cycled Zn electrode in PEO electrolyte. (g) CE of asymmetric cells with and 

without PEO. Copyright 2020, Wiley 
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1.6 Objectives and Design 

The objective of this work is to develop a zinc ion battery using organic solvent as co-solvent with 

water. After in-depth learning of electrolytes from the literature review in Chapter 1, the research 

gaps are identified in the following aspects: 

⚫ Many studies have discussed the function of organic solvent in solvation structure 

manipulation. Most of them only analyze the relation between organic molecules and water 

molecules, however, only few of them analyze the relation between salt anions, organic 

molecules and water molecules. 

⚫ There are very few simulations and characterization, including MD and CV, in a low 

temperature condition. 

According to these research gaps, the following objectives will be obtained: 

⚫ Create a MD simulation cell contains both salt anions, water molecules and organic molecules. 

Then calculate the coordination number of Zn2+ ions interacting with salt anions, water 

molecules and organic molecules. 

⚫ Create a MD simulation cell in the condition of -18°C and calculate the corresponding 

coordination number for each pair.  

⚫ Performance characterization such as CV and linear polarization curve in the condition of -

18°C. 

To achieve these objectives, the design procedures are determined. The selection of organic solvent 

is considered in the following aspects: 

⚫ The interaction of Zn2+ and organic molecule is stronger than Zn2+-H2O. 

⚫ The freezing point of organic solvent is low. 

⚫ The organic solvent is miscible in water. 

In addition, theoretical simulation and electrochemical performance are required for analysis: 

⚫ DFT calculation of binding energy, HOMO LUMO level, absorption energy, etc. 

⚫ MD simulation for analyzing Zn2+ solvation structure. 
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⚫ XPS spectra for analyzing the component of the SEI layer. 

⚫ SEM image of Zn2+ deposition for analyzing zinc dendrite growth. 

⚫ Electrochemical performance of asymmetric cells, symmetric cells, and full cells.  
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Table 1. List of highly concentrated electrolytes with corresponding symmetric cell cycling 

performance and asymmetric cell CE performance. 

 

Electrolyte (mA cm-2 mAh cm-2) 

lifespan 

CE Reference 

4.2M ZnSO4 + 0.1M 

MnSO4 

0.5, 1, 1000h 99% (22) 

1m Zn(TFSI)2 + 20m 

LiTFSI 

0.2, 0.033, 170h 99.7% (23) 

30m ZnCl2 0.2, 0.035, 600h 95.4% (24) 

1m Zn(OTF)2 + 20m 

LiTFSI 

- 98.9% (25) 

3M ZnSO4 20, 1, 800h 100% (46) 

3M ZnSO4 + 2M 

LiCl 

0.2, 2, 170h - (47) 

3M Zn(OTF)2 0.1, 0.1, 800h 100% (48) 

30m ZnCl2 + 5m 

LiCl 

2, 4, 4000h 99.7% (49) 

2.4 m Zn(ClO4)2 1, 1, 3000h 99% (50) 

8 M NaClO4 + 0.4 M 

Zn(OTF)2 

1, 1, 200h - (51) 

8 M NaClO4 + 0.4 M 

Zn(CF3SO3)2 

1, 1, 200h - (52) 

1 M Zn(OAc)2 + 31 

M KOAc 

- 99.2% (53) 

0.5 m Zn(ClO4)2 with 

18 m NaClO4 

0.2, 0.04, 1200h - (52) 
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Table 2. List of organic solvents with corresponding symmetric cell cycling performance and 

asymmetric cell CE performance. 

 

Organic solvent (mA cm-2 mAh cm-

2) lifespan 

CE Reference 

Diethyl ether (Et2O) 0.2, 0.2, 250h - (54) 

Ethylene glycol (EG) 

(40%) 

2, 1, 140h - (26) 

Triethyl phosphate 

(TEP) 

0.5, 1, 3000h 

0.25, 1, 3000h 

0.1, 1, 3000h 

99.6% (28) 

Gamma butyrolactone 

(GBL) 

1, 1, 4000h 

10, 10, 1170h 

20, 20, 140h 

99.9% (55) 

Tripropylene glycol 

(TG) 

1, 0.5, 1100h 

2, 0.67, 1000h 

99.7% (56) 

Hexaoxacyclooctadecane 1, 1, 2400h 99.6% (57) 

Trimethyl phosphate 

(TMP) 

1, 0.5, 5000h 

5, 2.5, 4000h 

99.5% (58) 

EDTA 1, 0.5, 1800h 

5, 2.5, 500h 

99.2% (59) 

EG (60%) 0.5, 0.5, 2668h - (60) 

Polyethylene glycol 

(PEG) 

1, 1, 650 99.6% (61) 

Methanol (50%) - 99.7% (62) 

Anhydrous Acetonitrile 

(ACN) 

1, 1, 1300h 99.3% (63) 

EG (50%) 1, 1, 1200h - (64) 

Acetonitrile (AN) 1, 2, 530h 99.6% (65) 

Acetonitrile 1, 0.5, 400h 99.8% (66) 

Acetonitrile 1, 1, 2500h - (67) 

1,2- dimethoxy ethane 

(DME) 

0.5, 0.125, 480h 99.4% (68) 

Dimethyl carbonate 

(DMC) 

1, 0.5, 1000h 99% (30) 

Triethyl phosphate 

(TEP) 

1, 1, 1500h 99.5 (69) 

Trimethyl phosphate 

(TMP) 

1, 1, 2000h 99.5% (70) 

1,2- dimethoxy ethane 

(DME) 

2, 2, 380h - (71) 

1,4-dioxane (DX) 5, 2.5, 600h 99.8% (72) 

Dimethyl sulfoxide 

(DMSO) 

0.5, 0.5, 1000h 99.5% (29) 
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Dimethyl sulfoxide 

(DMSO) 

1, 1, 2100h 99.7% (73) 

Polyacrylamide 

(PAM) 

1, 1, 180h 100% (74) 

1,3-dioxolane (DOL) 1, 1, 1000h 98.6% (75) 

Diethyl ether (Et2O) and 

ethylene glycol (EG) 

0.5, 0.5, 700h 98% (76) 

Polyethylene glycol 

(PEG) 

1, 1, 9000h 

0.5, 1, 8000h 

2, 1, 8000h 

- (77) 

1,2-dimethoxyethane 

(DME) 

2, 1, 5000h 

5, 1, 5000h 

10, 1, 800h 

99.7% (32) 

N, N-dimethyl acetamide 

(DMA) 

3, 3, 1000h 

1, 0.5, 4500h 

99.6% (78) 

2- Bis(2-hydroxyethyl) 

amino-2-

(hydroxymethyl)-1,3-

propanediol (BIS-TRIS) 

1, 1, 1200h 

5, 5, 600h 

98.5% (79) 

Glycerol 1, 1, 1500h 

0.5, 0.5, 1500h 

0.2, 0.2, 1500h 

2, 6, 900h 

1, 3, 450h 

98.3% (31) 

 

Table 3. List of Metal-ion additives with corresponding symmetric cell cycling performance and 

asymmetric cell CE performance. 

 

Metal-ion additive (mA cm-2 mAh cm-2) 

lifespan 

CE Reference 

Mn(CF3SO3)2 0.1, 0.1, 280h - (16) 

PbSO4 - - (37) 

NiSO4 - - (37) 

CuSO4 - - (37) 

Na2SO4 0.2, -, 300h - (38) 

CoSO4 - - (80) 

CeCl3 2, 1, 2600h 

40, 10, 160h 

99.7% (36) 

LiCl 0.2, -, 160h - (81) 
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Table 4. List of SEI forming additive with corresponding symmetric cell cycling performance and 

asymmetric cell CE performance. 

 

SEI forming additive (mA cm-2 mAh cm-2) 

lifespan 

CE Reference 

Zn(H2PO4)2 1, 1, 1200h 

1, 5, 800h 

5, 1, 200h 

99.4% (82) 

2-methyl imidazole 

(Hmim) 

2, 2, 2000h 

4, 4, 400h 

8, 8, 250h 

98.93% (83) 

Trimethyl phosphate 

(TMP) 

1, 0.5, 5000h 

5, 2.5, 4000h 

99.5% (58) 

Triethyl phosphate 

(TEP) 

1, 1, 1500h 99.5 (69) 

Polyethylene glycol 

(PEG) 

1, 1, 9000h 

0.5, 1, 8000h 

2, 1, 8000h 

- (77) 

1,2-dimethoxyethane 

(DME) 

2, 1, 5000h 

5, 1, 5000h 

10, 1, 800h 

99.7% (32) 

ZnS artificial layer 2, 2, 1000h 99.2% (84) 

ZnS artificial layer 1, 0.5, 700h - (85) 

poly(ethylene 

glycol)-200 

1, 1, 1600h 

0.25, 0.5, 1100h 

99.23% (86) 

DX 0.5, 2.0, 5000h 99% (87) 

20 mM Zn(NO3)2 0.5, 0.5, 1200h 99.8% (88) 

Graphene Oxide 

(GO) 

1, 0.5, 600h 

5, 2.5, 400h 

10, 5, 140h 

99.1% (39) 

Dopamine 1, 1, 1000h 

10, 10, 200h 

30, 30, 75h 

99.5% (89) 

Trimethylethyl 

ammonium 

trifluoromethane 

sulfonate 

(Me3EtNOTF) 

0.5, 0.25, 6000h 99.6% (90) 
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Table 5. List of Surfactant additives with corresponding symmetric cell cycling performance and 

asymmetric cell CE performance. 

 

Surfactant additive (mA cm-2 mAh cm-

2) lifespan 

CE Reference 

Tetrabutylammonium 

sulfate (TBA2SO4) 

2, 2, 300h 

5, 2, 450h 

10, 2, 400h 

5, 5, 160h 

- (40) 

Triethylmethyl ammonium 

(TMA) 

1, 0.5, 2145h 

5, 2.5, 500h 

- (41) 

Benzyltrimethylammonium 

chloride 

1, 2, 1000h 

2, 2, 900h 

5, 5, 500h 

10, 5, 400h 

- (91) 

3,30 -dithiodipropane 

sulfonate (SPS) 

1, 1, 4400h 

5, 5, 870h 

99.7% (42) 

Sodium lignosulfonate 

(SL) 

0.5, 0.5, 600h 

4, 4, 1200h 

99.92% (43) 

Arginine (Arg) 5, 4, 2200h 

10, 4, 900h 

98.26% (44) 

Polyethylene oxide (PEO) - 98.9% (45) 

Tetraethyl ammonium 

bromide (TEAB) 

1, 1, 3000h 99.73% (92) 

Tetramethylammonium 

sulfate (TS) 

0.25, 0.125, 4500h 

10, 2, 1000h 

99.7% (93) 

Sodium dodecyl benzene 

sulfonate (SDBS) 

0.5, 0.5, 1500h - (94) 

Cysteine (Cys) 0.5, 0.5, 2300h 

3, 3, 900h 

5, 5, 600h 

99.4% (95) 

Threonine (TH) 1, 1, 580h 

5, 1, 700h 

99.5% (96) 

polyacrylamide (PAM) 2, 2, 1300H 99.6% (97) 

Acrylamide-co-methyl 

acrylate 

1, 1, 8800h 

5, 5, 2500h 

10, 10, 765h 

99.3% (98) 
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1.7 Conclusion  

In conclusion, as an effective and practical strategy, electrolyte engineering plays a great role in 

protecting the zinc anode surface and anode-electrolyte interface. In this paper, various strategies 

for the manipulation of solvated structures, the inhibition of zinc dendrites, and the suppression of 

side reactions in electrolyte engineering are introduced in detail and their recent progress is highly 

summarized. These strategies include increasing the concentration of electrolyte salts and adding 

organic solvents, metal ion additives, SEI layer-forming additives, and surfactants to the aqueous 

electrolyte. Highly concentrated electrolytes can promote salt anions into the solvation layer and 

replace water molecules, reduce the activity of water, and widen the electrochemical potential 

window. The addition of organic solvents can change the solvation structure, reduce the 

desolvation energy of Zn2+, generate the SEI layer to protect the anode and expand the adaptability 

of zinc-ion batteries at low-temperature conditions. Metal-ion additives with higher reduction 

potential can be reduced to the zinc surface before Zn2+ deposition, thus providing more 

depositional active sites for uniform deposition of zinc. Metal-ion additives with low reduction 

potential are adsorbed on the tip of zinc as an electrostatic shield, which repels further deposition 

of zinc ions on the tip and inhibits 2D diffusion of Zn2+. SEI layer-forming additives participate in 

the decomposition of the electrolyte, forming SEI protective films that isolate the water molecules 

and inhibit further decomposition of the electrolyte. The surfactant can be adsorbed on the 

electrode to isolate the contact between water molecules and the zinc anode and promote the Zn2+ 

diffusion kinetic.  

Although electrolyte engineering has made progress in inhibiting zinc dendrite and hydrogen 

evolution reactions, these strategies still have the following defects and problems that need to be 

considered: 1. For high-concentration electrolytes, increasing salt concentration will lead to higher 

viscosity and thus lower ionic conductivity in the electrolyte. In addition, high-concentration 

electrolytes are highly polarized and may enhance the self-discharge of the battery. For positive 

electrode materials, the environment of high-concentration electrolytes will promote the 
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dissolution of positive electrode materials and the collapse of the structure, thus leading to the 

attenuation of battery capacity. 2. For organic solvents, some organic solvents may promote the 

decomposition of the electrolyte. Some organic solvents may influence the corrosion and 

dissolution of the electrode material. Therefore, it is important to select suitable organic solvents 

and electrolytes. At the same time, the organic solvent will increase the viscosity of the electrolyte, 

resulting in low ionic conductivity. 3. For additives, some metal ion additives such as CuSO4 will 

produce bubbles on the surface of zinc, which will not only promote hydrogen evolution reaction 

but also affect the uniform deposition of Zn2+. The thickness of the SEI layer also has a great 

impact on the performance of the battery. If the thickness of the SEI layer is too thin, the zinc 

dendrites may puncture the SEI layer, resulting in corrosion and uneven deposition of the zinc 

surface. If the thickness of the SEI layer is too thick, the transport and deposition of Zn2+ will be 

greatly limited. 

Learning and understanding the mechanism behind each electrolyte is necessary and important. 

Therefore, theoretical simulation and calculation including DFT calculation and MD simulation 

have become a critical analysis for further understanding the solvation structure and interaction 

and bonding energy between ions. Combining theoretical and experimental analysis and promoting 

electrolyte engineering in aqueous zinc-ion batteries will eventually result in practical application 

that benefits every human being in the future.   
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Chapter 2. Methodology   

2.1 X-ray diffraction (XRD) 

XRD is an accurate and efficient testing technique for materials. Since X-rays have great energy, 

the atoms in the crystal will emit secondary waves when X-rays enter the crystal. This process is 

called X-ray scattering. The XRD diffractometer has three main parts: X-ray source, sample, and 

detector. When the X-ray is generated from the X-ray source and passes through the sample 

material, the incident X-ray is reflected at a certain angle and collected by the detector. By 

adjusting the incident angle, the corresponding wavelength information will be collected by the 

detector. Eventually, a diagram of intensity versus angle is obtained. Phase analysis is the most 

common application of XRD testing. The diffraction pattern of each phase is unique, we can get 

the phase composition of the measured sample if we compare the measured XRD pattern with the 

standard card in the database. The fundamental of XRD theory is the Bragg equation, which shows 

the intrinsic relationship between diffraction and crystal structure. The equation is shown as the 

following: 

𝑛𝜆 = 2dsin 𝜃 

Where λ represents the wavelength of the X-ray, d represents the distance between the crystal 

planes and θ represents the angle between the incident X-ray and the corresponding crystal plane. 

 

2.2 X-Ray Photoelectron Spectroscopy (XPS) 

XPS technology is used for qualitative and quantitative analysis of the composition and content of 

elements on the surface of materials. When an X-ray with a certain energy is emitted to the surface 

of the sample, it interacts with the surface atoms of the sample to be measured and electrons gain 

energy. When the electron energy is greater than the binding energy of the nucleus, the electrons 

in the atoms can be excited to break away from the atoms and become free electrons. The free 
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electron is detected by the detector and binding energy information is shown in a diagram based 

on the following equation: 

𝐸𝑏 = ℎ𝑣 − 𝐸𝑘 

Where Eb represents the binding energy of electrons for a specific element, Ek represents the 

maximum kinetic energy of emitted electron and hv represents the energy of incident X-ray. In this 

equation, hν is known and Ek can be measured, therefore the binding energy Eb can be determined. 

Since the binding energy of electrons in the same electron shell of different atoms is different, the 

binding energy can be used for element identification. In this research, the composition on the 

surface of cycled Zn electrode is obtained according to the position and shape of the XPS spectrum. 

 

2.3 Scanning Electron Microscope (SEM) 

The scanning electron microscope (SEM) is a commonly used microscopy and analysis instrument 

that utilizes various physical signals, which are excited by an electron beam scanning the surface 

of a sample, to modulate images. The scanning electron microscope mainly consists of the 

following parts: an electron gun, electromagnetic lens, scanning coils, electron detector, and TV 

scanner. The electron beam generated by the electron gun passes through the electromagnetic lens, 

then the scanning coil controls the electron beam to scan the sample. These interactions generate 

various physical signals, and the detector converts the physical signals into image information. 

Three types of electrons generate image signals in the SEM: secondary electron, backscattered 

electron, and dispersive x-ray. Secondary electrons are the nuclear electrons that leave the atom of 

the sample due to an incident electron beam. They have very low kinetic energy, which means that 

they are used for displaying surface topography. Backscattered electrons are the incident electrons 

that are reflected by atoms of the sample. They have higher kinetic energy than secondary electrons 

and they increase as the atomic number increases. Therefore, backscattered electrons can be used 

to identify the different chemical compositions on the surface of the sample. Dispersive X-ray is 

produced due to the large energy barrier when the inner shell electrons leave the atom and outer 
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shell electrons transit to the inner shell. Therefore, the dispersive X-ray can be used for element 

mapping since each element has a different energy level. 

2.4 Raman spectroscopy 

Raman spectroscopy is a branch of light scattering. When a light beam is shot on the material, the 

photon interacts with a molecule, the molecule absorbs the energy of the photon and transit to a 

higher energy level. However, the molecule is unstable at a high energy level and must return to a 

lower energy level. During the transition of the molecule from a high energy level to a lower energy 

level, energy will be released in the form of a photon. If the molecule transit back to its original 

energy level, the released photon frequency will remain unchanged. This scattering model is called 

Rayleigh scattering. If the molecule transit to a lower or higher original energy level, the released 

photon frequency will be shifted. This scattering model is called Raman scattering. The shifted 

photon frequency is called the Raman shift. Raman shift is independent of the frequency of the 

incident light. It is related to the vibrational energy levels of the material. Raman spectroscopy has 

multiple Raman peaks, and each peak represents a specific molecular bond vibration. Each 

substance has its own characteristic Raman spectrum, and the frequency of each Raman peak is 

very sensitive to small changes in the structure of the substance. Therefore, Raman spectroscopy 

is used to analyze the change in structure and the chemical composition of material by comparing 

it with the standard Raman spectroscopy in the database. 

 

2.5 Nuclear Magnetic Resonance (NMR) spectroscopy 

Nuclear magnetic resonance (NMR) is a tremendous technique that is used in many fields of 

science. It can provide the chemical structure information and help researched further 

understanding any structure manipulation of a matter. The concept of NMR could be explained in 

three aspects: nuclei, magnetism and resonance. Each matter is made up of atoms and atoms 
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contain nuclei and electrons. For those magnetic nuclei, they will have a motion of self-rotating 

which just like earth’s rotation, which is also called spin. Spin is the intrinsic property of a matter, 

which is quantified as spin quantum number I. The spin quantum number is either an integer (1, 2, 

3, etc.), a fraction (1/2, 3/2, 5/2, etc.) or zero for each particular nucleus. The spinning charges 

create magnetic field and the atomic nuclei will act as magnetic diploes. When an external 

magnetic field B is applied on the nuclei, the spinning of nuclei will be affected and leads to 2I + 

1 spinning orientations. The 2I +1 spinning orientation causes 2I +1 energy states. If there is an 

energy applied to the nuclei, each nucleus will perform an energy level transition and create a 

resonance signal. The energy is offered by a radio frequency transmitter. Due to the interaction of 

nuclei with electron clouds, each nucleus will eventually be sensitive to a certain radio frequency 

and lead to a change in resonance lines. The change of resonance peak to a higher or lower 

frequency is called chemical shift, which is used to analyze the chemical structure of a matter. 

2.6 Cyclic Voltammetry (CV) 

Cyclic Voltammetry (CV) is a technique used to study the behavior of electrochemical reactions at 

the electrode - electrolyte interface. In general, it is used to study the electrode reaction mechanism, 

reaction kinetic, etc. The basic principle of cyclic voltammetry test is to apply a triangular 

waveform pulse voltage to the electrodes, the working electrode will undergo oxidation reaction 

or reduction reaction by changing the potential at the working electrode. For example, when a 

more positive potential is applied and the potential continuously decrease to the standard electrode 

potential for the electrode material, the electrode will gain electrons, perform reduction reaction 

and produce current. As the potential keep decreasing, the concentration of reactants decreases in 

the system and eventually reaches zero. The current will firstly increase, then decrease as the 

concentration of reactants decrease and reach zero eventually. Therefore, the CV will obtain a 

reduction peak in the current-potential plot. In reverse, oxidation reaction will happen and an 

oxidation peak will be obtained when the CV scan from a lower potential to a higher potential. 

These oxidation/reduction peak represent any electrochemical reactions happened at the potential. 
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Therefore, CV plot can provide information of reversibility and electrochemical reaction from the 

peaks and information of diffusion kinetic from the reaction current density. 

 

2.7 Coulombic Efficiency (CE) 

Coulombic Efficiency (CE) represent the capacity retention during each charge/discharge cycle. 

The less the capacity loss during cycling, the higher the CE and the longer the cycling life of 

batteries. CE is calculated by on the charge capacity and discharge capacity: 

𝐶𝐸 =  
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 

In zinc ion batteries, it could be written as: 

𝐶𝐸 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑍𝑛2+ 𝑖𝑛𝑡𝑒𝑟𝑐𝑎𝑙𝑎𝑡𝑒𝑑 𝑖𝑛 𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑍𝑛2+ 𝑑𝑒𝑝𝑎𝑟𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑐𝑎𝑡ℎ𝑜𝑑𝑒
 

A poor CE is caused by the side reaction happened in the electrolyte. The Zn2+ ions engage with 

OH- anions and form irreversible by-products. Therefore CE is a parameter for analyzing the 

reversibility in zinc ion batteries. 

  

2.8 HOMO LUMO 

HOMO and LUMO are molecular orbitals that is used to define the chemical reaction between 

molecules. HOMO stands for highest occupied molecular orbital and LUMO stands for lowest 

unoccupied molecular orbital. According to frontier molecular orbital theory, in a molecule, 

HOMO has the highest energy and least restriction. The higher the HOMO level, the easier the 

molecule lose electrons. LUMO has the lowest energy, therefore, the lower the LUMO level, the 

easier the molecule gain electrons. The energy difference between HOMO and LUMO is called 

HOMO LUMO. A small HOMO LUMO gap results in a high HOMO level and low LUMO 

level, which means the molecule is unstable and chemical reaction is easier to happen. 
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2.9 Molecular Dynamic 

Molecular Dynamics (MD) is a technique that combines mathematics, physics, chemistry, and 

biology. This method is widely used in molecular simulation. Molecular dynamics simulation 

relies on computer to build molecular models to simulate the microstructure mechanism and 

dynamic trajectory behavior of molecules, to obtain the physical and chemical data of molecular 

systems. In the simulation of molecular dynamics, each atom in the system is regarded as a 

particle obeying Newton's second law. According to the potential energy function of the 

molecule, the force acting on each atom is obtained. Given the initial velocity and the step size of 

evolution, the motion trajectory of the atom on the potential energy surface is obtained by 

solving the motion equation using Newton's law of motion. In a certain time, by simulating the 

motion state of molecules and atoms in the system, the evolution behavior of the system with 

time can be observed in a dynamic way. Atoms are composed of nuclei and electrons, and the 

mass of electrons is extremely small compared to the nucleus, so when the atom moves, the 

movement of electrons can be ignored, and only the nucleus moves in the selected conservative 

force field. In MD calculation simulation, according to different systems, appropriate algorithms 

are selected, parameters are set, and time steps of nanoseconds and milliseconds are adopted to 

solve these equations, so that the system can undergo motion evolution in a period of time. At the 

same time, the system is heated and pressurized, maintained at the set parameter values, and 

atomic coordinates are written to the output file within a certain time interval. In the set 

simulation time, the constantly changing coordinates form a movement trajectory of the system. 

In the early stage of the simulation, the initial system will constantly change, and after a period 

of time, it will stabilize within a certain range. At this time, the system basically reaches a state 

of equilibrium. After the equilibrium trajectory of the system is obtained, the average value is 

calculated and written into the output file, and the macro properties of the simulated system are 

extracted and analyzed from the file. 
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Chapter 3. Rational design of electrolyte for stable 

and low-temperature Zinc-ion battery 

3.1 Abstract 

Aqueous zinc-ion battery suffers from poor cycling stability due to uneven Zn2+ deposition and 

serious dendrite growth. To effectively protect the Zn metal anode, focusing on de-solvation of 

[Zn(H2O)6]
2+, diglyme (G2) is added as the co-solvent with Zn(OTF)2. The addition of G2 solvent 

can efficiently reconstruct the Zn2+ solvation structure and reduce the water molecule content of 

[Zn(H2O)6]
2+ sheath. More importantly, an organic and inorganic SEI layer (ZnF2-ZnCO3-ZnSO3) 

is formed on the Zn anode surface, which isolates the Zn anode from the bulk electrolyte and 

allows uniform and suppressed 𝑍𝑛2+ diffusion. Zn corrosion and side reactions are suppressed as 

well in the system. High Coulombic efficiency of 99.7% is obtained in a co-solvent electrolyte 

system (i.e., 2M Zn(OTF)2 and G2). Long cycling life of 1000 cycles with capacity retention of 

80% is demonstrated by Zn//𝐼2- AC full cell at room temperature. Even under a low-temperature 

condition (-18°C), Zn//𝐼2- AC full cell can have a lifespan of 1000 cycles with capacity retention 

of 65%. Theoretical calculations (e.g., DFT, MD) also prove that the OTF- ion has greater 

interaction with Zn, and the water molecules from the [Zn(H2O)6]
2+ solvation structure are replaced 

by OTF- ions. This work demonstrates a direction and unparalleled insight into electrolyte 

engineering with solvation structure regeneration and SEI player formation for aqueous zinc-ion 

batteries. 
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3.2 Introduction 

Compared with lithium-ion batteries, the rechargeable aqueous zinc-ion battery (AZIB) has been 

considered a promising and reliable energy storage technology because of its low cost, 

environmental benignity, and high safety(99-101). Zinc metal has the advantages of low redox 

potential (- 0.76 V vs the standard hydrogen electrode (SHE)), and high theoretical capacity (820 

mAh g-1)(55, 102, 103). However, there are some critical problems and challenges regarding the 

use of Zn anode, including the growth of dendrite(54, 104) from uneven Zn2+ deposition, compete 

reaction of hydrogen evolution reaction (HER)(105), and Zn surface corrosion(84). These issues 

cause a low Coulombic efficiency (CE), short cycling life, and irreversible consumption of the 

battery(77). 

In the zinc aqueous electrolyte, water molecules usually tend to solvate Zn2+ ions and form a 

solvation sheath of [Zn(H2O)6]
2+ (106). This [Zn(H2O)6]

2+ solvation sheath requires a large energy 

barrier to overcome for the zinc ion desolvation and causes many water molecules on the Zn anode. 

Water molecule is thermodynamically unstable due to the higher potential of H2O/𝐻2+ (0 V vs 

SHE) compared to Zn/𝑍𝑛2+ (-0.76V vs SHE)(107). Therefore, the hydrogen evolution reaction 

happens spontaneously. The continuous evolution of 𝐻2  causes the change of local pH of 

electrolytes and easily results in the formation of inactive by-products such as Zn(OH)2(56, 57). 

These by-products are ionically insulating and unevenly growing, which results in poor ion 

diffusion, zinc anode corrosion, and dendrite growth. Therefore, it is urgently necessary to 

optimize the solvation structure to inhibit hydrogen evolution reaction and uneven Zn 

deposition(108). 

Several strategies have been investigated for optimizing the solvation structure. One solution is to 

use highly concentrated electrolytes(2, 52, 60). Increasing the concentration of zinc salts can 

reduce the activity of water molecules and increase the number of anions from the salts that pair 

the 𝑍𝑛2+ ions. The solvation structure is optimized, and a better Zn deposition is realized. However, 

the increased concentration of zinc salts also results in high viscosity, low ionic conductivity, and 
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high cost. Another way is to use organic solvent additives to modify solvation structure(79, 109, 

110). Organic solvents such as 1, 2-dimethoxyethane (DME)(32), N, N-dimethyl acetamide 

(DMA)(78), dimethyl carbonate (DMC)(30), and dimethyl sulfoxide (DMSO)(29) have been 

reported as great additives to alter the solvation structure. These organic solvents have high donor 

numbers and tend to inhibit free water molecules in the electrolyte. Water molecules in 

[Zn(H2O)6]
2+ solvation sheaths are replaced by these organic additives which restrain the hydrogen 

evolution reaction and dendrite growth. Furthermore, building a protective solid electrolyte 

interface (SEI) layer on the Zn surface has been reported as well(13, 58, 82, 83, 85, 86).  Zhang’s 

group reported that using triethyl phosphate (TEP) as a solvent in the electrolyte of Zn((CF3SO3))2 

could form an organic-rich outer layer and an inorganic Zn(PO4)2-ZnF2-ZnS rich inner layer on 

the Zn surface. The hybrid SEI layer isolates active Zn from electrolytes and suppresses the 

hydrogen evolution reaction and dendrite growth.  

Herein, a novel electrolyte system consisting of 2.0 M Zn((CF3SO3))2 (Zn(OTF)2) in water with 

diglyme (G2)(111, 112) solvent is developed in this context. In a comprehensive analysis of 

theoretical calculations including molecular dynamics (MD) simulations(113) and density 

functional theory (DFT) calculations, G2 solvent is capable to reconstruct the solvation structure 

of [Zn(H2O)6]
2+ by reducing the numbers of water molecules and increasing the number of OTF- 

anion, which suppresses the dendrite growth and inhibits the side reaction. Meanwhile, a polymer 

inorganic SEI layer composed of ZnF2, ZnCO3, and ZnSO3 derived from the reductive 

decomposition of G2 solvent and OTF- anion. The SEI layer restrains the corrosion on the Zn 

surface and allows a more even Zn deposition. With the addition of G2 solvent, a Zn//Zn symmetric 

cell using thin Zn shows cyclability of 160 h under the current density of 1 mA cm-2 and areal 

capacity of 1 mAh cm-2.  When coupled with iodine-activated carbon, the full cell shows a long 

cycling performance over 1000 cycles at 0.5 A g-1 with a capacity of 100 mAh g-1. In addition, G2 

has a very low melting point of -64 °C. With the addition of G2 solvent, the full cell coupled with 

iodine-activated carbon shows a long cycling performance over 1000 cycles at 0.5 A g-1 under a 

low-temperature condition of -18°C.  As a result, the G2 organic solvent enables a stable Zn plating 
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/stripping and suppresses the dendrite growth and corrosion on the Zn surface, which illustrate a 

practical application and unprecedented strategy for the future of an aqueous zinc-ion battery. 
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3.3 Experimental section 

 

3.3.1 Preparation of Iodine - Activated Carbon (I2- AC) cathodes 

 

Iodine was melted into activated carbon at 150 °C for 12h in a ratio of 30% iodine and 70% of 

activated carbon. Then the I2- AC composite was mixed under magnetic stirring with Super P and 

sodium alginate in a weight ratio of 8:1:1. The slurry was drop coated onto stainless steel mesh 

and dried under infrared light. The mass loading of the active material (I2- AC) was 1.44 mg/cm
2. 

 

3.3.2 Electrolyte preparation 

 

For the baseline test, the electrolyte used was 100 μL 2M Zn(OTF)2 in DI water. For the 

experimental test, the electrolyte used was 100 μL 2M Zn(OTF)2 in DI water and G2 solvent with 

a volume ratio of 3:1, 1:1, and 1:3. 

 

3.3.3 Fabrication of batteries and electrochemical measurements 

 

For the asymmetrical cell, the bare Cu foil was used as a working electrode and the bare Zn foil 

was used as a counter electrode with 100 µL electrolyte and glass fiber acting as the separator. For 

the symmetrical cell, first of all, bare zinc foils and copper foils served as electrodes with 

electrolytes to assemble the Zn//Cu cell to get thin Zn plating on copper foils. Each Zn//Cu cell 

run under conditions of 3 mA cm-2 and 3 mAh cm-2. Then two thin Zn that was plated on the copper 

foils served as electrodes to assemble the Zn symmetric cell. The full cell was assembled with bare 

Zn anode and I-AC cathodes. All the cells were assembled into CR2032 coin cells in the air 
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atmosphere. For the low-temperature test, assembled coin cells were placed inside a freezer. The 

2D/3D diffusion curves were measured by the chronoamperometry (CA) method under a constant 

voltage of -150 mV over 120s. Cyclic voltammetry (CV) was tested with Zn//Cu asymmetrical 

cell and Zn//𝐼2- AC full cell. EIS testing was performed with Zn//𝐼2- AC full cell. All the CA, CV, 

and EIS tests were carried out on the BioLogic electrochemical workstation. Galvanostatic charge-

discharge tests of asymmetrical cells, symmetrical cells, and full cells were tested on the Neware 

battery testing system.    

  

3.3.4 Characterization 

 

X-ray Diffraction (XRD) measurement was presented on an Ultima IV (Rigaku) diffractometer 

equipped with a Cu Kα X-ray source. Scanning electron microscope (SEM, Zeiss EVO M10) was 

used to analyze the structure of nano-sized material. Raman spectra were obtained on a Raman 

spectrometer (Renishaw inVia Qontor) equipped with a laser wavelength of 532 nm. The X-ray 

photoelectron spectrometer (XPS) was performed on Kratos AXIS Ultra. H Nuclear magnetic 

resonance spectrum (NMR) was conducted on Bruker AVANCE III. 

 

3.3.5 Theoretical calculation 

 

Molecular Dynamic (MD) simulations were performed using Materials Studio. The model of water 

molecules, G2 molecules, and OTF- ions were built separately. For each built model, the charge 

distribution of each atom was assigned manually. The charge distribution of each atom was 

calculated by using Multiwfn. First of all, an amorphous cell was assigned 50 Zn2+ ions, 100 OTF- 

ions, 1040 water molecules, and 44 G2 molecules. After the amorphous cell was successfully 

created, the forcite model was used to calculate the dynamics of the structure. The ensemble used 

was NPT in which the temperature was assigned to 298K, the pressure was assigned to 0.0001 
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GPa and the total simulation time was assigned to 200 ps. Berendsen was used as the barostat. The 

radial distribution functions (RDFs) were analyzed by using forcite analysis in the Materials Studio. 

The RDFs were used to analyze the distance between the oxygen atom and Zn2+ ions. The 

coordination number of water molecules, G2 molecules, and OTF- ions that surround Zn2+ ions 

was calculated by the following formula: N(𝑟 ’) =4 
𝑁

𝑉
∫ 𝑔(𝑟)𝑟2𝑑𝑟

𝑟′

0
 . Density functional theory 

(DFT) calculation was performed to optimize the structure and calculate the binding energy. 

Gaussview and Gaussian09 were used to create structure and perform calculations. B3LYP with 

6-311G was set up in the DFT calculation. The binding energies were obtained by the following 

equation: Eb=(EZn+EG2)-EZn+G2. Absorption energy was calculated by using the Vienna Ab-initio 

Simulation Package (VASP) kit. The Zn (002) surface was chosen to build a 5x5 supercell, a 

vacuum slab with a thickness of 10Å was added to the supercell and the atoms on the last two 

layers were fixed. The cut-off energy was set as 500eV, the total energy was set as 10−6eV and the 

atomic force was set as 0.01 eV/Å. The projector augmented wave method (PAW), the generalized 

gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) method were selected to 

calculate the energy. The K point was generated by the gamma point method from the VASP kit. 

The absorption energy was calculated by the following equation: Eab=EZn+G2-(EZn+EG2). 
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3.4 Results and discussion 

 
 

Figure 20. (a) Contact angle measurements of Top left: H2O(3) - G2(1), Top right: H2O(1) - G2(1), 

Bottom left: H2O(1) - G2(3), Bottom right: bare electrolyte on the Zn electrode. (b) Raman 

spectroscopy for baseline Zn(OTF)2 electrolyte and H2O(3) - G2(1) electrolyte. (c) 
1H NMR 

spectra for baseline Zn(OTF)2 electrolyte and H2O(3) - G2(1) electrolyte.  
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Figure 21. (a) HOMO and LUMO energy levels of Zn-G2, Zn- H2O, and Zn-OTF
-. (b)Binding 

Energy of Zn (0 0 2) plane for baseline Zn(OTF)2 electrolyte and H2O(3) - G2(1) electrolyte. (c) 

Absorption Energy of Zn (0 0 2) plane for baseline Zn(OTF)2 electrolyte and H2O(3) - G2(1) 

electrolyte. 

 

 

Figure 22. (a) MD amorphous cell for H2O(3) - G2(1) electrolyte. (b) RDFs and coordination 

number for baseline Zn(OTF)2 electrolyte. (c) RDFs and coordination number for H2O(3) - G2(1) 

electrolyte. 

 

G2 as an organic solvent in the electrolyte can reconstruct the solvation structure and form an 

inorganic SEI layer on the Zn surface. To determine its function, several samples of electrolytes 

were prepared in the following: 2M Zn(OTF)2 dissolved in H2O and G2 solvent with a ratio of 3:1 

(denoted as H2O(3) - G2(1) electrolyte), 2M Zn(OTF)2 dissolved in H2O and G2 solvent with a 

ratio of 1:1 (denoted as H2O(1) - G2(1) electrolyte), 2M Zn(OTF)2 dissolved in H2O and G2 

solvent with a ratio of 1:3 (denoted as H2O(1) - G2(3) electrolyte) and 2M Zn(OTF)2 dissolved in 

H2O solvent. Various theoretical calculations and experimental analyses were utilized to gain an 
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in-depth understanding of G2 in this co-solvent electrolyte system. In Fig. 20a, the contact angle 

of the baseline electrolyte and experimental electrolyte were measured to test the wettability. The 

contact angle is measured by dropping the electrolyte on the Zn electrode. In general, a contact 

angle of greater than 90°C is considered as hydrophobic and a contact angle of less than 90°C is 

considered as hydrophilic. The baseline Zn(OTF)2 electrolyte without the G2 solvent has the 

largest contact angle. With the addition of G2 solvent, the contact angle is getting smaller and the 

H2O(3) - G2(1) electrolyte has the smallest contact angle. This result reveals that better wettability 

is approached with the addition of G2 solvent, which leads to better absorption of G2 on the 

interface(78).  

Raman spectroscopy in the range from 1000 cm-1 to 1100 cm-1 is shown in Fig. 20b. The peak 

corresponding to OTF- ions(69) has slightly shifted to a higher frequency in the H2O(3) - G2(1) 

electrolyte. This result indicates the increased number of OTF- ions in the solvation structure, 

which proves that the G2 solvent changes the solvation structure by replacing water molecules 

with OTF- ions. The 1H NMR spectra of the G2 solvent show a peak at 3.45ppm which belongs to 

the O-CH3 group (Fig. 20c). While adding the G2 solvent into Zn(OTF)2 electrolyte, the 
1H NMR 

spectra show a downfield chemical shift from 3.45ppm to 3.19ppm. This result reveals that Zn2+ 

doesn’t interact with the G2 solvent and the G2 solvent doesn’t participate in the [Zn(H2O)6]
2+ 

solvation sheath. The OTF- ion is more favorable to interact with the Zn2+ cation than the G2 

solvent.  

To study and analyze the properties and behavior of molecules and ions in the electrolyte, density 

functional theory (DFT) calculation was performed to calculate the highest occupied molecular 

orbital (HOMO), lowest unoccupied molecular orbital (LUMO), the binding energy of each 

molecule and ions against Zn2+ and absorption energy on the Zn (0 0 2) plane. As shown in Fig. 

21a, the HOMO and LUMO energy levels of G2 molecules, water molecules, and OTF- ions are 

analyzed against Zn2+. The HOMO level of Zn-G2 (-7.02eV) and Zn-OTF- (-2.48eV) are higher 

than Zn-H2O (-8.15eV). This proves that the G2 molecule is easier to lose electrons when 

absorbing on the Zn surface than water molecules. Moreover, the energy gap between the HOMO 
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and LUMO levels of Zn-G2 (8.24eV) is the smallest compared to Zn-H2O (8.93eV) and Zn-OTF
- 

(9.41eV). This reveals that chemical reactions are easier to happen on the Zn surface with the 

addition of G2 molecules. The binding energy of Zn2+-OTF- (-15.64 eV) is much larger than Zn2+-

G2 (-8.46 eV) and Zn2+-H2O (-4.48 eV)(114), showing that Zn
2+ prefers to interact with OTF- ions 

rather than interact with G2 molecules in the solution (Fig.21b). The OTF- ions have a better 

preference of entering the solvation structure than the G2 molecule. Furthermore, the absorption 

energy of the G2 molecule and water molecule on the Zn (002) plane were calculated (Fig.21c). 

The G2 molecule has a larger absorption energy (0.079 eV) than the water molecule (0.043 eV), 

which indicates that the G2 molecule can help with a better Zn deposition and suppress dendrite 

growth on the Zn surface(78).  

Molecular dynamics (MD) simulations were performed to analyze the solvation structure of the 

electrolytes with and without the addition of G2 solvent. As shown in Fig. 22a, G2 solvent is added 

to the system. There are multiple water molecules and OTF- ions surrounding the Zn2+ ions. 

However, most of the G2 molecules are displayed far away from the Zn2+ ions, which indicates 

that the G2 molecule doesn’t enter the Zn2+ solvation shell. The Zn2+ solvation shell only consists 

of water molecules and OTF- ions, which the number of water molecules is larger than the number 

of OTF- ions. The radial distribution function (RDFs) and coordination number were analyzed and 

calculated to study the distribution of neighbor molecules and ions in the Zn2+ solvation shell. As 

presented in Fig. 22b, without the addition of G2 solvent, the peak of the Zn-O_H2O pair displays 

at 2.1Å and the peak of Zn-S_OTF- displays at 3.9Å. The length of the S-O bond in OTF- ions is 

around 1.5Å, therefore, the distance distribution of the Zn-O_OTF- pair is nearly close to the 

distance distribution of the Zn-O_H2O pair. The coordination number of the Zn-O_H2O pair is 4.8 

and the coordination number of Zn-S_OTF- is 2.0, which presents a solvation structure that has 

four or five dipolar water molecules and two OTF- ions coordinating with one Zn2+ cation. By 

comparison, after the addition of G2 solvent, the peak distribution of the Zn-O_H2O pair and Zn-

S_OTF- pair doesn’t change (Fig. 22c). However, the coordination number of Zn-O_H2O pair 

decreases to 4.36, the coordination number of Zn-S_OTF- increases to 2.38 and the coordination 
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number of Zn-O_G2 is 0.10. The addition of G2 solvent reconstructs the solvation structure by 

allowing more OTF- ions to replace the water molecules. The mechanism of G2 solvent in the 

Zn(OTF)2 electrolyte system is that G2 solvent allows more OTF
- ions to participate in the Zn2+ 

solvation structure. The Zn(OTF)2 salts don't dissolve in the G2 solvent, more water molecules are 

used to dissolve the G2 solvent and the G2 solvent repels OTF- ion in this system. Therefore, the 

G2 solvent stays far away from the Zn2+ cation, and the repelled OTF- ion is capable of entering 

the solvation structure and replacing the missing water molecule. Further MD simulation for an 

increasing volume of G2 in the electrolyte (H2O(1) - G2(1)) also shows the same conclusion, where 

the coordination number of Zn-O_H2O is 4.20, the coordination number of Zn-S_OTF
- is 2.35 and 

the coordination number of Zn-O_G2 is 0.01 (Fig. 23). 

 

Figure 23. RDFs and coordination number for H2O(1) - G2(1) electrolyte. 
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Figure 24. (a) Coulombic efficiency (CE) of Zn//Cu asymmetric cells with and without different 

volume ratios of G2 in the electrolyte. (b) Voltage profiles of asymmetric cell with H2O(3) - G2(1) 

electrolyte. (c) Voltage profiles of asymmetric cells without G2.  

 

 

Figure 25. (a) Cyclic voltammetry (CV) with different volume ratios of G2 in the electrolyte. (b) 

Cyclic voltammetry (CV) of baseline Zn(OTF)2 electrolyte. (c) Linear polarization curve of 

electrolyte with and without different volume ratios of G2. (d) Chronoamperometry (CA) with 

different volume ratios of G2 in the electrolyte.  
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Figure 26. (a) Cycling performance of symmetric cells at 1 mA cm-2 and 0.5 mAh cm-2 with H2O(3) 

- G2(1) electrolyte and baseline Zn(OTF)2 electrolyte. (b) Cycling performance of symmetric cells 

at 3 mA cm-2 and 3 mAh cm-2 with H2O(3) - G2(1) electrolyte and baseline Zn(OTF)2 electrolyte. 

(c) Cycling rate performance of symmetric cells. 

 

To examine the effect of the G2 molecule on smoothing Zn deposition and restricted dendrite 

growth, a Zn//Cu asymmetric cell was first assembled to analyze the stability. In Fig. 24a, the 

baseline Zn(OTF)2 electrolyte has an average CE of 95% for a short 47 cycles and then becomes 

unstable. For the H2O(3) - G2(1), H2O(1) - G2(1) and H2O(1) - G2(3) electrolytes, the cells all 

show stable and high CEs of 99.7% for more than 900 cycles, which lead to the high reversibility 

of Zn plating and stripping. Furthermore, a stable charge and discharge curve of the Zn//Cu 

asymmetric cell after different cycles were obtained, with a small acceptable voltage polarization 

of 83mV (Fig. 24b) and a voltage polarization of 20mV (Fig. 24c). To further examine the 

protection on the Zn surface, cyclic voltammetry (CV) was tested and shown in Fig. 25a. Before 

the nucleation of Zn on the copper surface, there is already a drop of current density that appears 

at an overpotential of 0.1V. This indicates that there is an interfacial reaction that happened before 

Zn2+ plating on the copper foil, which is the formation of an inorganic SEI layer on the surface. 

The H2O(3) - G2(1) electrolyte has the largest current density, and the current density decreases as 

the volume of the G2 solvent increases. This is because the viscosity of the electrolyte increases 

as the addition of G2 solvent increases. The H2O(3) - G2(1) electrolyte has the best Zn
2+ diffusion 

and plating kinetic among all the above G2-added electrolytes. The CV curve of the electrolyte 

without G2 doesn’t present any current drop before Zn nucleation (Fig. 25b).  
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Since reactions occurred on the CV curve, surface corrosion needed to be analyzed by performing 

a Tafel plot (Fig. 25c). The corrosion current decreases with the addition of G2 solvent and the 

H2O(3) - G2(1) electrolyte has the smallest corrosion current. This result further proves that the 

Zn surface was protected after the G2 solvent was added to the electrolyte due to the formation of 

the SEI layer. The 2D and 3D diffusion is also tested from chronoamperometry (CA) and it shows 

a better diffusion as the volume of G2 solvent increases (Fig. 25d). Suppression of Zn dendrite 

growth was further evaluated by assembling and testing symmetric cells with and without the G2 

solvent. To erase the factor of nearly unlimited zinc in the symmetric cell, the zinc foil was first 

assembled in a Zn//Cu asymmetric cell at 3 mA cm-2 and 3 mAh cm-2. Then the thin zinc foil was 

collected and used to assemble symmetric cells. In Fig. 26a, the cell of baseline Zn(OTF)2 

electrolyte cycled for only 50h at 1 mA cm-2 and 0.5 mAh cm-2, which indicates uneven Zn 

deposition and growth of Zn dendrite. In comparison, the cell of H2O(3) - G2(1) electrolyte 

performed a longer cycling life of 140h. At a high current density of 3 mA cm-2 and capacity of 3 

mAh cm-2, the symmetric cell with G2 solvent shows better cycling hours of 140h than the baseline 

Zn(OTF)2 electrolyte (Fig. 26b). Moreover, the symmetric cells at different current density were 

tested and the cell of H2O(3) - G2(1) electrolyte has the better rate performance compared to the 

baseline Zn(OTF)2 electrolyte (Fig. 26c). Short circuit appeared at the current density of 4 mA cm
-

2 for the cell without G2 solvent while a stable voltage fluctuation was obtained with G2 solvent.  

 

Figure 27. (a) SEM image of cycled Zn electrode without G2. (b) SEM image of cycled Zn 

electrode with 𝐻2𝑂(3) - G2(1). (c) XRD of cycled Zn electrode with and without G2.  
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Figure 28. (a) XPS of F 1s spectra with G2. (c) XPS of S 2p spectra with G2. (c) XPS of C 1s 

spectra with G2.  

 

 

Figure 29. (a) XPS of F 1s spectra without G2. (c) XPS of S 2p spectra without G2. (c) XPS of C 

1s spectra without G2. 

 

 

Figure 30. (a) SEM image of Zn foil soaked in H2O(3) - G2(1) electrolyte. (b) SEM image of Zn 

foil soaked in baseline Zn(OTF)2 electrolyte. 

  

Then the possible composition of the SEI layer and zinc surface protection is found by taking SEM, 

XRD, and XPS. The Zn deposition was first investigated by taking SEM on two Zn electrodes that 



72 

 

were cycled for 100h. In Fig. 27a, without the G2 solvent, cracks and serious amounts of Zn 

dendrite growth, which are caused by uneven Zn2+ depositions were observed. In comparison, a 

much smoother Zn surface with uniform Zn2+ deposition is observed with G2 solvent (Fig. 27b). 

The corresponding XRD is performed to find out whether there is a by-product forming on the 

surface. In Fig. 27c, the XRD shows that a by-product of Zn5(OH)8Cl2H2O is formed on the Zn 

surface, which the 𝑂𝐻− is from the hydrogen evolution reaction. While with the addition of G2 

solvent, the XRD shows only the Zn peak, and no by-product peak is found.  

Then the composition of the SEI layer was investigated from XPS. For the H2O(3) - G2(1) 

electrolyte, F 1s spectra illustrate an inorganic component of ZnF2 at 684.19 eV (Fig. 28a), which 

is a reported peak from other articles(88, 90, 115). The F- comes from the reduction of the OTF- 

ion. S 2p spectra demonstrate an inorganic component of ZnSO3 at 167eV (Fig. 28b)(115). These 

two inorganic components come from the decomposition of OTF on the surface. C 1s spectra 

present multiple organic components of C-C (284.3 eV), C-O (286.7 eV), C-S (285.0 eV), CF3 

(292.7 eV), and an inorganic component of ZnCO3 (288.2 eV) (Fig. 28c)(90, 115). In comparison, 

the F 1s spectra and S 2p spectra show a similar trend without the G2 solvent (Fig. 29a-b). The C 

1s spectra present the same organic and inorganic components except the intensity of ZnCO3 is 

weaker without G2 solvent (Fig. 29c). The decomposition and reduction of Zn(OTF)2 produces 

CF3
- and OH-, which further react with the CO2 from air and forms CO3

2-. Additionally, the G2 

solvent reacts with Zn on the surface and forms ZnCO3. The organic and inorganic (ZnF2-ZnCO3-

ZnSO3) hybrid SEI layer suppresses the self-corrosion and dendrite growth on the surface and 

promotes uniform Zn deposition.  

To further examine the protective layer on resisting corrosion, the Zn foils were soaked in the 

electrolyte with and without the G2 solvent. The SEM image shows a large number of flakes 

(ZnOTFx(OH)y.nH2O) on the Zn surface without G2 solvent (Fig. 30a)(87). The bare Zn foil is not 

capable to suppress the hydrogen evolution reaction along with the reduction of Zn and Zn(OTF)2, 

which only leads to serious corrosion on the surface. By adding the G2 solvent to the electrolyte, 

the by-product significantly decreases (Fig.30b), which successfully stops the continuous free 
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water molecule from penetrating the surface and promotes irreversible corrosion.   

 

 

Figure 31. (a) Long-term cycling performance of full cell coupled with 𝐼2- AC cathode at 0.5 A g
-

1. (b) Charge and discharge profile at different cycles. (c) CV profile of Zn//𝐼2- AC full cell. (d) 

EIS of Zn//𝐼2- AC full cell. (e) Rate performance of Zn//𝐼2- AC full cell. 

 

The potential full cell application of Zn anode coupled with Iodine-Activated Carbon (𝐼2- AC) 

cathode was investigated. In Fig. 31a, the cell of Zn(OTF)2 electrolyte has an initial discharge 

specific capacity of 152 mAh g-1 at the current density of 0.5 A g-1 and fails at 338 cycles. After 

the addition of G2 solvent, the cell of H2O(3) - G2(1) electrolyte has an initial capacity of 129 

mAh g-1 and a capacity retention of 80% for 1000 cycles. The cell of H2O(1) - G2(1) electrolyte 

has an initial capacity of 125 mAh g-1 and a capacity retention of 78.4% for 1000 cycles. 

Significant improvement in long-term cycling stability is achieved. The charge and discharge curve 

for the full cell of H2O(3) - G2(1) electrolyte is shown in Fig. 31b, which shows a stable Zn plating 

and stripping in a wide voltage window from 0.2V to 1.6V. The full cell CV curve shows a 

decreased current density for Zn(OTF)2 electrolytes with the addition of G2 solvent. The 

suppressed current density leads to a more uniform Zn deposition on the surface (Fig. 31c). The 

EIS plot shows an increase of impedance with an increase of G2 solvent in the electrolyte (Fig. 

31d). This is because the addition of G2 solvent increases the viscosity of the electrolyte. In Fig. 
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31e, as the volume of the G2 solvent decreases, the higher discharge capacity is obtained from the 

full cell rate performance test at the current density from 0.5 A g-1 to 2 A g-1. The result indicates 

that the G2 solvent doesn’t affect the 𝐼2 - AC cathode and only has the improvement of Zn 

deposition on the Zn anode. 

 

 

Figure 32. (a) RDFs and coordination number for baseline Zn(OTF)2 electrolyte. (b) RDFs and 

coordination number for H2O(3) - G2(1) electrolyte. (c) Coulombic efficiency (CE) of Zn//Zn 

asymmetric cells with and without G2.  

 

Figure 33. (a) Cyclic voltammetry (CV) with and without G2 in the electrolyte. (b) Long-term 

cycling performance of Zn// 𝐼2 - AC full cell at 0.5 A g
-1. (c) Charge and discharge profile at 

different cycles. (d) CV profile of Zn//𝐼2- AC full cell. (e) Linear polarization curve of with and 

without G2. 
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Figure 34. (a) Chronoamperometry (CA) with different volume ratios of G2 in the electrolyte. (b) 

Coulombic efficiency (CE) of Zn//Cu asymmetric cells in H2O(1) - G2(1) electrolyte at 40°C. 

 

The impact of G2 solvent was further investigated at a low-temperature condition. MD simulations 

were again performed at a temperature of -18°C to analyze the function of the G2 molecule in the 

Zn2+ Solvation structure. Without the addition of G2 solvent (Fig. 32a), the coordination number 

of the Zn-O_H2O pair is 5.83 and the coordination number of the Zn-S_OTF
- pair is 0.16. In Fig. 

32b, with the addition of G2 solvent, the coordination number of Zn-O_H2O pair decreases to 5.33, 

the coordination number of Zn-S_OTF- increases to 1.10 and the coordination number of Zn-O_G2 

is 0.11. These results reveal that the addition of G2 solvent in the electrolyte still can reconstruct 

the solvation structure at a low temperature. G2 has a low melting point of -64 °C and water has a 

melting point of 0 °C. While G2 is dissolved in water, the melting point of the mixed solution will 

be intermediate and the solution will retain a liquid state at -18°C. Similar to the simulation at 

room temperature, the G2 molecule is still capable to repel OTF- ions and allowing more OTF- 

ions to take place in the water molecule around Zn2+ cation in the solvation sheath.  

Zn//Cu asymmetric cell was assembled and tested at 2 mA cm-2 and 1 mAh cm-2. As presented in 

Fig. 32c, the cell of baseline Zn(OTF)2 electrolyte has an average CE of 98.2% for a short 300 

cycles and then becomes unstable. The H2O(3) - G2(1) electrolyte has an initial CE of 93% for the 

first 150 cycles and then the CE increases to 99.5% for 700 cycles. An average CE of 93% for 700 
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cycles was obtained for the H2O(1) - G2(1) electrolyte. The addition of G2 solvent results in great 

stability which indicates a smooth Zn deposition. CV curve was tested to examine the diffusion 

kinetic and a significant decrease of current density was obtained for the baseline Zn(OTF)2 

electrolyte compared in the room temperature CV curve(Fig. 33a). Both the H2O(3) - G2(1) 

electrolyte and the H2O(1) - G2(1) electrolyte have larger current density, which indicates that the 

G2 added electrolyte has better diffusion and interfacial electrochemical reaction kinetics at low 

temperature. The Zn//𝐼2- AC full cell was assembled and put in a small freezer to test the long-

term cycling performance at the current density of 0.5 A g-1 (Fig.33b). The full cell with baseline 

Zn(OTF)2 electrolyte presents a discharge specific capacity of 120 𝑚𝐴ℎ 𝑔−1 and quickly die at 47 

cycles. For the H2O(3) - G2(1) electrolyte, the full cell delivers an initial discharge specific 

capacity of 107 mAh g-1 and a capacity retention of 65% for 1000 cycles. For the H2O(1) - G2(1) 

electrolyte, the full cell delivers an initial discharge specific capacity of 102 mAh g-1 and a capacity 

retention of 53% for 1000 cycles. The tested temperature in the freezer can’t be maintained at 

exactly -18°C due to uncontrollable action, therefore, the discharge specific capacity varies up and 

down occasionally. The baseline Zn(OTF)2 electrolyte suffers from poor diffusion and reaction 

kinetic while the full cells with the addition of G2 solvent show better stability.  

The charge and discharge curve for the full cell of H2O(3) - G2(1) electrolyte is shown in Fig. 33c. 

The curve shows a stable Zn plating and stripping in a wide voltage window from 0.2V to 1.6V. 

The full cell CV curve shows a lower current density with the G2 solvent, which reveals that a 

suppressed current density is obtained, and this allows uniform Zn deposition (Fig.33d). Tafel 

curve was also tested (Fig. 33e) and H2O(3) - G2(1) electrolyte has the largest corrosion potential 

(0.015V) compare with the H2O(1) - G2(1) electrolyte (-0.007V) and the baseline Zn(OTF)2 

electrolyte (-0.017V). The more negative the potential, the greater the potential difference between 

the anode and the cathode, which leads to a greater thermodynamic trend of the reaction. The more 

positive potential from the G2-added electrolyte indicates a possible slow self-corrosion. The 2D 

and 3D diffusion is also tested from chronoamperometry (CA) and it shows a better diffusion as 

the volume of G2 solvent increases (Fig. 34a). Furthermore, an asymmetric cell is tested at an even 
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lower temperature of -40°C(Fig. 34b). The CE is varying from 100% to 80% in the period. 

Therefore, we analyzed that the G2 solvent can enhance the cycling stability in the zinc-ion battery 

system.  
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3.5 Conclusion 

In summary, the organic solvent of G2 is analyzed and formulated with Zn(OTF)2 electrolyte for 

uniform Zn deposition and a better suppression of Zn dendrite growth. The theoretical calculation, 

Raman spectra, and 1H NMR revealed that the G2 solvent allows more OTF- ions to participate in 

the Zn2+ Solvation structure and coordinate with Zn2+. Water molecule from the [Zn(H2O)6]
2+ is 

replaced and results in a better Zn desolvation. The CV curve and XPS spectra indicate the 

formation of the SEI layer on the Zn surface. The organic and inorganic (ZnF2-ZnCO3- ZnSO3) 

layer was formed due to the decomposition and reduction of G2 and OTF- ions. This SEI layer 

helps uniform Zn deposition, suppress dendrite growth and resist self-corrosion on the Zn surface. 

A high CE of 99.7% was observed. Cycling life of 140h for limited Zn foil at 1 mA cm-2 and 0.5 

mAh cm-2 was obtained. The full cell coupled with 𝐼2 - AC has capacity of 107 mAh g
-1 and 

capacity retention of 80% for a long and stable cycling life of 1000 cycles. These results show 

great reversibility of Zn plating and stripping. Besides, the theoretical calculation and experimental 

results at a low temperature of -18°C were obtained and G2 solvent functions at such temperature. 

Therefore, the application of G2 solvent with Zn(OTF)2 electrolyte is considered a practical 

strategy to improve and protect the Zn anode. 
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Chapter 4 Conclusion and Future Work 

Aqueous zinc-ion batteries have been considered a promising energy storage system for increasing 

demand of efficient and sustainable development due to the advantages of low cost, high safety, 

and environmentally friendly. Even though the Zn anode still suffers from the growth of Zn 

dendrite and parasite side reactions, the strategy of electrolyte engineering has been well-analyzed 

and used to address these problems. The electrolyte is the medium that connects the anode and 

cathode and allows ions to transfer. By adjusting the electrolyte, several parameters including the 

ionic conductivity, Zn2+ solvation structure, interfacial reaction, and decomposition are affected, 

which are related to the Zn+2 diffusion and uniform Zn2+ deposition. This results in high CE and 

excellent cycling stability for the battery. 

In Chapter 1, a brief literature review that collects the recent progress of electrolyte engineering in 

zinc-ion batteries is prepared. Five types of electrolyte modification (highly concentrated 

electrolyte, organic solvent, metal-ion additive, SEI forming additive, and surfactant) are analyzed 

from both theoretical calculation and experimental data. The mechanism of solvation structure 

manipulation and SEI layer formation for each material is discussed in detail. 

In Chapter 2, the methodology and the corresponding characterization technique for analyzing the 

solvation structure, Zn surface protection and SEI layer are outlined.  

In Chapter 3, a complete research project of G2 organic solvent enabling stable zinc ion battery is 

demonstrated. The theoretical simulation and calculation reveal that G2 solvent can repel OTF- 

anions in the electrolyte and allows more OTF- anions to enter the solvation structure and replace 

the water molecules. This reduces the energy barrier for Zn desolvation and inhibits water 

decomposition, which further inhibits the hydrogen evolution reaction. The XPS spectra of cycled 

Zn electrode show the formation of organic and inorganic (ZnF2-ZnCO3- ZnSO3) layer on the Zn 

surface, which allows uniform Zn2+ deposition. The asymmetric cell shows a high CE of 99.7% 

from 1000 cycles. The symmetric cell shows better cycling stability for 140h. The full cell shows 

excellent long cycling stability of 1000 cycles. Furthermore, the G2 organic solvent expands the 
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operating temperature to -18°C. The theoretical simulation shows the same mechanism as at room 

temperature. 

This research shows a unique perspective on the organic solvent used in the electrolyte. As 

discussed in Chapter 1, the organic molecules from high donor number organic solvents tend to 

enter the solvation structure and replace the water molecules. However, in my research, the G2 

molecules don’t enter the solvation structure even though the donor number of G2 is greater than 

water. G2 molecules are beneficial for OTF- entering the solvation structure. The mechanism 

behind this phenomenon is very interesting. For future research, the relation and mechanism 

between different Zn-salts and organic solvents need to be further considered and analyzed. 

Furthermore, the viscosity of the electrolyte increases with the development of organic solvent. 

For future works, the research could focus on the adjustment of electrolyte viscosity by applying 

development of salt or additive.         
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