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batteries, possessing a high theoretical 
capacity (820  mA h g−1) and a low elec-
trochemical potential (−0.762  V vs the 
standard hydrogen electrode).[4–7] Never-
theless, it suffers from a low coulombic 
efficiency (CE) (≈50%) in conventional 
alkaline electrolytes (e.g., 6 m KOH), 
caused by the formation of by-products 
such as zinc hydroxides or zincates.[3] 
Zinc dendrite growth is also an issue. 
Although dendrite formation could be 
reduced in mild/neutral electrolytes (e.g., 
2 m ZnSO4), the CE during plating/strip-
ping of Zn is still unsatisfactory (≈70%) 
and accompanied by formation of side-
products[3] such as Zn4SO4(OH)6•5H2O.[8] 
In this regard, fluorine-containing electro-
lytes, for example, 3 m Zn(CF3SO3)2, can 
suppress dendrite formation and enable a 
high Zn plating/stripping CE (≈100%).[9] 

These electrolytes, however, have higher costs compared to 
aqueous solutions based on fluorine-free salts.[9]

A further strategy to improve the reversibility of Zn metal 
negative electrodes (anodes) is to implement highly concen-
centrated electrolytic solutions, the so-called water-in-salt 
electrolytes (WiSEs). These electrolytes not only possess a 
larger electrochemical stability window (ESW) compared 
to diluted solutions, but also enable an enhanced revers-
ibility of the Zn anode because of the limited amount of 
free water molecules.[10,11] For example, 30 m ZnCl2,[12] 
1 m Zn(TFSI)2  + 20 m LiTFSI,[3] and the concentrated 
urea/Li(TFSI)2/Zn(TFSI)2

[13] mixture resulted in an out-
standing plating/stripping performance of Zn anodes, 
offering high CEs (95.4%, 99.9%, and 96.0%, respectively). 
However, as previously mentioned, these halide-containing 
salts are quite costly and can be environmentally harmful. 
Beyond that, LiMn2O4/Zn and Ca0.20V2O5•0.80H2O/Zn cells 
employing the above mentioned electrolytes demonstrated a 
limited rate capability and cycling stability,[13,14]mostly caused 
by the cathode materials.

Recently, high concentration acetate-based solutions have 
emerged as low-cost and halide-free WiSEs,[15–20] which inspired 
us to develop a Zn-containing acetate WiSE. In particular, to 
address the unsatisfactory rate capability and cycling stability of 
the Zn cells mentioned above, zinc-ion hybrid supercapacitors 
(ZHSs),[21–28] utilizing an acetate-based WiSE and an activated 
carbon (AC) as the positive electrode and zinc foil as the nega-
tive electrode, respectively, are concerned here.

Halide-free, water-in-salt electrolytes (WiSEs) composed of potassium acetate 
(KAc) and zinc acetate (ZnAc2) are investigated as electrolytes in zinc-ion 
hybrid supercapacitors (ZHSs). Molecular dynamics simulations demonstrate 
that water molecules are mostly non-interacting with each other in the highly 
concentrated WiSEs, while “bulk-like water” regions are present in the dilute 
electrolyte. Among the various concentrated electrolytes investigated, the 
30 m KAc and 1 m ZnAc2 electrolyte (30K1Zn) grants the best performance 
in terms of reversibility and stability of Zn plating/stripping while the less 
concentrated electrolyte cannot suppress corrosion of Zn and hydrogen 
evolution. The ZHSs utilizing 30K1Zn, in combination with a commercial 
activated carbon (AC) positive electrode and Zn as the negative electrode, 
deliver a capacity of 65 mAh g−1 (based on the AC weight) at a current density 
of 5 A g−1. They also offer an excellent capacity retention over 10 000 cycles 
and an impressive coulombic efficiency (≈100%).

Research Article

© 2022 The Authors. Small published by Wiley-VCH GmbH. This is an open 
access article under the terms of the Creative Commons Attribution 
License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.

1. Introduction

Since 1799, when Alessandro Volta first invented the voltaic 
pile, numerous battery systems based on Zn have been devel-
oped, including, most recently, rechargeable zinc-ion bat-
teries.[1–3] In fact, zinc is an ideal anode material for aqueous 
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First, molecular dynamics (MD) simulations are employed 
to investigate the interactions among cations, anions, and 
water molecules. Then the influence of the electrolyte com-
position on the Zn plating/stripping behavior is studied by 
varying the ratio of potassium acetate (KAc) and zinc acetate 
(ZnAc2). 1 m KAc-1 m ZnAc2 (1K1Zn), 10 m KAc-1 m ZnAc2 
(10K1Zn), 20 m KAc-1 m ZnAc2 (20K1Zn), and 30 m KAc-1 m 
ZnAc2 (30K1Zn) are the selected electrolyte compositions. A 
detailed electrochemical characterization of the Zn plating/
stripping process is performed and the best performing 
electrolyte was selected for the full ZHS. Additionally, post-
mortem analysis is carried out by means of SEM and X-ray 
photoelectron spectroscopy (XPS) to understand the influ-
ence of the electrolyte composition on the morphology and 
chemical composition of the Zn anode surface. Finally, ZHSs 
featuring AC positive electrodes (cathodes), Zn metal negative 
electrodes (anodes), and the concentrated 30K1Zn electrolyte 
were assembled and characterized. These devices delivered a 
specific capacity of 65 mAh g−1 at a current density of 5 A g−1, 
together with a high capacity retention over 10 000 cycles and 
an impressive CE of ≈100%.

2. Results and Discussion

2.1. SWAXS Patterns and Molecular Dynamics Simulations

The small-wide angle x-ray scattering (SWAXS) patterns 
(Figure 1a) of the various electrolytes show three different 
regions[29] in the q-range 0.2–3.5 Å−1. At q  > 1 Å−1 (i.e., real 
distances r  < 6.28 Å) a broad double-peak is always observed. 
The peak in this region is identified as the main peak in liquid 
systems and it originates from the interactions to the nearest 
neighbors. It comprises the first (and sometimes the second) 
solvation shell. It appears clear that the characteristic double 
peak of pure water is progressively distorted, indicating that the 
native water structure is heavily modified at high salt concentra-
tions. The effect is probably more evident in the S(q) functions 
reported in Figure S1, Supporting Information, where the two 
peak components progressively merge, with the lower-q com-
ponent gradually shifts toward higher q-values. This behavior 
indicates for the increase of short-range interactions, which 
overcome the weaker long-range interactions, as more KAc is 
added in the system.

Small 2022, 2201563

Figure 1.  a) SWAXS patterns for pure water (cyan), 1K1Zn (blue), 10K1Zn (red), 20K1Zn (green), and 30K1Zn (brown). The white arrow indicates the 
direction of increasing salt contents. Three different q-regions are identified and assigned to the corresponding structural correlation, that is, low q 
excess (q < 0.4 Å−1, purple), pre-peak (0.4 Å−1 < q < 1 Å−1, green), and main peak (q > 1 Å−1, brown). b) Selected partial S(q)s obtained from the MD 
simulations for 1K1Zn (blue), 10K1Zn (red), 20K1Zn (green), and 30K1Zn (brown). Snapshots of randomly selected frames of the simulation boxes for 
c) water molecules in red and d) acetate anions in cyan. Potassium and zinc cations are represented as silver and orange spheres, respectively. Only 
a 10 Å thick slice is shown for clarity, with snapshots for water molecules and acetate anions are complementary. The salts content increases in the 
direction of the arrow, corresponding to 1K1Zn, 10K1Zn, 20K1Zn, and 30K1Zn.
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At 0.4 Å−1 < q < 1 Å−1 (6.28 Å < r < 15.7 Å) we always see an 
additional feature whose intensity and position depend on the 
salt content (Table S1, Supporting Information). This peak, often 
called “pre-peak,” suggests for the presence of mesoscale supra-
molecular structures in the order of a nanometer.[30,31] Raising 
the salt concentration makes the pre-peak increasingly sharper, 
thus hinting to a stricter mesoscopic arrangement at higher 
KAc content. At q < 0.4 Å−1 a signal is seen for the least concen-
trated systems, which is associated to pure water (cyan curve in 
Figure 1a). Such a feature, which decreases for increasing salt 
contents, is associated to nanoscale objects (in the order of tens 
of nanometers, if not larger) present in the bulk liquid. Such 
an uncommon slope is called “Low q Excess”[32–36] (herein after 
LqE). Such complex SWAXS patterns are better analyzed with 
the help of a model. Thus, some classical MD simulations were 
performed (Figure  1b) in order to achieve an atomistic-level 
insight. The comparison between the experimental and theoret-
ical structure functions (Figure S1, Supporting Information) is 
more than satisfactory, with an almost quantitative agreement 
for the peaks positions. Regarding the peak intensity, though, 
while the main peak is always very well reproduced, the pre-
peak suffers from systematic over-estimation of its intensity. 
This is common for highly ionic systems composed of small 
ions, and the reason is generally ascribed to the lack of polari-
zation effects in standard force fields. It would be possible to 
achieve better results with polarizable force fields,[37] but the 
computational cost would be excessive for such large systems 
(≈20 000 molecules per system). Anyhow, for the present scope, 
the peak position is the main property to be considered, with 
only some aspects discussed based on relative intensities. Thus 
the models are perfectly suited. The comparison of the simu-
lation boxes confirms the progressive homogenization of the 
system, indicating diminished water clusters (Figure  1c) and 
the decreased size of salt clusters (Figure  1d) as more salt is 
added.

2.1.1. Main Peak and the Water Solvation Shell

Focusing on the SW–W(q), that is, water–water interactions, a 
systematic intensity reduction for the main peak is observed 
when more salt is added. Furthermore, the high-q component 
is noticeably more affected than the low-q component of the 
same peak. Such a dramatic change in the shape of the struc-
ture function indicates that the first solvation shell of water is 
strongly perturbed and disrupted at high salt concentrations, 
with almost no water molecules as first neighbors. A more 
insightful visualization of the water solvation shell can be 
achieved by combining radial distribution functions (RDFs), 
coordination numbers (CNs), and spatial distribution functions 
(SDFs), as illustrated in Figure 2, respectively.

Regarding the water–water interaction (panels a and a′ in 
Figure  2), progressive depletion of the first hydration shell is 
observed, witnessed by the decrease of the intensity of the first 
sharp peak at ≈2.8 Å in the RDFs (panel a). At the same time, 
a new peak emerges at a larger distance at ≈3.5 Å. This cor-
related change is attributed to indirect “bridged” interactions, 
where two water molecules interact indirectly via a commonly 
bonded third species. The average CNs in Figure 2a′ show that 

the number of water molecules in the first hydration shell 
decreases by almost a factor of five, passing from 2.92 to 0.63. 
The SDFs in Figure  2e return visually the hydration state of 
a central water molecule. Increasing salt content has a clear 
trend, passing from four direct hydration sites to two sites. At 
the same time, a new indirect interaction region appears, corre-
sponding to the bridged interaction mentioned before. Together 
with the partial SW–W(q), these observations unambiguously 
show how at high salt concentrations, the water molecules are 
mostly non-interacting and thus do not form “bulk-like water” 
regions. On the other hand, looking at the RDF panels for the 
interaction of potassium acetate with water (b and d) and the 
corresponding CN panels (b′ and d′), the opposite behavior 
is seen when comparing with panels a and a′. The interac-
tion gradually becomes stronger, and the water molecules are 
mainly coordinated to ionic species, with an average of 1.67 
acetate anions and 1.81 potassium cations in their first solvation 
shell. The Zn2+ cations are too few to be statistically relevant, 
but their decrease around the water molecules upon increasing 
the salt content occurs. This counter-intuitive behavior will be 
explained in the following, vide infra.

The proposed water solvation state was also experimentally 
confirmed via Raman spectroscopy. The Raman spectra (Figure 
S2, Supporting Information) of electrolytes with different con-
centrations provide insight into the water–acetate interactions. 
The characteristic OH stretching band at ≈3200 cm−1 can be 
deconvoluted into five sub-bands, that is, ≈3000, ≈3300, ≈3400, 
≈3600, and ≈3700 cm−1, which can be assigned based on the 
hydrogen-bonding behavior of specific water molecules.[38] 
These sub-bands can be labeled as DAA, DDAA, DA, DDA, and 
“non-hydrogen-bonding” OH symmetric stretch vibrations, 
in which D and A are denoted as the donor and the acceptor 
of a proton, respectively.[20] The OH stretch vibrations result 
from both water–water and water–acetate interactions. The 
stretching vibrations may be discovered even for 30K1Zn with 
the highest concentration, as a result that the acetate anion can 
accept hydrogen bonds from water. In this way, a novel set of 
similar interactions is established even if the hydrogen bond 
network of pure water is broken up, thus preserving the Raman 
band. Meanwhile, the intensity of the DAA peak, derived from 
the hydrogen bonds accepted by the carboxylic group, gradually 
increases with increasing concentration, showing that acetate 
anions progressively coordinate water molecules.[20]

2.1.2. Pre-Peak and the Acetate Anion Dualism

The second panel of Figure 1b shows the SW–K(q), that is, the 
water–potassium interactions, which contributes most to 
the pre-peak (see Figure S3, Supporting Information). This 
means that the mesoscopic heterogeneity mentioned above 
originates from a characteristic distance between domains 
mostly composed of water molecules and potassium cations. 
While the exact morphology and a more in-depth analysis of 
this specific feature are beyond the scope of this work and will 
be addressed in a dedicated forthcoming paper, the nature of 
such mesoscopic organization is briefly discussed. The pre-
peak in the SWAXS patterns of liquids made of small mole-
cules (i.e., molecules with a radius of gyration smaller than 
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1 nm) is not common, with some remarkable exceptions when 
amphiphilic molecules are concerned.[39–45] In those cases, 
the peak always originates from the formation of a distorted 
L3 liquid phase, which is often referred as “sponge-like”[46] 
and which is basically a bicontinuous structure. The forma-
tion of this phase is driven by the amphiphilic nature of one 
(or more) species, which induce a self-segregation by pref-
erentially orienting toward each other compatible molecules 
or portions of molecules, that is, polar with polar and apolar 
with apolar. By extracting all relevant partial S(q)s (Figure 1b), 
it becomes clear that this case is no exception. In fact, in the 
SW–K(q) (Figure 1b) the intense positive contribution, together 
with the “anti-peaks” (i.e., a peak with a minimum and not a 
maximum) found in the same q-region for the acetate–water 
and acetate–potassium partial S(q)s (Figure 1b), is the finger-
print of such domains self-segregation, as extensively dis-
cussed elsewhere.[47] In general, a peak in SWAXS represents 
structural correlation, while an “anti-peak” appears when 
there is volume exclusion between the considered species. In 
our case we have correlation (peak) between water and potas-
sium, and volume exclusion (anti-peak) in the acetate-water 
and acetate–potassium pairs at that specific distance. This 

means that in the region of space where water is in contact 
with potassium there is no acetate. The presence of slightly 
hydrophobic and hydrophilic regions in the acetate anion is 
the main driver for the separation. It is worth noting that 
pure acetic acid does not show any pre-peak,[44] meaning that 
the driving force of a single methyl group is not enough to 
generate the distorted L3 phase. Nevertheless, the additional 
coulombic interactions introduced by the salification seem to 
act as a trigger for mesoscopic structuring. The SDFs around 
the water molecule and the acetate anion are reported in Fig-
ures S4,S5, Supporting Information, respectively. They show 
how the acetate splits the space into two regions, a hydro-
philic one interacting with water, the cations, and other car-
boxylic functional groups, and a hydrophobic one, excluding 
the polar molecules and only weakly interacting with other 
methyl groups.

2.1.3. Low q Excess and the Zinc Acetate Clusters

The last panel of Figure  1b displays SZn–Ace(q), that is, the 
zinc–acetate interactions. Here, the only significant feature is 
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Figure 2.  a–d) Selected radial distribution functions and a′–d′) corresponding coordination numbers. Ow–Ow (a,a′), Ow–OAce (b,b′), Ow–Zn (c,c′), 
Ow–K (d,d′). The numbers in the primed panels are the average coordination numbers. For panels (a–d) and (a′–d′), the color is associated to the salts 
content as described in the legend. e) Spatial distribution function for the water–water interaction. The clouds are plotted for an isovalue of 1.5 times 
the average bulk density. The salt content increases in the direction of the arrow, it corresponds to 1K1Zn, 10K1Zn, 20K1Zn, and 30K1Zn, respectively.
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a broad and intense band at the extreme low-q end of the pat-
tern. Based on the discussion above this signal can be assigned 
to the LqE visible in the low-salt regime. In fact, the intensity 
of the scattering of SZn–Ace(q) at q  < 0.4 Å−1 follows the same 
trend observed experimentally in the total scattering patterns, 
that is, 1K1Zn > 10K1Zn > 20K1Zn > 30K1Zn. It is worth noting 
that the LqE in the partial SZn–Ace(q)s is always visible, but it 
must be kept in mind that the patterns in Figure  1b are par-
tial S(q)s, and that the total S(q) is the sum of all the partial 
S(q)s (see Equation  (2)). This means that negative contribu-
tions in the same region will decrease the overall intensity of 
the LqE, potentially even completely deleting that feature by 
destructive interference. For example, one correlation having 
an important “anti-peak” in this region is the water–acetate 
interaction (Figure S3, Supporting Information). The fact that 
the SZn–Ace(q) is the one with the strongest positive contribu-
tion to the LqE means that the nanometric objects responsible 
for the increased intensity mainly consist of ZnAc2, which 
tends to cluster rather than to homogeneously dissolve in 
the bulk. Visual inspection of the simulation boxes confirms 
the increasing homogenization of the system, highlighting the 
formation of salt clusters that decrease in size as more salt is 
added (Figure 1d). The fact that the LqE is diminished at higher 
salt concentrations suggests that the origin of the increased 
intensity could be similar to what is observed in some ionic 
liquid mixtures with various co-solvents. There, when the co-
solvent is added in strong excess (ionic liquid mole fraction 
smaller than 0.2) the ionic liquid tends to aggregate, forming 
regions of almost pure ionic liquid floating in the co-solvent.[13] 
Such an arrangement is called phase nano-segregation.[48] Nev-
ertheless, on a macroscopic scale, the system is homogeneous, 
liquid, and completely transparent.

2.2. Stability of Zn Foil in Variety of Electrolytes

To investigate the stability of Zn in the electrolytes, Zn foils 
were immersed into 0.5  mL of 1K1Zn, 10K1Zn, 20K1Zn, 
and 30K1Zn. Photographs were taken when Zn foils were 
immersed into above solutions for 3 and 7 days, respectively. 
During the immersion, the zinc foils floated on the surface 
of the electrolytes as a result of gas formation, except for the 
one immersed in 30K1Zn. After 3 days, increasing corrosion 
was observed on the Zn foils immersed in 1K1Zn (Figure 3a), 
10K1Zn (Figure 3b), and, especially, 20K1Zn (Figure 3c). Nev-
ertheless, even upon prolonged storage in the 30K1Zn electro-
lyte (Figure 3d), the Zn foil still maintains its original metallic 
luster, accompanied only by the precipitation of a crystalline 
substance. The deposits could be related to the precipitation 
of the salts (KAc or ZnAc2) from the highly concentrated 
30K1Zn as a result of solvent (H2O) evaporation. X-ray diffrac-
tion (XRD) patterns (Figure 3e) of the zinc foils immersed for 
7 days in the electrolytes were collected to identify the solid 
products formed on their surface. The characteristic peaks 
of Zn metal (PDF#04-0831) are still present in the diffracto-
grams of the foils immersed in 1K1Zn and 30K1Zn, while 
they totally disappear after immersion in 10K1Zn and 20K1Zn. 
This is consistent with the extensive corrosion of Zn after 
7 days. Additionally, ZnO (PDF#21-1486) was also found in the 

foils immersed in 1K1Zn and 10K1Zn, further confirming the 
corrosion of Zn in these diluted solutions. For instance, the 
Zn foil immersed in 20K1Zn was almost totally dissolved in 
the electrolyte (see Figure  3c′) resulting in the formation of 
Zn5(CO3)2(OH)6 (PDF#19-1458), Zn(OH)2 (PDF#38-0356), 
and C2H6O6Zn4 (PDF#19-1472). Nevertheless, the corrosion 
of Zn is apparently suppressed by the absence of free water 
molecules in 30K1Zn. Meanwhile, the solute’s crystallization 
in 30K1Zn occurs because the water evaporation makes the 
electrolyte over-saturated. In addition, the Zn/K molar ratio 
in the 30K1Zn before and after 7 days of Zn foil immersion 
has been determined by inductively coupled plasma optical 
emission spectrometry (ICP-OES). The results (Table S2, Sup-
porting Information) show that the amount of Zn increases 
only slightly, indicating the relatively good chemical stability 
of Zn in 30K1Zn. The reason why Zn is chemically stable in 
30K1Zn could be elucidated by the simulation results per-
formed in the Section  2.1, even though the corrosion seems 
an interfacial characteristic. In fact, ions move between the 
interface and bulk electrolyte regions upon molecular thermal 
motion and/or the battery operation. In this regard, the char-
acterization of the electrolyte bulk structure is (yet indirectly) 
very strongly related to the corrosion process. Not to men-
tion that our finding regarding the ZnAc2 clusters can be 
linked to a particularly stable zinc ions coordination, which 
itself is a critical prerequisite for corrosion to occur (i.e., an 
unfavorable bulk environment for zinc ions would prevent 
zinc metal dissolution). The dissolution of such clusters at 
increased concentration apparently lowers the driving force 
for zinc dissolution, meaning that there is no more a strong 
enough chemical potential difference between the zinc in the 
electrode and the zinc in the electrolyte bulk.

2.3. Zn Plating/Stripping Behavior and Hydrogen Evolution

To assess the ESW of the electrolytes, linear sweep voltam-
metry (LSV) measurements were performed using three-
electrode cells (Figure 4a) with a stainless steel (SS) disk as 
working electrode. Notably, both the anodic and the cathodic 
stability are enhanced when increasing the acetate concen-
tration, that is, going from 1K1Zn to 30K1Zn, as a result of 
the decreasing fraction of free water molecules. The revers-
ibility of Zn plating/stripping in 1K1Zn (Figure  4b), 10K1Zn 
(Figure 4c), 20K1Zn (Figure 4d), and 30K1Zn (Figure 4e) was 
investigated by cyclic voltammetry (CV) in three-electrode 
cells, employing a Pt disc (2 mm in diameter) as working elec-
trode. The CV curves in 30K1Zn show a superior reversibility 
for Zn plating/stripping compared with the lower concentra-
tion electrolytes. Notably, the CE of Zn plating/stripping in 
the 30K1Zn electrolyte increased from 98.2% in the 1st cycle 
to 99.3% in the 50th cycle (Figure S6, Supporting Informa-
tion). The surface of the Pt electrode was furthermore char-
acterized by optical microscopy after the plating/stripping 
cycles (see Figure S7, Supporting Information). In 1K1Zn elec-
trolyte, some deposits are clearly seen on top of the Pt elec-
trode, which may reflect the irreversibility of the Zn plating/
stripping process. However, only a few dead-Zn particles or 
side products are observed on the Pt electrode when using 

Small 2022, 2201563



www.advancedsciencenews.com www.small-journal.com

2201563  (6 of 13) © 2022 The Authors. Small published by Wiley-VCH GmbH

30K1Zn, further confirming the improved reversibility of the 
process in this electrolyte.

DEMS experiments were performed to investigate the 
stability of the electrolyte, in particular, hydrogen evolution 
during Zn plating/stripping.[49] A Pt-sputtered fluorinated 
ethylene-propylene (gas porous) membrane was employed 
as working electrode. The cell was connected to a mass spec-
trometer, allowing for selective online detection of gases 
evolving at the interface between working electrode and elec-
trolyte.[49,50] Using this set-up, CVs were recorded (Figure 4f) 
while performing Zn plating/stripping in 1K1Zn, 10K1Zn, 
20K1Zn, and 30K1Zn. The collected mass spectrometric cur-
rent traces for H2 (m/z  = 2) are presented in Figure  4g. The 
spectra clearly demonstrate hydrogen evolution in the high 
potential range, which gradually decreased with increasing 
salt concentrations in the electrolyte. It is proved that cor-
rosion and hydrogen evolution increase with increasing salt 
concentrations, but become negligible for 30K1Zn, that is, 
when free water molecules are practically absent. Based on 
the afore-mentioned results, 1K1Zn and 30K1Zn are selected 
for further studies.

2.4. Zn Plating/Stripping in Zn||Zn Symmetrical Cells and the 
Morphology of Cycled Zn Electrode

Galvanostatic plating/stripping measurements were carried 
out to further investigate the effect of the electrolyte concentra-
tion on the Zn, employing a current density of 0.1  mA cm−2 
(each step lasting for 1 h). Voltage profiles are presented in 
Figure 5a,d, respectively, for 1K1Zn and 30K1Zn. Irregular 
voltage profiles are clearly recorded in 1K1Zn electrolyte, prob-
ably due to hydrogen evolution. Additionally, a rapid cell short 
circuit is observed, which presumably results from dendritic 
Zn deposition. The stability and reversibility of the Zn plating/
stripping process is largely improved, up to 1200 h, when 
using 30K1Zn. Interestingly, although the overpotential in this 
electrolyte is slightly higher than in 1K1Zn, it decreases upon 
cycling (e.g., see insets of Figure 5d after 1200 h).

The surface morphology of the Zn electrodes was character-
ized after 100 plating/stripping cycles. The electrode tested in 
1K1Zn shows the formation of dendritic Zn crystals (Figure 5c), 
agglomerated in large globular porous particles with a diameter 
of around 10 µm (Figure 5b). In contrast, the Zn foil cycled in 
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Figure 3.  Photographs of zinc foils immersed into 0.5 mL of a,a′) 1K1Zn, b,b′) 10K1Zn, c,c′) 20K1Zn, and d,d′) 30K1Zn for 3 and 7 days, respectively. 
e) XRD patterns of the zinc foils (or their remainings) after a 7-day immersion into 1K1Zn, 10K1Zn, 20K1Zn, and 30K1Zn, respectively.
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30K1Zn shows a rather smooth surface (see Figure 5e). This is 
covered by sub-micrometric particles that can only be distin-
guished at high magnification (see Figure 5f). In combination, 
these results demonstrate that both hydrogen evolution and 
dendrite growth are effectively suppressed in the highly con-
centrated 30K1Zn electrolyte.

2.5. Electrochemical Characterization of ZHSs

To further inspect the high reversibility and cycling stability 
of Zn electrodes in the sustainable and low-cost acetate-based 
electrolytes, ZHSs including AC as the positive electrode and 
Zinc as the negative electrode were assembled into coin cells 

and characterized. The charge–discharge voltage profiles of the 
ZHS with 1K1Zn (Figure 6a) demonstrate a plateau in both the 
low and high working potential range as well as a large, irre-
versible capacity (108 mAhg−1) in the first cycle, where the latter 
indicates a drastic decomposition of the electrolyte. In addition, 
a rapid capacity fading occurs within a few cycles of ZHSs with 
1K1Zn (see Figure S8, Supporting Information) due to evident 
electrolyte decomposition during the discharge process, prob-
ably resulting from hydrogen evolution taking place at the AC 
positive electrode when approaching 0  V versus Zn. On the 
other hand, we only find a very limited irreversible capacity 
(13 mAhg−1) in the first cycle of the ZHS cell with the 30K1Zn 
electrolyte (Figure  6b). The charge–discharge voltage profiles 
of the ZHS cell with 30K1Zn at different current densities, 
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Figure 4.  a) Electrochemical stability window of 1K1Zn, 10K1Zn, 20K1Zn, and 30K1Zn, employing stainless steel (SS) as working electrode and Zn as 
both reference and counter electrodes (scan rate 1 mV s−1). CVs of Zn plating/stripping in b) 1K1Zn, c) 10K1Zn, d) 20K1Zn, and e) 30K1Zn for the first 
50 cycles, performed in a three-electrode glass cell using a Pt disc (2 mm in diameter) as working electrode and Zn as reference and counter electrodes 
(scan rate 1 mV s−1) in the potential range −0.2 to 0.3 V (vs Zn/Zn2+). f) CV of Zn plating/stripping in the above mentioned four different electrolytes, 
employing a commercial Pt electrode (diameter: 2 mm) as working electrode, and Zn as reference and counter electrodes (scan rate 1 mV s−1) and 
g) corresponding selected ion (m/z = 2 for H2) currents acquired in potentiodynamic DEMS measurements (scan rate: 0.2 mV s−1) in the potential 
range −0.3 to +0.5 V (vs Zn/Zn2+), respectively.
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ranging from 1 to 10 A g−1, do not reveal any evidence for 
hydrogen or oxygen evolution (Figure S9, Supporting Informa-
tion). The cycling performance of the ZHS cell with 30K1Zn 
was further characterized for a current density of 5 A g−1 (see 
Figure 6c,e). A slight capacity increase is noticed in the first few 
cycles resulting from a decreasing cell polarization as already 
observed in the plating/stripping tests of symmetric Zn cells 
(see Figure  5d and related text). On the long term, the deliv-
ered capacity remains very stable upon 10 000 cycles with the 
CE approaching 100%. It should be noted that MnO2 has been 
also reported as cathode material of ZHS.[51] While such system 
offers higher capacity than the one proposed in this work, our 
results are largely superior in terms of capacity retention upon 
cycling.

After the long-term cycling measurement, the thickness 
of the cycled coin cells was measured for both electrolytes, 
1K1Zn and 30K1Zn, and compared to those of the pristine cells 
(Figure S10, Supporting Information). The cell with 1K1Zn 
reached a thickness of 6.02 ± 0.01 mm, almost twice as much as 
the pristine state (3.35 ± 0.01 mm), indicating a notable expan-
sion, most likely due to gas evolution. In contrast, the thick-
ness of the cell featuring 30K1Zn increases only slightly, from 
3.34 ± 0.01 to 3.46 ± 0.01 mm after 10 000 cycles. This result fits 
perfectly with the DEMS observation of a suppressed H2 evolu-
tion and the formation of a rather dense Zn deposit in 30K1Zn 
(see Figure 5e,f). SEM images of AC electrodes are presented 
in Figure S11, Supporting Information, pristine electrode, and 
in Figure S12, Supporting Information, electrodes cycled in 
1K1Zn and 30K1Zn. Obvious cracks are seen on the surface of 
the AC electrode after cycling in 1K1Zn. On the other hand, the 
surface of the electrode cycled in 30K1Zn seems to be rather 
uniform, most likely covered by a passivation layer. The cracks 
on the AC electrode tested in 1K1Zn could be caused by the high 

gas pressure indicated by the coin cell expansion. To examine 
possible side-product formation and the build-up of a passiva-
tion layer on the Zn electrodes after long-term cycling in both 
electrolytes, XRD experiments were carried out (see Figure 6d) 
both on the pristine and on the cycled electrodes. The XRD pat-
tern of the Zn electrode cycled in 1K1Zn reveals the formation 
of Zn5(OH)6(CO3)2 (JCPDS:72-1100). However, the pattern of 
the electrode cycled in 30K1Zn is dominated by the character-
istic reflections of metallic Zn (JCPDS: 01-087-0713), with only 
very minor peaks assignable to Zn(II)O (JCPDS: 80-0075). This 
indicates that side reactions at the Zn electrode surface are very 
limited upon cycling in 30K1Zn.

2.6. XPS Characterization of Zn Anodes

Additionally, XPS measurements were carried out to confirm 
the results obtained by XRD and to better understand the 
chemical composition of the Zn surface. Figure 7 shows Zn 2p, 
O 1s, and K 2p + C 1s spectra of the two electrodes studied after 
cycling. The Zn 2p spectra of Zn electrodes cycled in 1K1Zn 
and 30K1Zn, respectively, can be deconvoluted into two peaks, 
with binding energies for the Zn 2p3/2 peak of around 1024.1 
and 1022.0 eV, and 1022.3 and 1021.5 eV for 1K1Zn and 30K1Zn, 
respectively. Because of the small chemical shifts in the Zn 2p 
signals, the Zn Auger parameters (the sum of Zn 2p3/2 binding 
energy and Zn L3M45M45 kinetic energy) were additionally cal-
culated, which are illustrated in Figure  7. This allows to iden-
tify different species with even small differences in their Zn 
2p binding energy.[52] The two peaks observed on the Zn foil 
cycled in 1K1Zn can be assigned to ZnO (peak at 1022.0  eV, 
Auger parameter 2010.1 ± 0.2 eV) and one or more species that 
will be identified below in the second peak (at 1024.1 eV, Auger 
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Figure 5.  Voltage profiles recorded in a Zn||Zn symmetrical cell at 0.1 mA cm−2 (each half cycle lasting for 1 h, i.e., 0.1 mAh cm−2) in a) 1K1Zn and 
d) 30K1Zn. SEM images of the Zn electrodes after 100 plating/stripping cycles in b,c) 1K1Zn and e,f) 30K1Zn
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parameter 2009.8 ± 0.2  eV).[53] For the foil cycled in 30K1Zn, 
the resulting species are ZnO and Zn metal, with Auger param-
eters of 2010.5 ± 0.2 and 2013.5 ± 0.2 eV, respectively.[53,54] This 
latter finding fully agrees with the results of XRD and SEM 
imaging, confirming the lower reactivity of 30K1Zn electro-
lyte during electrochemical cycling. In addition, the O 1s and 
C 1s spectra of Zn tested in 1K1Zn also confirmed its higher 
reactivity showing different features (see Figure  7) associated 
with several oxygen and carbon containing compounds. In par-
ticular, as indicated in Figure 7, these features are characteristic 
of ZnO, Zn(OH)x, Znx(CO3)y, COH, COOR (CO), and 
CH3.[55] The latter three functional groups are related to the 
acetate salts,[20,56] while the former three reflect Zn-containing 
species (ZnO, Zn(OH)x and Znx(CO3)y). The peaks observed in 
O 1s region and as components of the Zn 2p peak at 1024.1 eV 
(Auger parameter 2009.8 ± 0.2 eV), are consistent with the for-
mation of a ZnCO3.[53] However, the formation of Zn5(OH6)
(CO3)2 species indicated by the XRD measurements, cannot be 
confirmed nor excluded[53] due to the similar Auger parameter 
of ZnCO3 and Zn5(OH6)(CO3)2. Besides, the O 1s spectrum 
recorded on the Zn foil cycled in 1K1Zn exhibits H2O traces,[57] 

while this is not the case for the Zn foil cycled in 30K1Zn. In 
fact, in the latter case the O 1s signal only shows the presence 
of COOR (CO) and COH species from acetate and ZnO, 
where the latter is also observed in the Zn 2p signal. Finally, the 
K 2p + C 1s spectrum of 30K1Zn system exhibits the presence 
of adsorbed potassium ions, probably from potassium acetate, 
due to the high KAc concentration. Overall, the XPS results 
clearly confirm the higher reactivity of the 1K1Zn electrolyte 
compared to 30K1Zn, showing also that the 1K1Zn electrolyte 
decomposes, forming zinc hydroxides/carbonates. For com-
parison, the surface of pristine Zn foil, and Zn foil immersed 
in 30K1Zn for 7 days are analyzed by XPS in Figure S13, Sup-
porting Information. It is found that the pristine Zn foil is cov-
ered mainly by ZnO and carbonates due to the passivation of 
the surface in contact with air. After immersion in 30K1Zn for 
7 days, the surface chemistry of Zn is almost unchanged, fea-
turing the same species observed in the pristine sample besides 
the expected electrolyte traces. This indicates that the Zn foil 
remains relatively stable when in contact with the concentrated 
electrolyte. After being cycled in 30K1Zn, the surface species 
present on the Zn electrode are similar to those detected in the 
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Figure 6.  Galvanostatic charge–discharge curves recorded at Zn||AC coin cells with a) 1K1Zn and b) 30K1Zn in the voltage range 0–1.8 V at 1 A g−1. 
c) Selected voltage profiles and e) specific capacity and CE recorded upon galvanostatic charge–discharge cycling of a Zn||AC cell at 5 A g−1 in 30K1Zn. 
d) XRD patterns of a pristine Zn electrode and Zn electrodes after long-term cycling in 1K1Zn and 30K1Zn.
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sample that was simply immersed in the electrolyte. The main 
differences are the higher electrolyte salts and metallic Zn con-
tribution for cycled Zn in 30K1Zn. The higher concentration of 
metallic Zn indicates that the reversibly plated Zn is on the sur-
face after the cycling test. These results reveal that the 30k1Zn 
electrolyte enable stable and reversible Zn electrode operation.

3. Conclusion

In conclusion, a series of differently concentrated electrolytes 
composed of Kac and ZnAc2 were developed and characterized. 
As demonstrated by Raman results, the free water becomes 
substantially lower with increasing electrolyte concentration. 
Based on the electrochemical characterization the 30K1Zn 
electrolyte is the most favorable one for the reversible and 
stable plating/stripping of Zn, as this concentrated electrolyte 
could suppress the dendrite growth and H2 evolution. ZHSs 
employing the 30K1Zn electrolyte deliver an extremely good 
performance (high capacity retention over 10 000 cycles and 
high CE of ≈100%) compared with the diluted 1K1Zn electro-
lyte. This is mainly attributed to the highly stable Zn anode 
operation and the absence of side-product formation, such as, 
for example, Zn5(OH6)(CO3)2 and ZnCO3, as proven by XRD 
and XPS.

4. Experimental Section
Materials and Electrolytes: Zinc foil employed in this experiment were 

purchased from Goodfellow and had a thickness of 30  µm, the same 
as in literatures.[58,59] Commercial AC (YP50 from Kuraray, specific 
surface area ≈1000 m2 g−1) was kindly supplied by Skeleton Technologies 

GmbH. Carbon black (CB) was purchased from Imerys Graphite & 
Carbon (C-ENERGY Super C45).[60] The electrolytes were prepared by 
dissolving 1, 10, 20, and 30 m potassium acetate (KAc) (Sigma Aldrich, 
≥99.0%) and 1 m ZnAc2 (Sigma Aldrich, 99.99%) in 1 kg of Milli-Q H2O, 
respectively. They were labeled as 1K1Zn, 10K1Zn, 20K1Zn, and 30K1Zn. 
To promote the dissolution of salt in water, the solutions were stirred at 
40 °C during dissolution.

Computational Details: The MD simulations were carried out using 
Amber 18 software[61] with the GAFF force field.[62] Atomic partial charges 
were obtained with the RESP algorithm from DFT calculations run with 
Gaussian09e[63] at the B3LYP/6-311++G** level of theory. The formal 
charges for the ionic species were rescaled by a factor of 0.75 to account 
for polarization and charge-transfer effects, which was validated for 
highly ionic systems.[64] The starting random molecular arrangements 
were obtained by Packmol[65] in boxes with sides of ≈80 Å. The number 
of molecules for each system are listed in Table S3, Supporting 
Information. The simulation went through different steps, starting from 
a geometrical relaxation, followed by gradual heating of the system from 
0 to 50 K in several NVT (constant number of atoms N, volume V, and 
temperature T) sessions. The systems were then equilibrated at 300  K 
for 20 ns in NPT ensemble and further 20 ns in NVT. A final NVT phase 
of 10  ns was then used for the analysis. For the last phase time steps 
of 2 fs were used in the SHAKE algorithm,[66] and the simulation was 
saved every 1000 steps, obtaining a final trajectory of 5000 frames with 
2  ps in between. Periodic boundary conditions (PBC) along all axes 
were included to avoid spurious border effects. The temperature was 
kept constant at 300 K using a Langevin thermostat with a coupling 
constant of 1  ps−1. In NPT steps, the pressure was kept constant at 
1 atm with a Berendsen barostat. Cutoffs of 8 and 12 Å were set for 
VdW and coulombic interactions, respectively. The Ewald summation 
method was used to account for the PBC. The simulations reliability 
was checked by comparing the theoretical and experimental densities 
(Table S3, Supporting Information). The analyses (structure function 
calculation, SDFs, and RDFs calculation) were performed exploiting 
TRAVIS with methodologies described elsewhere.[67–69] For each system, 
three different starting geometries were considered. The results were 
indistinguishable for each repetition, with deviations in the order of 

Figure 7.  Zn 2p, O 1s and K 2p + C 1s photoelectron spectra of the Zn electrodes cycled in (top) 1Zn1K and (bottom) 30K1Zn electrolytes. Zn 2p inset 
show the calculated Zn Auger parameters.
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<0.5% on density values, S(q) intensities, and RDF intensities. Errors of 
<0.05% were observed for S(q) and RDF peaks positions. The total X-ray 
scattering function, S(q), was calculated using the TRAVIS software via:

S( )
I( ) 2 2

2 2q
q x f x f

x f x f
i j i i j j

i j i i j j
=

− ∑
∑

≠

≠
� (1)

where I(q) is the X-ray scattered intensity, and for every i, j atom pair the 
respective mole fractions were xi and xj and the atomic form factors fi 
and fj. As clear from Equation (1), it was possible to calculate the partial 
structure functions by selecting only a subset of the possible i and j pairs, 
with the constraint that the sum of the partial structure functions obtained 
for all the possible i,j pairs returned the total structure function S(q):

S( ) S ( ),q qi j= ∑ � (2)

Since the partial S(q)s were not experimentally accessible, they could 
be extracted only from a model well-representing the real system. The 
selection of atom pairs was made by setting the mole fraction of the 
undesired atoms to zero in Equation (2), as implemented in the TRAVIS 
software.[7–9] Practically, this was equivalent to making the undesired 
atoms transparent to X-rays, thus observing only the scattering pattern 
caused by the selected atoms in their positions.

Characterization: The small and wide angle X-ray scattering patterns 
were collected using a Xeuss 3.0c (Xenocs – Grenoble, France) equipped 
with an Eiger2 1M detector (SWAXS) and an Eiger2 500k detector 
(WAXS). The sample-to-(SWAXS) detector distance was set to 400 mm. 
A Mo Kα source was employed with a beam size of 0.7 × 0.7 mm2, 
obtaining a flux of ≈106 photons s−1. The samples were injected in 
1.5  mm o.d. borosilicate capillaries and sealed with solventless hot 
glue. The sample chamber of the instrument was kept under vacuum 
(p  = 50 µbar) during the experiment. Each sample was exposed for 
10 min to X-rays to ensure a good signal-to-noise ratio. The empty 
capillary background was also collected and subtracted from the total 
scattering curve. A pure water sample was collected and used to scale 
the intensities in cm−1. Data treatment was performed with the Xsact 
software from Xenocs, PDFgetX3, and some in-house MATLAB code. 
Raman spectroscopy was carried out at room temperature (20  °C) 
with a confocal Raman microscope (InVia, RENISHAW) in the spectral 
range 3800–2800 cm−1, using a 532  nm HeNe laser excitation source. 
The acquisition time was 15 s for each spectrum. The characterization of 
pristine and cycled Zn electrodes was performed by XRD on a Bruker D8 
advance X-ray diffractometer using the Cu Kα radiation (1.5405 Å) in the 
2θ range of 10° to 90° with a step size of 0.01°. Viscosity measurements 
were carried out using a rheometer (Anton-Paar Physica MCR301) 
in the cone-plate geometry at 20  °C. The ionic conductivity of the 
electrolyte was determined in sealed glass conductivity cells (Materials 
Mates 192/K1) equipped with two platinum electrodes (cell constant of  
(1.0  ± 0.1  cm)), using a Bio-Logic conductivity meter at room 
temperature (20  °C). The pH of electrolytes was measured by a pH 
meter at room temperature (20 °C). The post-mortem surface chemical 
composition of cycled Zn in 1K1Zn and 30K1Zn was characterized by 
XPS, using a monochromatic Al Kα source (hν = 1487 eV, 400 W) and a 
Phoibos 150 XPS spectrometer. High resolution scans were acquired at 
20 eV pass energy with 0.1 eV energy steps. The C 1s peak of ubiquitous 
hydrocarbon, which was set to 285.0  eV, was used as calibration of 
the binding energy. The evaluation of the Auger parameter was carried 
out by measuring also the Zn L3M45M45 peaks. The CasaXPS software 
was employed for data fitting using Voigt functions (except for the Zn 
metal signal, where an asymmetric peak-shape LA(1.4,2,2) was used)[54] 
and a Shirley background. The molar ration of K and Zn in the 30K1Zn 
before and after 7 days of Zn foil immersion was determined by ICP-OES 
analysis, carried out on a Spectro Arcos spectrometer (Spectro Analytical 
Instruments).

Electrochemical Measurements: CV of Zn plating/stripping was 
carried out in a three-electrode cell, using a Pt disc (2 mm in diameter) 
as working electrode and Zn as reference and counter electrodes 
and recording 50 cycles at a scan rate of 1  mV s−1. The stability of 

Zn plating/stripping was evaluated in Zn||Zn symmetrical cells by 
galvanostatic tests at a current density of 0.1 mA cm−2 (each half cycle 
lasted for 1 h). LSVs were performed in a glass cell comprising SS foil 
(Ni61/Cr22/Mo9/Fe5, thickness:0.2  mm, from Goodfellow) as working 
electrode and Zn as reference and counter electrode at a scan rate of 
1  mV s−1. Galvanostatic charge–discharge tests, rate performance, 
and long-term cycling tests were performed in coin cells composed of 
commercial AC coated on SS as working electrode and Zinc as counter 
electrodes. The working and counter electrode were separated by glass 
microfiber separator (Grade GF/A) discs with a diameter of 16 mm. AC 
electrodes were prepared by doctor-blade casting slurries with 80  wt% 
commercial AC, 10  wt% CB (Super C65, IMERYS Graphite & Carbon), 
and 10  wt% polyvinylidene fluoride (Solef 6020, Arkema Group) on an 
SS foil as current collector. N-Methyl-2-pyrrolidone (anhydrous, Sigma 
Aldrich) was used as solvent for the slurries. After drying at room 
temperature, electrodes with a diameter of 12  mm were obtained by 
punching. These were then further dried at 120 °C under high vacuum. 
The average active material mass loading was ≈1.5  mg cm−2. LSV and 
CV tests were conducted with a multichannel potentiostat/galvanostat 
(VMP3, Biologic Science Instruments, France). A Maccor 4000 Battery 
system (Maccor, USA) was used for the galvanostatic charge/discharge 
test at various C-rates at 20 ˚C.
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