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Abstract: Zinc anode-based batteries have been widely studied due to their low cost, high capacity and 

high energy density. However, the formation of dendrites on the zinc anode during cycling severely 

affects the stability and safety of this type of battery. In this work, a series of electrolyte additives with 

potential to counter this problem were studied. We found that lithium chloride (LiCl) additive can 

suppress the growth of dendrites and stabilize the Zn metal anode, on which the cations (Li+) preferentially 

form Li2O/Li2CO3 upon the Zn surface and provide a shielding effect to suppress dendritic deposition, 

while a moderate amount of anions (Cl-) decrease the Zn polarization and facilitate ion transport. 

Asymmetric cells with LiCl additives in the electrolyte showed notably higher stability during the long 

cycling process. 
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The demand for electrical energy in modern society is growing.1 Cheap, reliable and eco-friendly 

electrical energy storage (EES) will play a key role in supplying this demand without simultaneously 

increasing pollution or driving climate change. An ideal EES device should have a high capacity, be able 

to charge/discharge quickly, be safe, be environmentally benign, and come at a low cost. Among the 

available EES technologies, rechargeable metal batteries are promising in terms of their energy density, 

scalability and flexibility.2 Zinc-based batteries, which use zinc as the anode, include zinc–air batteries 

and zinc-based flow batteries have been studied widely due to their versatility.3-7 Zinc has a relatively 

high capacity density (5855 mAh cm-3), low cost, operational safety and is relatively non-toxic compared 

with other metal anodes like Li and Na.8-10 Also, compared with the potential of a standard hydrogen 

electrode (SHE), the redox potential of Zn/Zn2+ is -0.763 V, which makes it suitable for being applied as 

a metal anode in aqueous electrolytes.11 Therefore, batteries with Zn anodes are easy to manufacture with 

low environmental and economic impacts.5, 12 These advantages make the development of zinc anode 

based batteries of global importance.13-15  

Unfortunately, one major problem must be overcome before zinc anode batteries can be widely utilised, 

the formation of zinc dendrites during cycling. Zinc dendrites form during the deposition and dissolution 

of zinc anodes. However, they can severely affect the stability and longevity of zinc-based batteries as 

the growing dendrites can penetrate the separator and lead to direct contact between the anode and the 

cathode, causing a short circuit and battery failure. Recently, many approaches have been adopted to 

improve the reversibility of the Zn plating-striping process and extend the cycle life of Zn metal electrodes, 

such as the introduction of additives into electrolytes and electrodes,10, 16-19 modification of the intrinsic 

structures of zinc-based anodes,7, 20, 21 better design of separators22, 23 and optimization of the intrinsic 

properties of the electrolytes.5, 24-26 Among them, electrolyte modification is one of the most facile and 

effective methods because of its compatibility to existing battery fabrication methods. 

Zn anode batteries use aqueous electrolytes as they are typically safer, cheaper and easier to use for battery 

assembly than non-aqueous ones.27, 28 Moreover, higher ionic conductivity is typically provided by the 
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aqueous electrolyte, which facilitates high rate performance.29 Alkaline electrolytes are not ideal as they 

tend to cause the growth of dendrites mainly composed of non-conductive ZnO, resulting in severe 

capacity fading and low coulombic efficiency (CE).30-32 Strong acid electrolytes are not ideal either, as 

they result in poor long-term reliability as they can cause the corrosion of current collectors and Zn anodes. 

Therefore, neutral or weak acidic electrolytes are most promising for Zn anode batteries. ZnSO4 is widely 

used in Zn ion batteries (ZIBs) owing to its low cost and stability, and remarkable performances have 

been achieved based on its aqueous electrolyte. However, due to problems associated with the formation 

of Zn4(OH)6SO4·nH2O (ZHS, a non-conductive compound), this type of electrolyte seems not perfect or 

irreplaceable.33, 34 Additives including polymers, organic molecules, and metal ions35-37 have been shown 

to significantly change the properties of electrochemical reactions. It has been demonstrated that Mn2+ in 

the electrolyte not only avoids the dissolution of MnO2, but also effectively improves the CE of the Zn 

electrode, and thus enhance the cyclability of MnO2.
6 The minimum additional amount of 0.029 g L–1 

tetrabutylammonium sulfate (TBA2SO4), as a cationic surfactant-type electrolyte additive in Zn-ion 

batteries, which can induce the uniform Zn deposition in both electrode preparation and the battery 

charge/discharge process has been proposed.38 Typically, introducing a protection layer, such as an 

ultrathin TiO2 film
39 and a nanoporous CaCO3 coating40, has been revealed as an effective strategy to 

impede the dendrite growth, leading to long life aqueous ZIBs. Three-dimensional (3D) Zn architecture 

has been also shown to be able to eliminate dendrite formation by minimizing the shape change20, 41. 

Nevertheless, despite the initial success, these strategies all faces large technical hurdles for practical and 

scalable fabrications. 

Herein, we report a new electrolyte additive, lithium chloride (LiCl), for stabilizing Zn metal electrodes 

in a synergistic manner. We find that the cation (Li+) and anion (Cl-) cooperate to improve the efficiency, 

cycling life and stability of Zn ion batteries. Compared with other additives, the cost of LiCl is low. Zn 

dendrite formation can be suppressed successfully by introducing a simple in situ growth of protective 

layer on the Zn surface, the cation (Li+) provides an oxide layer shielding effect, whereas the anion (Cl-) 
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helps to decrease the polarization and increase the ion transport. The function of different anions (SO4
2-, 

NO3
-) is also investigated and discussed. Finally, two prototype cells with high CE, large capacity and 

long-term cycling stability are achieved.  

Swagelok cells were assembled and were charged/discharged for 500 cycles (20 min/cycle) at a current 

density of 0.2 mA cm−2 (total time 170 h) to evaluate the Zn dissolution/deposition behaviour of Zn 

electrodes in the different electrolytes. Figure 1a shows the voltage-time profiles of Zn-Zn cells in pure 

3 m ZnSO4 and 3 m ZnSO4 with 2 m LiCl as an additive. As shown by their profiles at the first cycle and 

the 500th cycle (inset of Figure 1a), the overpotential of Zn deposition reduces from 220 to 38 mV with a 

2 m LiCl electrolyte additive. More importantly, it can be seen that the potential of the 500th cycle is 

similar to that of the 1st cycle. This indicates the additive was not harmful to the cycling life, it has a very 

stable redox behavior even over a long cycling duration. The overpotentials of the redox reaction are 

different for different molal amounts of LiCl (0.5 M, 1 M, 3 M) (Supporting Information Figure S1 a-b). 

When the concentration is raised to 3 M, the overpotential does not decrease any further compared to the 

one with 2 M LiCl, in contrast, begins to increase over time (Supporting Information Figure S1c). To 

uncover the influence of Zn dendrites growth by different anions, commonly used lithium salts, i.e. Li2SO4 

and LiNO3, were also added as electrolyte additives. In contrast to the LiCl case, when adding a various 

amount of Li2SO4 or 2 M LiNO3 to the electrolyte, the overpotential of the redox reaction did not decrease 

and the stability dropped notably (Supporting Information Figure S2, S3). The same process was repeated 

under different current density (Supporting Information Figure S4, S5). When the current density 

increased to 2 mA cm−2, the overpotential of Zn deposition with additives remain in the lowest and the 

cycling process is quite stable We also tried current density of 1.5 mA cm−2 and 5 mA cm−2 using 3M 

ZnSO4 and 2M LiCl as electrolyte. ( Supporting Information Figure S6) Cycling process is stable under 

1.5 mA cm−2 with additives. When current density increased to 5 mA cm−2, Zn plating/stripping still has 

relatively low overpotential, but the curve shows some fluctuations. We also carried out the cycling 

performance under 1mAh/cm2 (current density of 1mA/cm2). The charge/ discharge process of the battery 
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with additives remains highly reversible and the voltage is steady with a cycling life over 100 hours 

(Supporting Information Figure S7). 

The morphological evolution of the zinc surface in pure 3 M ZnSO4 and 3 M ZnSO4/2 M LiCl electrolytes 

after 500 cycles were examined by scanning electron microscopy (SEM). As indicated in Figure 1b, the 

zinc anode cycled in the 3 M ZnSO4 / 2 M LiCl electrolyte preserves a smooth surface. Higher 

magnification images (Figure 1c) show no obvious dendrite formation, indicating the successful 

suppression of dendrite growth. In sharp contrast, the zinc electrode cycled in the 3 M ZnSO4 electrolyte 

exhibited a mossy surface with petal-like Zn dendrites (Figure 1d, e). Besides, the morphology of the Zn 

electrodes in electrolytes with different concentrations of LiCl as additives was investigated (Supporting 

Information Figure S8). As the amount of LiCl increased, the size of the dendrites particles became 

smaller. When the concentration of LiCl was 2 M, it shows the best inhibitory effect. However, at a higher 

concentration of 3 M LiCl, the dendrites grow more compact. This may because at the same values of 

Figure 1. a) Galvanostatic charge/discharge curve under the current density of 0.2 mA/cm-2 in different electrolytes. b-

e) SEM of Zinc electrode surface after continuous charge/discharge process; b-c) 3 M ZnSO4/2 M LiCl, d-e) 3 M ZnSO4. 
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ZnSO4 concentration, though the conductivity increases (Supporting Information Figure S9), both the pH 

and liquidity decrease with the concentration increasing of LiCl. It can lead to the uneven current 

distribution while the deposition of zinc, and thus influence the stability of Zn deposition/dissolution.42  

SEM images (Supporting Information Figure S10) of the Zn surface after the same charge/discharge 

process with 2 M Li2SO4 as an additive show that the addition of Li2SO4 did not inhibit Zn dendrites, and 

the ‘petals’ appear larger. Similarly, adding 2 M LiNO3 into the electrolyte has a different morphology, 

but still allows the dendrites to grow on the Zn surface without inhibition. From these morphological 

results, we can infer that the anion (Cl-) plays a key role in inhibiting the growth of dendrites. 

XRD patterns show the crystalline phases of the zinc electrode after continuous charge/discharge 

processes (Figure 2a). Dominant hexagonal Zn metal peaks can be seen in all the electrodes (PDF# 04-

0831). In addition, when running cycling test with ZnSO4, the XRD peaks on Zn surface at 21.1°, 28.7°, 

32.7° and 33.8° correspond to the phase of zinc sulfate hydroxide hydrate (Zn4SO4(OH)6·0.5H2O, 

PDF#44-0674),43, 44 (enlarged figure shown in Supporting Information Figure S11). While after adding 

LiCl as additives, the phase changed to Zn4SO4(OH)6·5H2O (PDF# 39-0688).45, 46 This may because LiCl 

changed the pH value of the electrolyte, leading to different zinc sulfate hydroxide hydrate growth. What 

is more, with the increase of LiCl amount, the intense of major peaks at 16.2° and 24.4° became weak, 

indicating damage to the structure of ZHS. There are no obvious peaks of ZnO during the charging and 

discharging process. 

The mechanism driving the suppression of ZHS and ZnO formation can be explained through the pH 

values of the different electrolytes (Figure 2b). The addition of LiCl makes the solution more acidic due 

to the polarizing effect of the lithium cation. As the amount of LiCl is increased, the pH value goes down. 

The pourbaix diagram of ZnSO4-H2O system at 25°C was calculated (Supporting Information Figure 

S12). ZHS and ZnO are not stable below pH 5. When adding (Cl-) into the electrolyte, we get a mixture 

of (ZnCl4
2-) and (ZnCl3

-) which can lower the pH of the electrolyte and thus diminish the formation of 

ZHS and ZnO. This acidic environment is therefore detrimental to the growth of the Zn dendrites. 
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However, in a very acidic media, metallic Zn is not stable. As the 2 M LiCl additive produces a solution 

with suitable pH around the electrodes, this is close to the optimal value for inhibiting the growth of ZHS 

and ZnO. As the 2 M LiCl additive produces a solution of pH 2.3, this is likely close to the optimal value 

for inhibiting the growth of Zn by-products and dendrites during the cycling process. Though the pH is 

Figure 2. a) XRD of Zinc plate after charge/discharge with different electrolytes. b) pH value of different electrolytes. 

XPS spectra represented by patterns of different colors. (c) C 1s, (d) Zn 2p, (e) S 2p, and (f) O 1s of Zn surface after 

charge/discharge process with 2 M LiCl as the additive. 
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relatively low, it has a stable working window when using commercial porous carbon or vanadium-based 

cathode materials in the following work. 

To further determine the different surface functional groups present after cycling the Zn electrodes, XPS 

measurements were performed accordingly. Figure 2c-f shows the XPS spectra of the cycled 

(charge/discharge for 500 cycles at a current density of 0.2 mA cm−2) Zn electrode in the mixture of 3 M 

ZnSO4 and 2 M LiCl electrolyte. The C 1s peaks of Zn surface was located at 284.8 eV, compared with 

C 1s peaks of Zn surface without additives (Figure S13), there is a new peak appears at 289.7 eV, which 

can be corresponded to CO3
2-.47 The 2p orbital of Zn (Figure 2d) is split into two peaks, located at 1022.38 

eV and 1045.48 eV respectively, corresponding to the 2p3/2 and 2p1/2 of Zn2+.48 The peak positions of S 

2p (Figure 2e) are located at 168.7 eV and 169.9 eV respectively, which can be assigned to the sulfate 

species48 such as ZHS, corresponding to the result of XRD. The O 1s (Figure 2f) spectrum has two peaks, 

here representing two distinct oxygen environments, which are located at 531.5 eV and 532.4 eV, 

respectively. Although the peak at higher binding energy can be attributed to residual ZnSO4
50

, the other 

is due to the formation of Li2O/Li2CO3, suggesting that these are the surface species formed in this 

electrolyte.51 We can therefore infer from the SEM and XPS data that when 2 M LiCl is utilized as an 

additive, Li2O/Li2CO3 preferentially grows on the Zn surface, forming a non-conductive shielding layer 

and blocking the growth of Zn dendrites.  

Supporting Information Figure S14, S15 show the XPS of the Zn surface after an equivalent number of 

charge/discharge cycles as above, but in 2 M Li2SO4 and 2 M LiNO3 with 3 M ZnSO4 respectively. When 

LiNO3 is used as an additive (Supporting Information Figure S15c), an N peak appears at 400.5 eV (N 

1s) should be the LiNO3. This suggests that other less-beneficial side products are formed in this 

electrolyte, possibly LiNxOy according to the peak position.52 Interestingly, Li2O/Li2CO3 also appear to 

be formed, as shown by the presence of the O 1s peaks at 531.4 eV. However, as no Cl- is present to 

unblock the surface, this results in greatly reduced cycling performance. Compared with other anions, the 

addition of Li+ effectively inhibits the growth of Zn dendrites by forming a shielding layer of Li2O/Li2CO3. 
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After adding Cl-, it can encourage more pathways through the non-conductive layer of Li2O/Li2CO3, 

increasing the ion transport, which is consistent with previous SEM results.  

In addition, the layers are proved to be Zn2+ conductive by DFT simulations (Supporting Information 

Figure S16). Zn ions will diffuse along the [010] plane, lithium vacancy defects at low concentrations 

are inclined to distribute uniformly in bulk along the [010] plane, favourable for Zn ion diffusion in layers 

without bottleneck effect. More importantly, there should be a large potential variation across the 

protecting layer, due to its electrically insulating nature. As a result, only the potential near the Zn foil 

surface was low (or negative) enough for Zn2+ reduction, leading to a position‐selected, bottom‐up Zn 

deposition process, rather than preferential deposition on the tips of Zn protrusions/dendrites.53, 54 The 

proposed schematic illustrations of Zn- plating on Zn foils was shown in Supporting Information Figure 

S17. As reaction went, the plated Zn formed a dense Zn microflake layer between the Li2CO3/Li2O‐layer 

and the residential Zn foil, which is also corresponding to SEM figure. This uniform bottom‐up Zn 

deposition process avoided the development of large protrusions that may cause large polarization and 

cell shorting. 

To better figure out the composition of the protective layer, we carried out Raman analysis on the surface 

of the Zn anode after Zn//Zn long cycling process under 0.5mAh/cm2 (current density of 2mA/cm2). The 

data is shown in Figure S18. The peaks at 395, 451, 601, 965, 1005 cm-1 can be corresponded to 

Zn4SO4(OH)6.
55 When the additives are added, the characteristic peak of ZHS is suppressed. Meanwhile, 

new peaks appear at the position of 528 cm-1 and 1093 cm-1 are characteristic peaks of Li2O and Li2CO3.
56 

The peak of Li2CO3 is quite weak, indicating the less amount of Li2CO3, it should be due to CO2 in the 

air dissolving in the electrolyte during cell assembling since we did not degas the electrolyte. We also 

performed SEM and energy-dispersive X-ray spectroscopy (EDS) mapping on the Zn surface after a long 

cycling process under the above conditions. SEM figures are shown in Figure S19 and SEM-EDS 

mapping results are shown in Figure S20 and S21. The protective layer can be seen from SEM images. 

Although it cannot show the signal of lithium directly, we can still get the information from the element 
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change on the Zn surface with and without additives. The mapping figures show that there are S and O 

elements on the Zn surface without additives, indicating the growth of ZHS. On the contrary, after adding 

additives, C element appears instead of S, meaning the growth of ZHS has been inhibited and C is from 

the Li2CO3. It can be proved that after adding LiCl as an electrolyte additive, a protective layer of 

Li2O/Li2CO3 can be formed on the surface of the Zn anode. This conclusion is consistent with XPS and 

Raman data. 

To further explore the growth process of dendrites on the surface of Zn under different electrolyte 

conditions, we performed in situ Electrochemical Atomic Force Microscopy (EC-AFM) measurements. 

A customized cell with a piece of Zn foil as the working electrode and another circle-shaped Zn foil as 

both reference and counter electrodes was used in chronoamperometry tests at a potential of -0. 2 V.  

Figure 3 a-d’ shows a series of AFM images of the zinc foil (0.35mm) surface with pure 3 M ZnSO4 as 

Figure 3. In situ AFM measurements of Zinc electrode surface in different electrolytes at various time periods under 

the constant potential of -0.2 V vs. Zn/Zn2+; a-d) 3 M ZnSO4, e-h) 3 M ZnSO4 and 2 M LiCl. 
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the electrolyte during the electrochemical process. Figure 3a shows that some petal-like structures form 

immediately once the Zn electrode is immersed in the electrolyte, of which the height is about 300 nm. 

After holding the voltage at -0.2 V for 6 mins, in addition to the petal structures, large particles grew as 

shown in Figure 3b. The marked line-scan shows that the cubic shaped particle is measured to have the 

highest point of 1.1 μm. Subsequently, the height measured from the large particle marked in the images 

gradually grows to 1.2 μm and 1.3 μm, after the CA continues for 60 and 108 mins respectively. By 

contrast, the surface of the Zn electrode in the electrolyte with the addition of LiCl displays much-

improved stability of morphology during the same electrochemical process, as presented in Figure 3 e-h’. 

The smooth surface of the Zn electrode surface (Supporting Information Figure S22) is maintained when 

the electrolyte is added, and minimal roughness is observed (the highest point is around 32 nm). The 

gradual increase of height is measured as 41 nm, 43 nm and 47 nm after the CA process is conducted for 

20, 40 and 60 mins, respectively. It can be concluded that without electrolyte additives, large size Zn 

deposition particles form and grow fast during the plating process, while with the 2 M LiCl additive, the 

dendrites growth is suppressed and there is no evolution of the hydrogen, uniform Zn deposition is 

achieved. We also repeat the same process under a potential of -0.15 V (Supporting Information Figure 

S23), which LiCl is still applicable. 

Figure 4a shows the cyclic voltammetry (CV) curves of the battery with pure 3 M ZnSO4 electrolyte. 

Figure 4b shows the CV curves of the battery after adding 2 M LiCl. Comparing two CV plots we can 

find in the absence of additives, a second peak is appearing, suggesting that some side reactions are 

happening. After the addition of 2 M LiCl, the CV curves are very stable. From the second circle, the 

battery can be repetitively cycled to 100 %, and no other side reactions occur. At the same time, it is worth 

noting that after adding the additive, the CV curve area is larger, indicating that the battery has a higher 

capacity. According to the analysis result above, after adding LiCl additives, the protective layer formed 

on the Zn anode can efficiently keep Zn from other side reactions (growth of ZHS and corrosion), 
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therefore Zn can realize a good stability during the cycling process, indicating a less capacity loss at 

meanwhile.57-59 

Galvanostatic charge–discharge (GCD) profiles in Figure S24 show that the Zn//C cell exhibits typical 

capacitive behaviour. The specific capacitance of Zn//C cells is measured under different current densities 

with additives as the electrolyte. The red ball shows a measured capacitance of around 150 F/g (40 mAh/g) 

after adding 2 M LiCl. We choose the commercial carbon material and it can be proved that after adding 

additives, Zn anode can still have good stability during charge/discharge process under different current 

densities. The Zn surface after rate process can be seen in Supporting Information Figure S25. Above 

shows that the LiCl additive increases Zn stability, consistent with the CV results.  

Figure 4. CV curves with different electrolytes a) 3 M ZnSO4; b) 3 M ZnSO4 and 2 M LiCl at first 5 cycles. c) Long 

cycling stability of Zn/Od-NVO cell in electrolytes with and without LiCl additive cells under a current density of 5 

A/g. 
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Finally, different electrolytes with oxygen vacancy rich-NH4V4O10 (Od-NVO) as cathode were assembled 

for the battery performance in Swagelok cell configurations. Electrochemical Impedance Spectroscopy 

(EIS) measurements were carried out to investigate the influence of the LiCl additives on the inherent 

resistance of the system. Figure S26 shows the Nyquist plots of the Zn//Od-NVO in 3 M ZnSO4 

electrolytes with or without 2 M LiCl. We can tell from the enlarged figure that the electrolyte with 

additives shows a lower inherent resistance (~2 ohms vs 6 ohms), suggesting that the additives can help 

to improve the ionic conductivity. When adding 2 M LiCl into the electrolyte, it has higher conductivity, 

which agrees with the conclusion stated as above.  

The GCD and rate performance was evaluated by a stepwise increase in current densities from 0.5 to 5 

A/g and returning to 0.5 A/g with 10 cycles at each current density, respectively. Impressively, Zn//Od-

NVO exhibited superior rate capability in Figure S27 and reversibility with a capacity of 415 mAh/g at 

0.5 A/g in the initial first 10 cycles and 333 mAh/g at 5 A/g, which can be calculated as 80% of the initial 

capacity. Additionally, upon returning to 0.5 A/g, the capacity remains 380 mAh/g, suggesting good 

reversibility. Cycling performance was evaluated under a different current density of 5 A g-1. The high 

reversibility with outstanding capacity retention, as shown in Figure 4c, was verified. Both electrolytes 

showed negligible capacity fading with a clear determination of a specific capacity of 272.1 mAh g−1 at 

the 1000th cycle compared with 313.8 mAh g−1 at the 2nd cycle for LiCl additive cells. Comparatively, 

206.8 mAh g−1 and 312.6 mAh g−1 was observed for the 1000th cycle and 2nd cycle, respectively, for cells 

without electrolyte additive. We also performed cycling performance under 0.5 A/g, as shown in Figure 

S28. Although there is no advantage in the capacity after adding LiCl additive, it has an obvious effect to 

stabilize batteries. During the charge/discharge process, the capacity of the battery without additives drops 

quickly. In contrast, the stability of the battery is improved after the additives are added, which 

corresponds to the previous conclusion. The above results imply that the electrolyte with LiCl additive 

possesses improved reversibility and superior specific capacity, which was observed under high current 

densities during the charge/discharge process. 
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In summary, it was found that 2 M LiCl is an effective additive in aqueous Zn anode based batteries. The 

optimized electrolyte using 3 M ZnSO4 and 2 M LiCl can significantly inhibit the formation of dendrites 

on the surface of the Zn anode during continuous charge and discharge processes, which can greatly 

improve the cycling stability, reduce side reaction and increase overall capacity. When adding Li+ to the 

electrolyte, a shielding layer of Li2O/Li2CO3 formed on the zinc surface and this protection layer 

significantly inhibited the growth of Zn dendrites. By studying the electrolytes containing different anions, 

we can infer that the Cl- ions in the electrolyte play a key role in inhibiting Zn dendrites, which decrease 

the polarization and increasing the ion transport. This work highlights that the proper concentration of 

synergistic metal salts electrolyte is a promising strategy to solve dendrites problems and enhance the 

performance of zinc-ion-based aqueous batteries. 
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