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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Operando optical microscopic observa-
tion of Zn plating/stripping is 
demonstrated. 
� Correlation between electrolyte and 

microstructure of Zn metal is 
established. 
� Denser Zn agglomerates with finer Zn 

particles enables the better cyclability. 
� Stable SEI layer plays a key role for 

reversible deposition/stripping of Zn.  
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A B S T R A C T   

Zinc aqueous batteries have attracted great attention due to the earth abundance and the low redox potential of 
Zn metal. Utilizing Zn metal as an anode, however, causes low coulombic efficiency stemming from a dendritic 
Zn plating and formation of byproducts such as hydrogen gas, solid zinc hydroxide and salt-related compounds. 
One effective way of mitigating the issues is to modify the solvation structure of the electrolyte to increase the 
energy barrier of the water molecules for hydrolysis and electrolysis. Nevertheless, Zn aqueous batteries still 
indiscriminately utilize several types of electrolytes without elucidating the correlation between electrolyte 
composition and the electrochemistry of Zn metal. Here, we use operando optical microscopy to visualize the 
microstructural evolution of Zn metal, which strongly affects the electrochemical reversibility. In ZnSO4 elec-
trolyte, large Zn platelets grow and form loose agglomerates vulnerable to unexpected delamination from the 
electrodes. In Zn(OTf)2 electrolyte, Zn platelets nucleate more homogeneously and grow smaller, which forms 
denser agglomerates enabling more stable cycling. We further reveal that the formation of a stable solid- 
electrolyte interphase layer holds the key to the excellent performance of acetonitrile-hybrid water-in-salt 
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electrolytes. Our results show the necessity of designing proper electrolytes to develop long-life Zn aqueous 
batteries.   

1. Introduction 

Zinc (Zn) has been considered the most suitable anode material in 
aqueous batteries due to its high theoretical capacity (820 mAh g� 1), 
low potential (� 0.762 V vs. SHE [standard hydrogen electrode]) that is 
close to the hydrogen evolution potential in basic solutions, and high 
abundance [1–3]. However, there is a concern that the irreversibility of 
Zn metal anodes may result in a low coulombic efficiency (CE). Many 
researchers have revealed that this irreversibility originates from the 
dendritic growth of Zn metal and the formation of side products, which 
has been almost universally observed in electrolytes with any pH values 
[3–7]. Alkaline electrolytes with low enough hydrogen evolution po-
tentials produce zinc hydroxides, Zn(OH)2, through the reaction be-
tween Zn and hydroxyl ions (OH� ) from hydrolysis. This reaction 
eventually transforms these ions into electrochemically inactive zinc 
oxides (ZnO), which passivate the metal surface [1,4–6,8]. Mildly acidic 
and near-neutral electrolytes are capable of mitigating the formation of 
solid side products. In these electrolytes, however, parasitic hydrogen 
gas evolution vigorously occurs during plating/stripping, which results 
in a poor cycle performance [9–12]. Once hydrogen gas evolves, the 
proton concentration in the electrolyte decreases, increasing the pH 
value above 7. This again promotes the formation of solid byproducts. 
Thus, regardless of the initial pH values of the electrolyte, it is difficult to 
avoid the series of side reactions of hydrogen evolution and the irre-
versible formation of byproducts [7]. 

The reactivity of water molecules, which is influenced by the 
chemical environment, is a key determinant of these side reactions [1, 
13]. In dilute aqueous solutions, Zn2þ ions that are solvated with water 
molecules, (i.e., Zn aqua ions; [Zn(OH2)6]2þ), prevail where the O–H 
bond of the surrounding water molecules weakens due to the interaction 
between the Zn2þ ions and the water molecules. The weak O–H bonds 
easily participate in hydrolysis, resulting in the formation of hydroxyl 
ions and triggering a zinc hydroxide formation reaction. To improve the 
reversibility of Zn metal in aqueous batteries, therefore, recent studies 
have focused more on the modification of electrolyte solvation struc-
tures to alter the bonding nature of water molecules, so that it has higher 
energy barriers against hydrolysis and electrolysis [1,13,14]. One 
effective way of doing so is to increase the concentration of salt in the 
electrolyte to an extreme level. This results in so-called water-in-salt 
electrolytes (WiSE), in which the salt ions become dominant species over 
the water molecules [1,13,15–17]. In this highly concentrated solution, 
the salt anions coordinate a Zn2þ cation, forming a Zn(anion)n cluster as 
the solvation-sheath structure. The water molecules in WiSE do not 
solvate the Zn2þ cation, thereby inhibiting hydrolysis and the accom-
panied formation of byproducts. Another important factor that de-
termines the electrochemical reversibility of the metal anode in batteries 
is microstructural evolution during battery cycling (e.g., the formation of 
dendritic or needle-like metal particles, which causes the internal 
short-circuiting or isolation of dead metal particles) [18,19]. The mi-
crostructures of metal deposits significantly vary with many properties 
of electrolytes, such as solvation structure, transference number, and 
ionic conductivity [20–22]. As such, recent scientific efforts to improve 
the stability of the metal anodes in batteries have been made to highlight 
the importance of employing appropriate electrolytes to enhance the 
cycle life of various rechargeable battery systems [23–25]. 

While the number of publications about cathode materials for Zn 
aqueous batteries have rapidly increased over the last few years, studies 
of Zn aqueous batteries still indiscriminately utilize several types of 
electrolytes without considering the correlation between electrolyte 
composition and the electrochemistry of Zn metal [26–31]. This might 
be attributed to the fact that studies of Zn aqueous batteries use only a 

small portion of Zn metal anodes in the range of a few hundred μAh 
cm� 2 to a few mAh cm� 2 of areal capacity [7,14,32,33]. Zn ions can be 
supplied during long-term cycling from the undamaged part of a Zn 
metal anode, if only a small portion of the Zn metal anode is utilized in 
the plating/stripping steps. Therefore, it is possible to conceal the irre-
versible degradation of Zn metal anodes, which limits our understanding 
of the reversibility of Zn metal anodes. It is necessary to comprehend the 
stability of Zn metal according to the types of electrolytes, even in the 
condition of extremely high areal capacities exceeding 10 mAh cm� 2, 
which is reasonable for practical applications. 

Herein, we investigate the reversibility of the Zn metal electro-
plating/stripping process under high areal capacity conditions using 
three representative electrolytes that are widely used in Zn aqueous 
batteries: 1 mol kgwater

� 1 zinc sulfate (ZnSO4) [34–37], 1 mol kgwater
� 1 zinc 

triflate (Zn(CF3SO3)2; Zn(OTf)2) [38–40], and 5 mol kgsolvent
� 1 

acetonitrile/water-in-salt (1 mol kgwater
� 1 Zn(TFSI)2 þ 20 mol kgwater

� 1 

LiTFSI in water þ acetonitrile; AWIS) [41]. Note that molality (mol 
kg� 1

solvent, hereafter m is used for simplicity), the number of moles of 
solute per kilogram of solvent, is used rather than molarity (mol Lsolution

� 1 ) 
to precisely describe the composition of the electrolytes. Titanium (Ti) 
foil was utilized as the substrate of the electroplating/stripping of Zn 
since it is widely used in the field of Zn aqueous batteries [13,16,17,32, 
42–49]. Harshly deep discharge and charge processes show the impro-
priety of a 1 m ZnSO4 solution, the reasonable stability of a 1 m Zn(OTf)2 
solution, and the excellent stability of a 5 m AWIS solution as electro-
lytes for Zn aqueous batteries. Using a combination of operando optical 
microscopy (OM) and scanning electron microscopy (SEM), we reveal 
that the loose agglomerates, which are composed of the coarse Zn 
platelets in ZnSO4 electrolyte that introduce the heterogeneous delam-
ination of the agglomerated deposits from the electrode, deteriorate the 
electrochemical reversibility. Denser agglomerates composed of finer 
platelets that form in 1 m Zn(OTf)2 enhance the physical endurance of 
the deposits, which results in a better cycle stability. In 5 m AWIS, a 
gradual increase and decrease of the deposit volume was repeatedly 
observed with the finest Zn particles, and this secures electrochemical 
stability. Using X-ray photoelectron spectroscopy (XPS), we further 
reveal that the solid-electrolyte interphase (SEI) layer forms in electro-
lytes with fluorinated salts, which may enhance the adhesion strength of 
the Zn deposit to the Ti surface, improving the electrochemical revers-
ibility. Our results highlight the importance of selecting proper elec-
trolytes to investigate the intrinsic properties of novel electrode 
materials for higher-energy and longer-life Zn aqueous batteries. Given 
the correlation between the electrolyte composition, microstructure, 
surface (chemical) structure, and electrochemistry of Zn metal demon-
strated here, the microstructural control of Zn metal in designed elec-
trolytes and electrochemical protocols will be an interesting avenue for 
further study. 

2. Methods 

2.1. Preparation of materials 

ZnSO4, Zn(CF3SO3)2 (Zn(OTf)2), LiN(CF3SO3)2 (LiTFSI), and CH3CN 
(acetonitrile) were purchased from Sigma-Aldrich (UK), and Zn 
((CF3SO3)2N)2 (Zn(TFSI)2) was purchased from Tokyo Chemical In-
dustry (Japan). All the commercially available chemicals were utilized 
without further purification. The electrolytes (1 m ZnSO4 and 1 m Zn 
(OTf)2) were prepared by dissolving ZnSO4 and Zn(OTf)2 in water with 
the specified molality. We then prepared the 5 m AWIS electrolyte by 
dissolving Zn(TFSI)2 and LiTFSI in water þ acetonitrile with the 
following composition: Zn(TFSI)2: 0.002 mol, 1.251 g; LiTFSI: 0.04 mol, 
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11.48 g; H2O: 2 g; acetonitrile: 6.4 g [41]. Zn foil (0.25 mm thick) was 
purchased from Alfa Aesar (USA), and Ti foil (0.127 mm thick) was 
purchased from Sigma-Aldrich (UK) and used without pretreatment. 

2.2. Electrochemical measurements 

The voltage-time profiles of the Zn||Ti asymmetric coin-type cells 
(CR 2032, Wellcos Corp. Korea) were obtained. The Zn||Ti asymmetric 
cells were composed of a Ti working electrode (diameter: 0.375 in.) and 
a Zn counter/reference electrode (diameter: 0.5 in.) with a disc shape. 
The Celgard membrane (Celgard 3501, Wellcos Corp. Korea) was used as 
a separator in the coin-type cells. The electrolytes used were 1 m ZnSO4, 
1 m Zn(OTf)2, and 5 m AWIS, and the cells were assembled in an oxygen- 
free atmosphere within an argon-filled glove box. The electrochemical 
measurements of the coin-type cells were performed at a constant cur-
rent density of 5 mA cm� 2 using a battery test system (Won-A Tech, 
Korea). Linear sweep voltammetry (LSV) was performed using a three- 
electrode beaker cell composed of a Ti working electrode (exposed 
area of 1 cm2), a Zn counter electrode, and a Zn reference electrode. The 
voltage between the working electrode and the reference electrode was 
swept from the open circuit voltage to � 1.0 V with a scan rate of � 5 mV 
s� 1. 

2.3. Operando optical microscopy (OM) 

We built the in situ cell setup for the operando OM measurement by 
ourselves (photographs are shown in Fig. S1.). The Ti and Zn foils were 
used as the working and counter/reference electrodes, respectively. 
They were inserted into cuvettes filled with each of the three electrolytes 
(1 m ZnSO4, 1 m Zn(OTf)2, and 5 m AWIS) composing a Zn||Ti asym-
metric cell. The electrochemical measurements of the in situ cell were 
performed at a constant current density of 5 mA cm� 2 using a battery 
test system (Won-A Tech, Korea). The transparent side of the cuvette 
faced an OM object lens at a distance of 4–5 cm, and the lamp in the 
glove box acted as a light source. Videos of the Zn plating/stripping on 
the Ti foil surface were recorded with the digital camera-included OM 
(Nikon, LV150 N, Japan). The applied magnification of OM was 10, and 
the provided video in the Supplementary Information was regenerated 
with a 200x faster playback speed. Each snapshot obtained from the 
videos was captured through software provided by Microsoft, and the 
written accumulated capacity displayed on the bottom-right side was 
calculated from the obtained voltage-time profiles. 

2.4. Ex situ electrode characterization 

The electrodes of the Ti foil at different stages of cycling were pre-
pared by disassembling the coin cells (rested [24 h], after the first 
plating step, after the first stripping step, after the second plating step, 
and long-term cycling [24 h]), and this was followed by rinsing the Ti 
electrodes with distilled water. The surface morphologies of the Ti 
electrodes were examined using SEM (SEM, Regulus 8230, Hitachi, 
Japan) equipped with an EDS (EDS, Ultim Max, Oxford, UK) attachment. 
The electrodes were transferred from the glove box to the SEM chamber 
using an air-free transfer vessel to prevent air contamination. The XPS 
measurements were performed in an UHV multipurpose surface analysis 
system (SIGMA PROBE, Thermo, UK) that operated at base pressures of 
< 9–10 mbar. The photoelectron spectra were excited by an Al Kα 
(1486.6 eV) anode that operated at a constant power of 100 W (15 kV 
and 10 mA). All the measuring spectra were set to the reference of C 1s 
(284.5 eV), which correlates to the C–C bond. 

3. Results and discussion 

The reversibility of Zn electroplating/stripping behaviors was first 
electrochemically tested in three representative electrolytes that are 
widely used in studies of Zn aqueous batteries: 1 m zinc sulfate (ZnSO4) 

[34–37], 1 m zinc triflate (Zn(CF3SO3)2 or Zn(OTf)2) [38–40], and 5 m 
AWIS (1 m Zn(TFSI)2/20 m LiTFSI in water þ acetonitrile) [41]. Coin 
cells composed of a Ti working electrode and a Zn counter/reference 
electrode were galvanostatically cycled at a current density of 5 mA 
cm� 2 with high areal capacities of 20, 10, and 1 mAh cm� 2. This cor-
responded to 27.0%, 13.5%, and 1.35% utilizations of the Zn counter 
electrode, respectively. After the first deposition, successive stripping 
and plating were performed to use 90% of the initial capacities (i.e., 18, 
9, and 0.9 mAh cm� 2) with a voltage cutoff condition of 3 V. The 
current-time profiles are displayed in the top panels of Fig. 1a–c. This 
harsh condition was set up to prove the feasibility of the reported 
electrolytes and to facilitate a dramatic comparison between the 
degradation mechanisms of each cell. Note that the linear sweep vol-
tammetry (Fig. S2.) confirms that the limiting current densities of zinc 
electrodeposition on Ti foil in the three electrolytes is higher than 5 mA 
cm� 2 indicating that the electrodeposition was not controlled by the Zn 
ion supply. In all the conditions, the voltage profiles in Fig. 1a–c show 
sharp increases in overpotential within only a few cycles for the 1 m 
ZnSO4 electrolyte, indicating the possibility of irreversible electro-
chemical reaction. This result was unexpected because many reports 
have employed 1 m ZnSO4 electrolyte to demonstrate the electro-
chemical performances of novel positive electrode materials without 
noticeable stability issues [34–37,50]. We attribute the reasonable 
electrochemical properties reported so far to the small areal capacity of 
the cathode, which corresponds to a minimal fraction of the Zn metal 
counter electrode (less than 1% per cycle, in most cases). In such cases, 
the Zn metal would be able to provide sufficient Zn ions to the cathode 
materials to operate for a few hundred cycles. In stark contrast, the 
stability of Zn plating/stripping in other electrolytes was much better 
than that of 1 m ZnSO4. The 1 m Zn(OTf)2 electrolyte exhibited a rela-
tively stable voltage profile; however, the overpotential slowly 
increased over time, and the fluctuation became more severe when 
cycled long-term over 1 week (Fig. S3.). However, 5 m AWIS showed a 
surprisingly stable cycling performance with a negligible change in 
overpotential under any areal capacity. While the initial overpotential 
was marginally higher in 5 m AWIS than in 1 m Zn(OTf)2, the over-
potential maintained its degree much more consistently in 5 m AWIS, 
especially during prolonged cycling. 

For a more quantitative understanding of electrochemical revers-
ibility, we compared the CEs of the cells in Fig. 1d–f. As expected from 
the voltage profiles, 5 m AWIS showed a remarkable CE stability, 
maintaining the value at 100% over hundreds of hours under any areal 
capacities, including 20 mAh cm� 2. For 1 m ZnSO4 electrolyte, the CE 
value barely marked 100%, which reconciles the impropriety of this 
electrolyte for rechargeable Zn aqueous batteries. The CE of Zn plating/ 
stripping in 1 m Zn(OTf)2 electrolyte was superior to that in 1 m ZnSO4 
electrolyte. The CE of Zn plating/stripping with a 20 mAh cm� 2 areal 
capacity marked 100% in the early cycles before it started to fluctuate at 
the 71st cycle. The general trend of the stability, which is represented by 
the sudden increase of polarization and voltage variation, arranges the 
cycle stabilities of Zn plating/stripping in the three electrolytes in a row. 
To summarize, 5 m AWIS showed the best performance with the stable 
Zn plating/stripping behavior, and 1 m ZnSO4 showed extreme insta-
bility. We noted that with identical salt concentrations, 1 m Zn(OTf)2 
showed much better stability than 1 m ZnSO4. This result highlights the 
critical role of anion species, which affect the solvation structures of 
electrolytes, in realizing the reversibility of electrochemical deposition 
and stripping of Zn metal. 

To investigate the origin of the different electrochemistry observed 
in the three electrolytes, we traced the microstructural evolution of Zn 
deposits and side products during the reaction through operando OM. 
Homemade in situ electrochemical cells were designed to contain a Zn 
foil and a Ti foil in transparent cuvettes (see methods for details and 
Fig. S1 for the photographs). When cycling the cells, we recorded movie 
clips using a digital camera equipped in the OM, which are provided 
with a 200x faster playback speed in Supplementary Information. Movie 
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snapshots that we captured regularly during the Zn plating/stripping are 
shown below. The accumulated capacity at the point of capturing is 
noted on the bottom-right side of each panel. Images that are in the same 
row show a region within a single electrochemical step of plating or 
stripping in the designated cycle. After 10 mAh cm� 2 of Zn was initially 
deposited on the Ti foil, 90% of the deposited zinc (¼9 mAh cm� 2) was 
stripped and plated for the following steps unless the voltage curves 
reach the 3 V cutoff condition. 

Fig. 2 visualizes the microstructural behavior of Zn plating in the 1 m 
ZnSO4 electrolyte. A white dotted line depicts the boundary of the grown 
Zn metal on the Ti foil. During the initial plating process, cloud-like Zn 
metal forms on the surface of the Ti foil, accompanied by a rapid height 
growth of 200–400 μm at the areal capacity of 10 mAh cm� 2 (note that 
the thickness of the Ti foil was 127 μm). In the following stripping 
process, the volume of the deposited Zn metal initially decreased 
continuously (the white arrows indicate the direction of shrinkage) 
following the electrochemical dissolution of Zn into Zn2þ ions (Zn → 
Zn2þ þ 2e� ). Interestingly, however, the Zn agglomerates started an 
unexpected exfoliation from the Ti foil in the middle of the stripping 
instead of undergoing a gradual dissolution. The local delamination of 
the Zn deposit exposed the shiny Ti surface. This heterogeneous strip-
ping process is more clearly shown in Supplementary Video SV1 

(00:36–00:58). Another interesting point is that hydrogen gas vigor-
ously evolves from the beginning of the stripping process, which forms 
hydrogen gas bubbles that are marked with red dotted circles in the 
Figs. We hypothesize that the hydrogen gas evolution originates from 
the formation of byproducts, such as zinc hydroxide, during the previous 
reduction process, decreasing the pH value and elevating the hydrogen 
evolution potential of the electrolyte. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.jpowsour.2020.228334 

In the second plating step, the Zn metal preferred to deposit on the 
exposed Ti surface rather than on the residual Zn agglomerates. This 
resulted in a smaller morphological change compared to the first elec-
troplating. During the second stripping process, the detachment of the 
Zn metal cloud occurred again but more completely, as described in the 
fourth row. We noted that the number of gas bubbles increased as time 
went on during the second stripping, as shown in Supplementary Video 
SV1 (01:41–02:13). Figs. 3 and 4 display the precise moments of the 
physical isolation of the Zn deposit from the Ti foil during the first and 
second stripping steps, respectively. As shown in the Figs. and the video, 
once the Zn agglomerates partially delaminate from the Ti foil, exposing 
a bare surface, the hydrogen evolution reaction accelerates at the 
interface of the exposed Ti and electrolyte. Thus, hydrogen gas bubbles 

Fig. 1. Zn plating/stripping behavior according to the types of electrolytes in harsh conditions of deep usage of the Zn metal anode. Current density-time 
(top) and voltage-time curves (bottom) of electrodeposition and stripping of zinc on Ti foil in 1 m ZnSO4 (blue), 1 m Zn(OTf)2 (orange), and 5 m AWIS (green) 
electrolytes recorded with areal capacities of (a) 20 mAh cm� 2, (b) 10 mAh cm� 2, and (c) 1 mAh cm� 2, and (d-f) corresponding coulombic efficiency as a function of 
cycle number. The current density was controlled to 5 mA cm� 2 and each deposition/stripping step was controlled with time unless the voltage reaches the cutoff 
condition of 3 V. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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likely form between the partially detached Zn deposit and the Ti foil, 
which further facilitates the delamination process. After delamination, 
the Zn residue still existed heterogeneously on the Ti surface. This finally 
dissolved into the electrolyte, re-exposing the shiny Ti foil at the end of 
the second stripping process. However, the hydrogen evolution vigor-
ously occurred until the residual Zn was dissolved, indicating a low 
coulombic efficiency. The delaminated metal pieces had the possibility 
of migrating to another side, which could have induced an internal 
short-circuit or blocked the porous separator membrane, inhibiting the 
ion diffusion. We therefore attribute the fluctuation observed in the 
voltage profiles in Fig. 1 to the physical instability of the Zn deposit. The 
severe deterioration of the microstructures of the Zn deposit and the 
vigorous hydrogen evolution demonstrated here suggest the impropriety 
of 1 m ZnSO4 as an electrolyte for Zn aqueous batteries. Investigation of 
the effect of additives such as ZnCl2 or organic compounds in the zinc 
sulfate-based electrolytes could be an interesting strategy for improving 
the stability of Zn anodes in rechargeable aqueous batteries considering 
the literature in the field of zinc electrowinning [51,52]. 

As depicted in Fig. 5 and Supplementary Video SV2, the Zn deposi-
tion in 1 m Zn(OTf)2 was similar to that of 1 m ZnSO4. However, the Zn 
cloud in 1 m Zn(OTf)2 consisted of much finer particles, which resulted 
in denser agglomerates. The Zn cloud grow slower in thickness in the 1 

m Zn(OTf)2 electrolyte than in the 1 m ZnSO4 electrolyte. The thickness 
of the Zn deposit was approximately 150 μm at the end of the first 
plating (10 mAh cm� 2), which is much smaller than that of the 1 m 
ZnSO4 electrolyte. In the following stripping step, the volume of the 
deposited Zn metal continuously decreased with only few detachments, 
which indicates the better physical endurance of the Zn deposit in 1 m 
Zn(OTf)2. This is consistent with the better electrochemical stability of 
the 1 m Zn(OTf)2 electrolyte shown in Fig. 1. However, the Zn deposit 
did not completely dissolve into the electrolyte, and the residual Zn 
remained on the electrode, so that we observe only a slight change in 
apparent morphology in the following plating/stripping steps. We hy-
pothesize that this minimal morphological change is due to the faster 
dissolution of Zn metal near the Ti surface than the top of the Zn deposit, 
minimizing the change of the outer boundary of the cloudy Zn deposit 
and generating electrically isolated Zn agglomerates. As the electro-
chemical cycle repeats, the isolated Zn deposit accumulates and partially 
falls apart from the Ti surface in the fourth stripping process. We noted 
that the detachment of the Zn deposit in the 1 m Zn(OTf)2 electrolyte 
occurred locally and only at a small area fraction of the area of the Ti foil 
in contrast to the 1 m ZnSO4 electrolyte. The microstructural degrada-
tion appeared to be much slower in the latter step, which indicates a 
stronger adhesion of Zn to the Ti electrode in the 1 m Zn(OTf)2 

Fig. 2. Observation of the morphologies and microstructural evolution of Zn agglomerates on the Ti foil surface of a Zn||Ti asymmetric cell in 1m ZnSO4 
through operando OM analysis. Top-left panel shows the cell configuration; accumulated capacity at the point of capturing is noted at the bottom-right side of each 
paenl; white dotted line shows the boundary of grown Zn metal; red dotted line highlights hydrogen gas bubbles. 

Fig. 3. Visualization of the physical isolation process of the Zn deposit at the first stripping step in 1m ZnSO4. Captured images of the Ti foil surface of a Zn|| 
Ti asymmetric cell in 1 m ZnSO4 from the operando OM analysis. 
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electrolyte. Thus, the larger volume change in ZnSO4 may cause an 
accelerated microstructural degradation during Zn plating/stripping. 
This phenomenon may explain why the Zn metal plating/stripping in 1 
m Zn(OTf)2 is more stable than it is in 1 m ZnSO4. We will discuss the 
correlation between the microstructure of the Zn deposit and electro-
chemistry later. In addition to the partial reversible deposition and 
dissolution processes, hydrogen gas evolution also occurred in the initial 
period of the Zn plating/stripping processes (marked with red dotted 
circles). This evolution was initiated by the formation of solid byprod-
ucts, which may cause a decrease in electrochemical reversibility. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.jpowsour.2020.228334 

In 5 m AWIS, the Zn deposition exhibited a distinct behavior, as 
illustrated in Fig. 6 and Supplementary Video SV3. The shiny Ti foil 
changed to a black color at the very beginning of the electrodeposition 
process, when the discharge capacity was 0.1 mAh cm� 2. This color 
change was a formation of a highly homogeneous deposit on the Ti foil. 
Once the black layer formed, it did not completely disappear throughout 
the electrochemical cycling. Note that no formation of a thin layer was 
observed in the low-concentration, mildly acidic electrolytes. After the 

Fig. 4. Visualization of the physical isolation process of the Zn deposit at the second stripping step in 1 m ZnSO4. Captured images of the Ti foil surface of a Zn||Ti 
asymmetric cell in 1 m ZnSO4 from the operando OM analysis. 

Fig. 5. Observation of the morphologies and microstructural evolution of Zn agglomerates on the Ti foil surface of a Zn||Ti asymmetric cell in 1m Zn 
(OTf)2 through operando OM analysis. Top-left panel shows the cell configuration; accumulated capacity at the point of capturing is noted at the bottom-right side 
of each paenl; white dotted line shows the boundary of grown Zn metal. 
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formation of the black layer, the cloudy Zn deposit grew preferentially 
on the plane side toward the counter Zn electrode, though it grew 
randomly in the case of diluted electrolytes. We attribute this different 
growth behavior of the Zn deposit to the initial film formation. As the 
electroplating continued, glittering metal grew on the formed film 
during the plating process. This suggests that the primary particles had 
different morphologies. The grown metal slowly and gradually dissolved 
into the electrolytes during the stripping process, as represented by a 
white dotted line. Similar to the 1 m Zn(OTf)2 electrolyte, there was no 
dramatic microstructural change of the Zn deposit, which indicates the 
dissolution of Zn from the Ti surface. Delamination did not occur at all in 

the AWIS electrolyte. The gentle microstructural evolution observed in 
the 5 m AWIS explains the excellent electrochemical performance of Zn 
metal. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.jpowsour.2020.228334 

To investigate the origin of the stable microstructural and electro-
chemical behaviors of Zn metal in 5 m AWIS, we focused on two things. 
First, we used SEM to microscopically study the morphology of the 
primary Zn particles, the constituents of the cloudy Zn deposit. Second, 
we used XPS to analyze the chemical structure of the surface passivation 
layer to understand the nature of the black layer formed in 5 m AWIS. 

Fig. 6. Observation of the morphologies and microstructural evolution of Zn agglomerates on the Ti foil surface of a Zn||Ti asymmetric cell in 5m AWIS 
through operando OM analysis. Top-left panel shows the cell configuration; accumulated capacity at the point of capturing is noted at the bottom-right side of each 
paenl; white dotted line shows the boundary of grown Zn metal. 

Fig. 7. Surface morphology of the Ti foil surface during the Zn plating/stripping. Ex situ SEM images of the Ti electrode at (a, e,i) pristine, (b, f, j) Zn plated for 
1 mAh cm� 2, (c, g, k) Zn stripped for 0.9 mAh cm� 2, and (d, h,i) Zn stripped after long-term cycling in 1 m ZnSO4, 1 m Zn(OTf)2, and 5 m AWIS Zn||Ti asymmetric 
cells, respectively. 
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We hypothesize that the different microstructural evolutions according 
to electrolyte composition are correlated to the SEI layer formation in 
the initial plating/stripping step. 

To observe the microstructural change on a microscopic scale, ex situ 
SEM analysis was performed for electrodes that were retrieved from the 
cells and disassembled after a rest period, the first plating, the first 
stripping, and the deterioration, as illustrated in Fig. 7. The electrodes 
were transferred to an SEM chamber without any exposure to air using 
an air-free transfer vessel. As shown in Fig. 7a, e, and i, the uncycled Ti 
electrodes after being immersed in different electrolytes showed a 
different morphology depending on the electrolyte. The bare Ti elec-
trodes in rested cells with 1 m ZnSO4 and 1 m Zn(OTf)2 had unevenly 
distributed particles, while the surface of the Ti electrode in the 5 m 
AWIS was clean. Magnified images of the electrodes that were rested in 
the diluted electrolytes are shown in Fig. S4. Indeed, a Pourbaix diagram 
of the Zn confirms the instability of Zn metal in mildly acidic solutions 
against hydrogen evolution, which is consistent with our results [53]. 
Therefore, the formed particles on the uncycled Ti electrodes should 
likely be indexed as chemically produced byproducts, such as zinc oxide, 
zinc hydroxide, or zinc carbonates [54]. In contrast, 5 m AWIS showed a 
high compatibility with Zn metal by forming no byproduct. Fig. 7b, f, 
and j show the deposited Zn at the end of the plating process. 
Energy-dispersive X-ray spectroscopy (EDS) mapping confirms the Zn 
element of the deposited Zn (Fig. S5). In the diluted electrolytes, Zn 
metal grew in the form of hexagonal platelets. However, the Zn particles 
in 1 m ZnSO4 grew up to 3 μm bigger in diameter compared to those in 1 
m Zn(OTf)2. Therefore, the density of the Zn agglomerates is lower in 1 
m ZnSO4, which explains the larger volume of the Zn cloudy agglom-
erate observed in OM. Much finer Zn particles with mossy-like 
morphology appear in 5 m AWIS, resulting in a highly dense Zn depo-
sit. Fig. S6 shows the magnified image of the mossy-like Zn. We noted in 
the magnified image that the background of the mossy agglomerate was 
densely covered with another product that corresponded to the homo-
geneous black layer observed in OM. The EDS result shown in Fig. S7 
reveals that the black layer contained high nitrogen contents. Fig. 7c, g, 
and k show the electrodes after the first stripping process. As expected 
from the subtle morphological changes observed in OM, the electrodes 
cycled in 1 m Zn(OTf)2 and 5 m AWIS showed a negligible change in the 
SEM images, which only observed the top surface of the electrodes. 
However, the electrode cycled in the ZnSO4 electrolyte showed a drastic 
microstructural change after the stripping process. The large platelets 
disappeared, and the bare Ti foil was exposed as the result of the 
delamination process. 

Based on the SEM analysis, we conclude that the size of the primary 
Zn particle governs microstructural degradation. The Zn metal grown on 
Ti electrodes with a large particle size had a sparse structure with fewer 
physical contacts, and it was easy to be detached from the substrate 
metal when the volume change became severe. The densely grown Zn 
particles in 1 m Zn(OTf)2 could endure this for longer cycles while 
maintaining the microstructures, and the most stable structure with the 
finest particles in 5 m AWIS could show the best stability of the evolved 
microstructures during cycling. The SEM images obtained after long- 
term cycling also support these statements, as shown in Fig. 7d, h, and 
l. The samples of the Ti electrodes cycled in 1 m ZnSO4 and Zn(OTf)2, 
which were stopped and retrieved from the cells after the occurrence of 
sudden polarization, show the destroyed morphology. The surfaces of 
the electrodes were completely covered with deposits that were different 
from the Zn platelets observed after initial plating. On the other hand, 
the sample of the Ti electrode cycled in 5 m AWIS, which was stopped at 
the same time as the 1 m Zn(OTf)2 cell, showed a marginal difference 
compared to the electrode after the initial plating. 

We further performed ex situ XPS analysis to understand the excellent 
stability of the 5 m AWIS electrolyte by tracing the electrode surface’s 
chemical evolution during the plating/stripping processes in Zn||Ti 
asymmetric cells. The Zn 2p and S 2p spectra of Ti electrodes at different 
stages of cycling in 1 m ZnSO4, 1 m Zn(OTf)2, and 5 m AWIS are 

presented in Fig. 8. The C 1s, O 1s, F 1s, and N 1s spectra are shown in 
Fig. S8. After being immersed in the electrolytes, peaks are observed in 
the Zn 2p spectra of all the electrodes (Fig. 8. – top side). The peaks are 
centered at 1023.5 eV and 1046.5 eV, which correspond to Zn2þ in 
adsorbed salts and byproducts such as zinc hydroxide [16]. The smallest 
peak width in addition to the silence in the S 2p spectra indicate the 
main product detected from the electrode rested in 1 m ZnSO4 was zinc 
hydroxide. This agrees well with the detection of a peak at 531.7 eV in 
the O 1s spectra (Fig. S8.) [55,56]. In the electrodes immersed in 1 m Zn 
(OTf)2 and 5 m AWIS, additional peaks were detected in the F 1s and N 
1s spectra, corresponding to the electrolyte salts [16,57]. The Ti 2p 
spectra (Fig. S9.) shows the presence of native oxides at the surface re-
gion of Ti foil immersed in both 1 m ZnSO4 and 1 m Zn(OTf)2 electro-
lytes, which is covered will the adsorbed salt in 5 m AWIS electrolyte. 

After the first plating, the intensity of the Zn 2p spectra increased 
with a new pair of peaks appearing at 1022.3 eV and 1045.2 eV, con-
firming the plating of metallic Zn (Zn0) in all the electrolytes [58]. The 
intensity of the metallic Zn peaks decreased during the first stripping, 
but did not completely disappear during the following steps indicating 
the partially reversible electrodeposition/stripping of Zn. On the other 
hand, salt-related peaks are observed at 169.5 eV, corresponding to the 
SO4

2- species, in the S 2p spectra of all the electrodes (Fig. 8. – bottom 
side) [16,23]. This implies the formation of salt-derived byproducts or 
the SEI layer from the reduction of salt anions. Considering the intensity 
correlation between the Zn 2p spectra and the S 2p spectra in 1 m ZnSO4 
and 1 m Zn(OTf)2 electrolytes, the partially reversible for-
mation/decomposition of the Zn2þ- and SO4

2--containing products is 
likely accompanied with the electrodeposition and stripping of Zn in 
those electrolytes. The F 1s spectra in 1 m Zn(OTf)2 also had a specified 
peak at 689 eV that corresponded to –CF3 bonds, which implied the 
existence of salt-derived species on the Ti foil surface [16,23,58] which 
is consistent with the Ti 2p spectra in Fig. S9. Interestingly, 5 m AWIS 
exhibits the most dynamic evolution of XPS spectra. After the first 
plating, peaks appeared at 169 eV, 398 eV and 685.5 eV in the S 2p, N 1s, 
and F 1s spectra, respectively. The peaks are centered at the lower 
binding energy than the peaks observed in the rested state, suggesting 
the reduction of TFSI� anion and the formation of salt-derived 
byproducts [57]. Surprisingly, the newly observed peaks in the N 1s 
and F 1s spectra (Fig. S8c.) correspond to lithium nitride, lithium fluo-
ride, and SO3

2--containing compounds [23,57,59]. Given the fact that we 
observed the formation of a uniform black layer at the beginning step of 
the first plating process from the operando OM (Fig. 6.), we concluded 
that the products of LiTFSI decomposition, i.e., lithium nitride and 
lithium fluoride, construct a stable and dense passivation layer 
improving the microstructural and electrochemical stability of 5 m 
AWIS. In contrast, no solid evidence of the stable SEI layer was found in 
the XPS spectra of 1 m ZnSO4. 

After the first stripping, the intensity of the Zn metal peak in the Zn 
2p spectra decreases, confirming the stripping of Zn in all the electro-
lytes. Interestingly, the intensity of the S 2p spectra relative to other 
spectra significantly decreases in 1 m ZnSO4 and 1 m Zn(OTf)2, while it 
maintains strong in 5 m AWIS. We attribute this result to the high 
instability of the SEl layers in the diluted electrolytes, and the high 
reversibility of Zn plating/stripping in 5 m AWIS. We noted that the 
intensities of the peaks corresponding to lithium nitride and lithium 
fluoride partially decreased, indicating reversible formation and 
decomposition of the SEI layer during the cycling. Based on the chemical 
analysis of the cycled electrodes, we conclude that the stability of the 
formed SEI layer affects the physical endurance of the microstructures, 
which are highly correlated with the cycle stability. The initially formed 
black layer in 5 m AWIS was revealed to be a stable passivation film, 
which offers strong endurance to the Zn deposit against the detachment 
or deterioration during plating/stripping, even after long-term cycling. 
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4. Summary and conclusion 

In summary, we investigated the reversibility of Zn metal anodes 
according to the types of electrolytes (1 m ZnSO4, 1 m Zn(OTf)2, and 5 m 
AWIS) in the practical condition high areal capacities up to 50 mAh 
cm� 2. Electrochemical tests with harsh conditions of deep discharge/ 
charge processes in the three electrolytes were performed. When 
considering sudden polarization and voltage variation, 1 m ZnSO4 
exhibited a significant instability during electrochemical cycling while 
the 5 m AWIS showed the best performance with regard to cycle sta-
bility. 1 m Zn(OTf)2 exhibited a much longer cycle life than 1 m ZnSO4, 
even though both are mildly acidic electrolytes with the same molality. 
We established the correlation between electrochemical properties, 
microstructures, and chemical environments using operando visualiza-
tion and ex situ chemical analysis through OM, SEM, and XPS. The 
microstructural evolution of primary Zn particles has a large difference 
with regard to the size and density of distribution. Sparsely grown ag-
glomerates with coarse Zn platelets in the ZnSO4 electrolyte underwent 
severe delamination from the electrode, which induced an internal 
short-circuit or inhibited the ion diffusion due to the blocked porous 

separator membrane. The better cycle stability in the Zn(OTf)2 electro-
lyte could be explained by the denser agglomerates that were composed 
of finer Zn platelets, which have a better physical endurance against 
delamination. In 5 m AWIS, the finest Zn particles formed with a sphere- 
like shape, while hexagonal platelets of Zn particles grew in the other 
dilute-concentration electrolytes. Thus, the densest agglomerates with 
gentle microstructural evolutions were observed, resulting in the 
excellent cycle performance of the Zn metal anode. We further revealed 
the existence of the SEI layer and its composition through XPS analysis. 
The SEI layer formed in 5 m AWIS consisted of fluorinated salts, which in 
turn enhances the adhesion strength of the Zn deposit to the Ti surface. 
Therefore, the stable SEI layer in 5 m AWIS improved the reversibility of 
the Zn metal anode, while the other SEI layers formed in dilute- 
concentration electrolytes could not act as a stable passivation film. 
We conclude that the existence of the stable SEI layer, which can help 
adhere the grown Zn agglomerates to the metal electrode, is a key factor 
in achieving better cycle stability. This study reveals the correlation 
between electrolyte composition and capacity degradation through 
macroscopic- and microscopic-scale support with a chemical analysis. 
We also emphasize the importance of selecting suitable electrolytes to 

Fig. 8. Chemical investigation of the SEI layer formed on the Ti electrode from rest to long-term cycling. XPS spectra of the Zn 2p and S 2p of the Ti electrode 
in the (a) ZnSO4, (b) Zn(OTf)2, and (c) AWIS electrolytes during the Zn plating/stripping. In the AWIS electrolyte, it was observed that the TFSI� anion was reduced to 
form SEI layer during the first plating. 
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enhance the cycle performance of Zn aqueous batteries. In addition, 
there is further room to investigate the microstructural tuning of Zn 
metal in the designed electrolytes and the electrochemical protocols to 
ensure the superb performance of Zn aqueous batteries. 
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