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Abstract: Aqueous zinc-ion batteries (AZIBs) are considered hopeful large-scale electrochemical
energy storage devices because of their simple production process, high specific capacity, intrinsic
safety and low cost. However, the dendritic growth of Zn and side reactions cause rapid battery
performance degradation, which limits the application of AZIBs for large-scale energy storage. In
this work, following the addition of tetraethylene glycol dimethyl ether (TEGDME) to 1 mol L−1

(M) Zn(CF3SO3)2 aqueous electrolyte as a cosolvent, the 1 M Zn(CF3SO3)2/TEGDME-H2O (1:1 by
volume) hybrid electrolyte showed enhanced battery performance resulting from the expanding
electrochemical window, inhibiting the growth of zinc dendrites and the parasitic reactions on the
negative Zn electrode. The experimental results show that this hybrid electrolyte enabled a high
coulombic efficiency (CE) of >99% for 200 cycles in the Zn||Cu battery and a steady discharge/charge
property for 1000 h with a low overpotential of 100 mV at 1 mA cm−2 (the capacity: 1.13 mAh) in
the Zn||Zn battery. Remarkably, Zn||V2O5 batteries with the hybrid electrolyte also performed
much better in terms of cycling stability than a device with a 1 M Zn(CF3SO3)2 aqueous electrolyte.
Zn||V2O5 batteries delivered a high specific capacity of 200 mAh g−1 with an average CE of >99.9%
after 1500 cycles at 0.5 A g−1. This study provides a promising strategy for the development of
high-performance electrolyte solutions for practical rechargeable AZIBs.

Keywords: aqueous zinc-ion battery; electrolyte; cosolvent; tetraethylene glycol dimethyl ether;
vanadium pentoxide

1. Introduction

In recent years, with the vigorous development of portable electronic devices, electric
vehicles and clean energy [1], lithium-ion batteries have occupied most of the market
because of their high energy density and power density. However, their limited resources,
high cost and low safety limit their widespread application [2]. In contrast, aqueous
Zn-ion batteries (AZIBs) have the advantages of high theoretical capacity (820 mAh g−1)
and low redox potential (−0.76 V vs. standard hydrogen electrode) [3]. AZIBs are also
considered to be promising as energy storage devices. Most importantly, Zn reserves
are abundant, and Zn is available for a low price and is highly compatible with water
in air [4]. A simple manufacturing and assembly process is a key factor in the potential
commercialization of aqueous zinc-ion batteries [5]. However, the large amount of water in
the aqueous electrolyte leads to parasitic reactions and rapid growth of Zn dendrites [6],
resulting in battery failure. During the deposition of zinc, the strong interaction between the
solvated structure of Zn2+ and the surrounding H2O molecules accelerates the occurrence
of parasitic reactions [7]. In the plating/stripping process of zinc metal, water decomposes
into H2, and the local pH environment caused by the hydrogen evolution reaction further
increases the generation of byproducts [8], promotes corrosion, hinders ion transport [9]
and reduces the utilization rate of Zn [10]. These problems may lead to penetration
of the separator, serious corrosion and even battery failure, which seriously limit the
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large-scale application of aqueous zinc-ion batteries [11]. Several effective strategies have
been proposed to solve these challenging problems, such as changing the structure of the
electrode material, modifying the separator and optimizing the electrolyte formulation [12].
Overall, optimizing the electrolyte formulation is a simple and effective way to build a
functional interface layer on the surface of Zn metal [13–15].

The optimization of electrolytes is divided into solute (including zinc salts, addi-
tives and high-concentration salts) and solvent aspects [16]. In a water-based zinc-ion
electrolyte, in addition to the hydrogen bond between water molecules and the force be-
tween Zn2+–H2O, there are also forces between anions and H2O. Since ions are charged,
the force between anions and water is stronger than the hydrogen bond between water
molecules, which can destroy the structure of the hydrogen bond network between water
molecules and participate in the solvation process of Zn2+ [17]. By comparing electro-
chemical impedance spectroscopic (EIS) images of zinc-ion electrolytes with the same con-
centration of ZnSO4, ZnCl2, Zn(NO3)2, Zn(CH3COO)2 and Zn(CF3SO3)2, Wang et al. [18]
found that the order of diffusion impedance of Zn2+ is ZnCl2 < Zn(CF3SO3)2 < ZnSO4
< Zn(CH3COO)2 < Zn(NO3)2, indicating that in ZnCl2 electrolytes, Zn2+ has the fastest
migration rate at the electrode material/electrolyte interface. However, the stability of
the electrochemical window for ZnCl2 electrolytes is narrow, leading to the decomposi-
tion of electrolytes at higher potentials. In contrast, the CF3SO3

− anion in Zn(CF3SO3)2
salt has a large volume and can reduce the amount of free water around Zn2+, thereby
further reducing the solvation effect. Moreover, Zn2+ exhibits higher level of reversibility
and faster reaction kinetics in Zn(CF3SO3)2 electrolytes. The positive electrode material
exhibits good electrochemical performance in Zn(CF3SO3)2 [19]. Therefore, in this article,
we choose Zn(CF3SO3)2 salts as the solute of the electrolyte. Solvents are another important
component of electrolyte components [20], and solvent regulation mainly involves mixing
organic solvents that can blend with water in different proportions. Their influence on
the electrochemical performance of aqueous ZIBs mainly depends on the relative content
and the solvation effect between them and Zn2+. Organic solvents such as acetonitrile
(ACN) [21], dimethyl sulfoxide (DMSO) [22], ethyl ether [23], alcohols (methanol, ethanol,
ethylene glycol, glycerol, etc.) [24], acrylamide (AM) [25], triethyl phosphate (TEP) [26], etc.,
can decrease the solvation structure of Zn2+ and participate in recombination, reducing the
number of water molecules in the solvent sheath structure. Li et al. [27] used Li3V2(PO4)3
as the positive electrode material and compared the electrochemical behavior and per-
formance in 1 mol kg−1 Zn(ClO4)2 aqueous solution and 1 mol kg−1 Zn(ClO4)2 hybrid
electrolyte of acetonitrile and water (ACN-H2O). The capacity of Li3V2(PO4)3 electrode
material rapidly decreases in aqueous electrolyte, possibly due to the dissolution of the pos-
itive electrode material in the aqueous electrolyte [28]. In ACN-3% H2O hybrid electrolytes,
the cycling stability significantly increases, and after 200 cycles, there is still a remaining
capacity of 87 mAh g−1. When the water content further increases (ACN-11% H2O), the
initial capacity of the battery can reach 125 mAh g−1. After 200 cycles, the capacity is still
121 mAh g−1.

In previous reports of solvent regulation, most organic solvents had a low molecular
weight, as well as low melting and boiling points. If the temperature is too high, some
negative chemical reactions occur inside the battery, affecting the battery life and even safety
performance [29]. Therefore, selecting organic cosolvents with high molecular weights is
beneficial in terms of improving the safety of batteries. In previous literature, tetraethylene
glycol dimethyl ether (TEGDME; Mn: 222.28 g/mol; boiling point: 275 ◦C) was reported as
a cosolvent in magnesium-ion batteries, achieving excellent battery performance [30]. In
this work, we selected a long chain ether−tetraethylene glycol dimethyl ether (TEGDME)
with a high boiling point of 275.3 ◦C and used as an organic cosolvent for aqueous zinc-ion
batteries [31]. Electrolyte optimization focuses on organic solvents that are easy to operate
and cost-effective. A 1 M Zn(CF3SO3)2/TEGDME-H2O hybrid electrolyte was designed,
and we report that introducing TEGDME into water can effectively reduce water content.
The interaction between TEGDME and H2O was stronger than that between H2O and
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H2O, which can decrease the activity of water and inhibit the growth of zinc dendrites
and the occurrence of side reactions. This study shows that 1 M Zn(CF3SO3)2/TEGDME-
H2O hybrid electrolytes can enhance battery properties by expanding the electrochemical
stability window. TEGDME also preferentially solvates with Zn2+, changes the solvation
structure of Zn2+, inhibits parasitic reactions and improves the storage performance of zinc
ions. The results of this study indicate the feasibility of using aqueous zinc-ion batteries as
large-scale energy storage devices. Zn||V2O5 batteries with the reported hybrid electrolyte
also perform much better in terms of cycling stability than a device with a 1 M Zn(CF3SO3)2
aqueous electrolyte.

2. Materials and Methods

V2O5 synthesis: To obtain V2O5 powders with high purity and stable properties,
V2O5 powder was prepared by hydrothermal method [32]. Commercial V2O5 (20 mmol,
Shanghai Yongchuan Biotechnology Co., Ltd., Shanghai, China; AR, 99.0%) was dissolved
in a mixed solution containing 60 mL deionized water and 40 g ethylene glycol (McClean,
AR, 98%) and vigorously stirred to obtain a homogeneous solution. The mixture was
transferred to a 200 mL autoclave and heated at 200 ◦C for 24 h. After cooling to room
temperature, the collected products were centrifuged at 80 ◦C, washed and dried for 12 h.
The V2O5 powder was obtained by annealing the products at 330 ◦C for 30 min at a heating
rate of 2 ◦C min−1 [33].

Electrolyte preparation: An amount of 3.64 g Zn(CF3SO3)2 (purity: 98%) was dissolved
in 10 mL tetraethylene glycol dimethyl ether (TEGDME, purity: 99%) and a deionized water
solvent mixture with volume ratios of TEGDME to deionized water were 1:0, 1:1, 1:2, 1:3,
2:1, 3:1 and 0:1. Both Zn(CF3SO3)2 and TEGDME were used directly without any treatment.
When a volume ratio of TEGDME to H2O of 1:0 was labeled as TEGDME, a volume
ratio of TEGDME to H2O of 1:1 was labeled as 1:1, etc. Thus, the molar concentration of
Zn(CF3SO3)2 salt in all electrolytes was fixed at 1 mol L−1.

Material characterization: A field emission scanning electron microscope (SEM, S4800,
Hitachi, Tokyo, Japan) was used to obtain the surface morphology of V2O5 powders and
the electrode. The solvation structure of electrolytes was investigated using a Fourier
transform infrared spectrometer (FTIR, Nicolet6700, Thermo Fisher Scientific, Carlsbad,
CA, US) and Raman spectrometer (inVia Reflex, Renishaw, Wotton-under-Edge, UK). An
X-ray diffractometer (XRD, D8 DISCOVER, Bruker, Mannheim, Germany) was used to
obtain X-ray diffraction (XRD) patterns of the surface composition on the Cu foil.

Electrochemical measurements: The V2O5 powder was mixed with conductive carbon
(Super P) and polyvinylidene fluoride (PVDF) at a mass ratio of 7:2:1 to prepare the V2O5
positive electrode. After 8 h of mixing with a magnetic stirrer, the slurry was painted on
titanium foil with a thickness of 0.01 mm and dried at 90 ◦C for 12 h. The dried material
was then cut into a circular sheet with a diameter of 12 mm and a thickness of 0.1 mm.
The amount of active substance in the V2O5 positive electrode was about 2 mg. Zn metal
was also cut into circular slices with a diameter of 12 mm and a thickness of 0.1 mm. The
positive electrode, the fiberglass diaphragm and the negative electrode were assembled
using CR2032-type coin cells in an air atmosphere. The electrolyte used in the assembly
process was approximately 110 µL. Using the CHI660e electrochemical workstation, stain-
less steel as positive electrode and zinc as negative electrode, the linear sweep voltammetry
(LSV) curve at the range of 0 to 2.8 V was determined to test the electrochemical window of
the electrolyte. The scanning rate was 1 mV s−1. The conductivity of the electrolyte was
measured by a conductivity meter (DDSJ-308F). Electrochemical impedance spectroscopy
(EIS) was carried out using an electrochemical workstation. To test the Zn2+ deposition
potential of the electrolyte, the cyclic voltammetry (CV) curve was measured by an electro-
chemical workstation. A Land CT2001A battery testing system (Wuhan Land Electronic
Co., Ltd., Wuhan, China) was used to test the galvanostatic charge/discharge (GCD) and
rate performance.
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3. Results and Discussion
3.1. Properties of 1 M Zn(CF3SO3)2 TEGDME/H2O Hybrid Electrolyte

Using V2O5 powder as a positive electrode and zinc foil as a negative electrode, we
fabricated a Zn||V2O5 battery to test the cycling stability, specific capacity and coulombic
efficiency (CE) of a series of TEGDME/H2O hybrid electrolytes at room temperature (25 ◦C).
Figure 1a shows the long-term cycling properties of the Zn||V2O5 battery at 0.5 A g−1.
For the 1:3 hybrid electrolyte, the capacity increases dramatically to 350 mAh g−1 during
the first 10 cycles, then decays to 220 mAh g−1 after 200 cycles. However, the 3:1 hybrid
electrolyte maintains a low capacity of 140 mAh g−1 after 200 cycles. It is encouraging that
1:1 and 1:2 hybrid electrolytes exhibit good cycling stability and deliver a high reversible
capacity of 300 and 240 mAh g−1, with corresponding capacity retentions as high as 91.7%
and 89.5% and an average CE of >99.9% and 98.8% after 200 cycles, respectively. However,
the specific capacity of batteries using both H2O alone and a TEGDME electrolyte is only
77.1 and 75.5 mAh g−1, with only 26% and 61% capacity retention maintained after 200
cycles, respectively. The enhanced cycling properties of batteries containing TEGDME/H2O
hybrid electrolytes suggests that the addition of TEGDME cosolvent changes the solvation
effect of the aqueous ZIBs electrolyte.
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The LSV and CV curves of Zn||stainless-steel (SS) batteries were used to further
investigate the electrochemical stability of TEGDME/H2O hybrid electrolytes. The LSV
curves show that as the content of water decreases and the content of TEGDME increases,
the oxidation potential of the hybrid electrolyte increases. Notably, the oxidative current
of a 1:1 hybrid electrolyte is observed above 2.5 V vs. Zn2+/Zn, suggesting that the 1:1
hybrid electrolyte has high oxidative stability compared to 1 M Zn(CF3SO3)2 in pure H2O.
The CV curves of batteries assembled with different electrolytes are displayed in Figure 1c.
As the water content increases, the oxidation potential of the hybrid electrolyte increases,
i.e., the redox reaction of H2O electrolytes. Therefore, the peak of batteries with water
electrolytes is higher than batteries with hybrid electrolytes. The nucleation overpotential
of H2O electrolytes is 128.9 mV, while the nucleation overpotential of 1:1 hybrid electrolytes
increases to 158.9 mV. A high nucleation overpotential means a strong driving force for
nucleation, enabling production of good crystalline deposits [34], while a low nucleation
overpotential likely leads to Zn dendrites due to the tip effect [35]. Therefore, a high
nucleation overpotential can optimize the morphology of Zn deposition in a 1:1 hybrid
electrolyte. In addition, the peak intensity of the CV curve indicates the reaction kinetics
of electrolytes. The radius of the [Zn(H2O)m(TEGDME)n]2+ complex is larger than that of
[Zn(H2O)6]2+, resulting in slower diffusion of hybrid electrolytes, lower peak intensity and
slower reaction kinetics in hybrid electrolytes [36].

As shown in Figure 2a, the FTIR spectra of H2O electrolytes have strong O–H stretching
vibrations between 3000 and 3500 cm−1 and strong H2O bending vibrations between
1600 and 1700 cm−1, which come from the free water molecules. In the 1:1 hybrid electrolyte,
these two characteristic bands show a slight blue shift, indicating that TEGDME cosolvents
disturb the hydrogen bond interaction between H2O molecules [37]. The blue shift of
the H–O bond suggests that the H–O covalent bond strength of H2O in TEGDME hybrid
electrolytes increases, improving the stability of the electrolyte. Raman spectra are also
shown in Figure 2b; the typical –CH2 and –CH3 vibrational bands of the TEGDME hybrid
electrolyte at 2800~3000 cm−1 gradually increase with the increase in the TEGDME content,
which is attributed to the different hydrogen bond environments. This can be attributed
to the coordination between H2O and TEGDME [38], which is beneficial in reducing the
side reactions between free water and the electrode, thereby inhibiting potential damage
to the electrode material [30]. After adding TEGDME into hybrid electrolytes, the ionic
conductivity of the electrolyte (i.e., the conductivity of Zn2+) decreases with the increase
in the TEGDME content (Figure 2c) because of the slower reaction kinetics, resulting
in decreased mass transfer, inhibiting the rapid growth of Zn dendrites, facilitating the
uniform deposition of Zn on the surface of the electrode and improving the electrochemical
performance of TEGDME hybrid electrolytes.
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3.2. Electrochemical Properties of Various Hybrid Electrolytes

The Coulombic efficiency (CE) of the Zn||Cu half-cells was measured under the
condition of a current density of 1 mA cm−2. The charge cutoff voltage was 1 V, and
the discharge time was 1 h at room temperature (25 ◦C). As shown in Figure 3a, for the
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H2O electrolyte, the average CE of a Zn||Cu battery is 97% in the first 55 cycles, while
the CE quickly fluctuates after 55 cycles. In contrast, the coulombic efficiency (CE) of a
Zn||Cu battery with a 1:1 hybrid electrolyte remains stable >99% for 200 cycles. The
improved performance may be caused by the significant suppression of Zn dendrites and
side reactions in the 1:1 hybrid electrolyte. Figure 3b displays the specific voltage curves in
the H2O electrolyte; the voltage is very unstable during the cycle, which results in battery
failure [39]. However, the 1:1 hybrid electrolyte shows significantly improved CE and
stable curves (Figure 3c), with an average coulombic efficiency >99% from the 2nd to 200th
cycle. In addition, the surface composition formed on the Cu surface was analyzed using
XRD. The XRD pattern of the surface composition on the Cu foil surface cycled in the H2O
electrolyte shows a relatively weak Znx(CF3SO3)y(OH)2x−y·nH2O peak [40], indicating
that TEGDME can inhibit the production of byproducts (Figure 3d). In order to further
investigate the effect of TEGDME on the Cu electrode, the surface morphology of a Cu
electrode after Zn deposition for 20 h was characterized by SEM, as shown in Figure 3e,f.
After Zn deposition for 20 h, the surface of the Cu electrode in the 1:1 hybrid electrolyte was
smooth and uniform, with no obvious Zn aggregates, while the surface of the Cu electrode
assembled with the H2O electrolyte was loose and uneven, with many large aggregates.
The results show that TEGDME cosolvent can regulate the formation of Zn dendrites and
enhance the stability of batteries.

Batteries 2023, 9, 462 7 of 13 
 

 
Figure 3. Characterizations of Zn||Cu batteries in H2O and 1:1 hybrid electrolytes: (a) Coulombic 
efficiency of Zn plating/stripping, (b,c) voltage profiles of Zn plating/stripping processes at different 
cycles, (d) XRD profiles of the surface composition of the Cu electrode after 20 h Zn plating/stripping 
in H2O (gray) and 1:1 hybrid (red) electrolyte, (e,f) SEM images of the deposited Zn on the Cu elec-
trode after 20 h. 

The long-term cycling stability of the symmetric Zn||Zn batteries in H2O and the 1:1 
hybrid electrolyte is shown in Figure 4a,b. In Figure 4a,b. For these two electrolytes, a 
sudden jump was observed at the very beginning of the voltage profile because the of 
battery’s initially poor wettability. As shown in Figure 4a, after cycling for 374 h at a cur-
rent density of 0.2 mA cm‒2 and an area capacity of 0.2 mAh cm‒2, the battery polarization 
voltage in the H2O electrolyte increased, and the battery was probably short-circuited. In 
contrast, the battery with a 1:1 hybrid electrolyte exhibited a stable polarization voltage 
without any potential fluctuations or short circuits, even at 500 h. This suggests that the 
1:1 hybrid electrolyte has a stable Zn stripping/plating process. The overpotential of the 
TEGDME-containing battery is higher than that of the H2O electrolyte, which is related to 
the deceased ionic conductivity. The polarization of Zn||Zn batteries with hybrid electro-
lytes is much higher than that of batteries with H2O as electrolytes because the ionic con-
ductivity of the hybrid electrolyte is lower than that of the H2O electrolyte. The higher 
overpotential and the smoother zinc deposition of Zn||Zn batteries in the 1:1 hybrid elec-
trolyte may be beneficial in terms of improving the stability of the battery [41]. As a result, 
batteries containing TEGDME have smoother zinc deposition and more stable long-term 
cycle performance. When the current density is increased to 1 mA cm‒2, the polarization 
voltages of batteries in the 1:1 hybrid electrolyte are still below 200 mV. However, the 
Zn||Zn battery with an H2O electrolyte suffered from short circuits after 316 h (Figure 
4b). This indicates that the 1:1 hybrid electrolyte is a promising substitute for aqueous 
ZIBs at a wide current density. 

Figure 3. Characterizations of Zn||Cu batteries in H2O and 1:1 hybrid electrolytes: (a) Coulombic
efficiency of Zn plating/stripping, (b,c) voltage profiles of Zn plating/stripping processes at different
cycles, (d) XRD profiles of the surface composition of the Cu electrode after 20 h Zn plating/stripping
in H2O (gray) and 1:1 hybrid (red) electrolyte, (e,f) SEM images of the deposited Zn on the Cu
electrode after 20 h.

The long-term cycling stability of the symmetric Zn||Zn batteries in H2O and the
1:1 hybrid electrolyte is shown in Figure 4a,b. In Figure 4a,b. For these two electrolytes,
a sudden jump was observed at the very beginning of the voltage profile because the of
battery’s initially poor wettability. As shown in Figure 4a, after cycling for 374 h at a current
density of 0.2 mA cm−2 and an area capacity of 0.2 mAh cm−2, the battery polarization
voltage in the H2O electrolyte increased, and the battery was probably short-circuited. In
contrast, the battery with a 1:1 hybrid electrolyte exhibited a stable polarization voltage
without any potential fluctuations or short circuits, even at 500 h. This suggests that the
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1:1 hybrid electrolyte has a stable Zn stripping/plating process. The overpotential of the
TEGDME-containing battery is higher than that of the H2O electrolyte, which is related
to the deceased ionic conductivity. The polarization of Zn||Zn batteries with hybrid
electrolytes is much higher than that of batteries with H2O as electrolytes because the ionic
conductivity of the hybrid electrolyte is lower than that of the H2O electrolyte. The higher
overpotential and the smoother zinc deposition of Zn||Zn batteries in the 1:1 hybrid elec-
trolyte may be beneficial in terms of improving the stability of the battery [41]. As a result,
batteries containing TEGDME have smoother zinc deposition and more stable long-term
cycle performance. When the current density is increased to 1 mA cm−2, the polarization
voltages of batteries in the 1:1 hybrid electrolyte are still below 200 mV. However, the
Zn||Zn battery with an H2O electrolyte suffered from short circuits after 316 h (Figure 4b).
This indicates that the 1:1 hybrid electrolyte is a promising substitute for aqueous ZIBs at a
wide current density.

Batteries 2023, 9, 462 8 of 13 
 

 
Figure 4. Characterizations of Zn||Zn symmetrical batteries in H2O and 1:1 hybrid electrolyte. (a,b) 
Galvanostatic Zn plating/stripping profiles, (c,d) SEM images of a Zn electrode after 40 h and (e,f) 
EIS curves of Zn||Zn symmetric cells before and after 200 h. 

Figure 4. Characterizations of Zn||Zn symmetrical batteries in H2O and 1:1 hybrid electrolyte.
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(e,f) EIS curves of Zn||Zn symmetric cells before and after 200 h.
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The surface morphology and electrochemical impedance of the cycled Zn negative
electrode were characterized by SEM and electrochemical impedance spectroscopy (EIS).
The SEM morphology of the Zn electrode after deposition for 40 h is shown in Figure 4c,d.
The surface of the Zn electrode in the H2O electrolyte shows many flakes, which may be
due to continuous side reactions. In contrast, for the 1:1 hybrid electrolyte, the electrode
surface is uniform, and there are no large particle products. The EIS images of Zn||Zn bat-
teries in H2O and 1:1 hybrid electrolyte before and after cycling are collected in Figure 4e,f.
Each of these EIS spectra has only one semicircle, which indicates a charge transfer at the
electrode/electrolyte interface [42]. After cycling for 40 h, the impedance values of the 1:1
electrolyte show a slight decrease, while the impedance values in the H2O electrolyte signif-
icantly increase. The decreased impedance values in the 1:1 hybrid electrolyte is the result
of the inhibiting effect of TEGDME on byproducts during the cycling process. As a result
of the decrease in water activity and the increase in the electrochemical stability window,
the decomposition of water molecules is decreased, leading to a reduction in the produc-
tion of OH− and ultimately inhibiting the formation of the Znx(CF3SO3)y(OH)2x−y·nH2O
byproducts. These results suggest that using TEGDME as a cosolvent can suppress the
formation of byproducts and dendrites, thereby providing continuous protection of the Zn
negative electrode.

3.3. Characterization of Zn||V2O5 Batteries

To investigate the feasibility of 1:1 hybrid electrolytes for practical applications, we use
them in Zn||V2O5 coin cells assembled in air. The cyclic voltammetry (CV) curve of the
Zn||V2O5 cell in 1:1 hybrid electrolyte was tested at a scan rate of 0.2 mV s−1 (Figure 5a).
Two pairs of redox peaks appeared in the first two cycles, which means TEGDME has
no influence on the redox reaction. However, the gap between the redox peak positions
increases, which means that the reaction kinetics of the TEGDME hybrid electrolyte are
relatively slow. This result is related to its low ionic conductivity. Figure 5b,c show the
charge and discharge curves of Zn||V2O5 cells with H2O and a 1:1 hybrid electrolyte at
0.5 A g−1. The low specific capacity of the cell in the hybrid electrolyte during the 1st cycle
and 10th cycles may be due to the activation of the battery. With the increase in the cycle
number, the battery with a 1:1 hybrid electrolyte delivers a high capacity of ~250 mAh
g−1 and excellent cycling stability. Figure 5d shows the cyclic stability and CE curve of
the Zn||V2O5 battery with a 1:1 hybrid electrolyte at a current density of 0.5 A g−1 at
room temperature. During the first 50 cycles, due to the activation process of the battery,
the specific capacity of the cell in the 1:1 hybrid electrolyte rapidly increases. For the
subsequent 200 cycles, the battery with this hybrid electrolyte presents a high capacity of
300 mAh g−1, and the reversible capacity is maintained at 200 mAh g−1, with an average
coulombic efficiency of around 100%, even after 1500 cycles. However, the specific capacity
of the cell in the H2O electrolyte decreases quickly, and the battery short-circuits after
500 cycles. Although the pure TEGDME electrolyte has good cycling stability, its specific
capacity is <50 mAh g−1, indicating slow ion diffusion and slow kinetics. This means that
cells assembled with 1:1 hydride electrolytes have excellent cycling performance due to
the inhibition of water activity and dendrite growth, indicating that high capacity and
long-term cycling stability of the battery are achieved with a TEGDME/H2O electrolyte.
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In order to verify the reversibility and stability of the cell in a 1:1 hybrid electrolyte at
different current densities, rate performance tests were performed on V2O5 cells (Figure 5e,f).
Figure 5f shows the charge and discharge curves under different current densities. The
Zn||V2O5 battery with the 1:1 electrolyte exhibits reversible capacities of 315, 293, 248,
213, 189, 150, 117 and 92 mAh g−1 at current densities of 0.1, 0.2, 0.5, 0.8, 1, 1.5, 2.0
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and 2.5 A g−1, respectively. When the current density decreases back to 0.1 mA g−1, the
capacities immediately recover back to ~310 mAh g−1. The corresponding charge–discharge
curves are displayed in Figure 5f. There are two obvious discharge/charge profiles, which
means two reaction processes related to Zn2+ intercalation/deintercalation, in accordance
with some previous reports [43,44]. Thus, this result shows that batteries using a 1:1 hybrid
electrolyte have excellent rate performance, and TEGDME/H2O electrolytes can not only
inhibit the growth of byproducts but also maintain good cycling stability of the battery.

4. Conclusions

In summary, we added TEGDME cosolvent to aqueous 1 M Zn(CF3SO3)2/H2O elec-
trolyte. The prepared 1:1 hybrid electrolyte (1 M Zn(CF3SO3)2/TEGDME+H2O (1:1 by
volume)) can regulate the solvation effect of aqueous Zn2+, leading to reduced water activ-
ity, inhibited growth of Zn dendrites and side reactions and improved battery performance.
Remarkably, for the 1:1 hybrid electrolyte, the high cycling stability of Zn||Zn symmetric
batteries over 1000 h and the average CE >99% in Zn||Cu asymmetric batteries were
achieved. Meanwhile, Zn||V2O5 batteries with this hybrid electrolyte also performed
much better than a device with a 1 M Zn(CF3SO3)2 aqueous electrolyte in terms of cycling
stability. Zn||V2O5 batteries with this hybrid electrolyte deliver a stable specific capacity
of 200 mA h g−1 and an average coulombic efficiency of around 100% at 0.5 A g−1 after
1500 cycles, which is much better than batteries with a H2O electrolyte. This study provides
a promising strategy for the development of high-performance electrolyte solutions for
practical rechargeable AZIBs.
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