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A B S T R A C T

Three VO2 polymorphs, namely monoclinic VO2 (B), monoclinic VO2 (M), and tetragonal VO2 (A), are synthe-
sized, and their microstructures and electrochemical properties are studied for application in Zn-ion batteries
(ZIBs). A cost-effective ZnSO4-based aqueous electrolyte with various concentrations (3 − 7 m) of lithium bis
(trifluoromethanesulfonyl)imide (LiTFSI) additive is developed. The optimal ZnSO4/LiTFSI ratio in the electro-
lyte for superior Zn//VO2 battery properties is examined. The coordination structures of various electrolytes are
investigated using wide-angle X-ray scattering. The incorporation of LiTFSI impairs the hydrogen-bonded
network of H2O molecules and causes solvated-TFSI and TFSI‧‧‧TFSI structures to form, altering the electrolyte
properties (such as electrochemical stability window, ionic conductivity, and Zn(OH)2)3(ZnSO4)⋅xH2O byproduct
formation tendency). It is found that an excessive LiTFSI concentration leads to the formation of ion aggregates in
the electrolyte and thus deterioration of electrode specific capacity and rate capability. Operando transmission X-
ray microscopy observations confirm the high dimensional stability of the VO2 cathode during charging and
discharging; the length variation of the VO2 (B) rods is approximately 10 %. The electrolyte composition also
affects the Zn2+/Zn redox behavior at the anode side. The incorporation of LiTFSI into the electrolyte affects the
Zn plating/stripping Coulombic efficiency, morphology of the deposited Zn, dead Zn amount, and anode cycle
life. The constructed Zn//VO2 (B) cell with 1 m ZnSO4/5 m LiTFSI dual-salt electrolyte shows 90 % capacity
retention after 1000 cycles. The proposed electrode material and electrolyte composition have great potential for
applications in high-performance and high-stability rechargeable ZIBs.

1. Introduction

Fossil fuel shortages and emerging environmental issues have pushed
the development of green energy technologies. However, the effective
storage of intermittent renewable energy is still a challenge. Thus, it is
imperative to explore advanced energy storage technologies that have
high performance, good safety, and affordable cost [1–4]. Currently, Li-

ion batteries occupy the majority of the commercial battery market; they
are commonly used in portable electronic devices, electric vehicles, and
large-scale energy storage systems [5,6]. However, lithium is scarce, and
Li-ion batteries require a flammable organic electrolyte with low envi-
ronmental benignity and face significant economic challenges and safety
concerns for certain applications [7,8]. Among alternative rechargeable
batteries, aqueous Zn-ion batteries (ZIBs) are promising owing to their
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low cost, high safety, and environmental friendliness. Zn is naturally
abundant, and the Zn electrode has a low redox potential (–0.762 V vs.
standard hydrogen electrode) and high theoretical capacity (820 mAh
g− 1), making this electrode a promising candidate for large-scale energy
storage applications [9–11]. Moreover, the aqueous electrolyte provides
high ionic conductivity, which benefits the battery rate capability.
Despite these advanced features, finding a good cathode material for
ZIBs has been challenging. Manganese oxides, Prussian blue and its
analogs, metal–organic frameworks, and organic compounds have been
proposed as cathode materials for Zn ion storage [12–14]. Manganese
oxide cathodes have a typical capacity of ~250 mAh g− 1, but manganese
ions can easily dissolve in the electrolyte during cycling, leading to a
short cycle life [15]. Prussian blue and its analogs are restricted by their
low reversible capacities of 60–100 mAh g− 1 [16]. Metal-organic
framework materials tend to undergo pore collapse or pore size reduc-
tion during cycling, which could reduce their surface area and deterio-
rate their charge–discharge performance [17]. Organic cathodes could
be soluble in the electrolyte, thereby contaminating the Zn metal anode
and shortening cycle life [18]. Recently, vanadium-based cathodes, such
as those made of vanadium phosphates, oxides, sulfides, nitrides, and
vanadates, have attracted interest due to their open-framework crystal
structures and the multiple oxidation states of vanadium [19–21].
Among the various compounds, vanadium dioxide (VO2) is one of the
most promising materials for ZIBs because it has a fast Zn2+ ion trans-
port rate, high redox potential, high specific capacity, and easy synthesis
[21–23].

Notably, VO2 has a variety of crystal structures. With diverse pre-
cursors and synthesis routes, VO2 can be fabricated in various poly-
morphs, including VO2 (B), VO2 (M), and VO2 (A) [21]. VO2 (B) belongs
to the monoclinic structure of space group C2/m, in which an octahedra
edge-sharing bilayer structure contains one-dimensional tunnels,
allowing fast ion transport [21]. VO2 (M) crystallizes into the monoclinic
P21/c space group with a tunnel structure via corner-sharing VO6
octahedra. The structure contains alternating shorter (0.265 nm) and
longer (0.312 nm) length V4+–V4+ pairs along the a axis [19]. The VO2
(A) phase has tetragonal symmetry and belongs to the P42/ncm space
group [24]. Zhang et al. synthesized various phases of VO2 (B, M, and A)
and compared their thermal behavior and oxidation resistance proper-
ties [25]. Srivastava et al. grew single-phase VO2 (B), VO2 (M), and VO2
(A) films on SrTiO3 substrates using a pulsed laser deposition technique
and found that their electronic properties were clearly different [26].
The various VO2 polymorphs have different channels and sites for Zn2+

diffusion and storage [21]; however, the charge–discharge properties of
VO2 (B), VO2 (M), and VO2 (A) have not been systematically compared,
even though each phase has been individually examined. For example,
Ding et al. demonstrated the hydrothermal synthesis of VO2 (B) nano-
fibers and studied the pseudocapacitance behavior and ultrafast inter-
calation kinetics of Zn2+ ions in this structure. The reported capacity was
~350 mAh g− 1 [27]. Zhang et al. integrated VO2 (M) with carbon
nanotubes to fabricate a binder-free self-standing ZIB cathode. This
electrode delivered a capacity of 248 mAh g− 1 at 2 A g− 1, with a cor-
responding Coulombic efficiency (CE) of 99.6 % [28]. Liu et al. syn-
thesized polypyrrole-coated VO2 (A) hollow nanospheres as a robust
cathode material for ZIBs. The obtained material showed a high capacity
of 440 mAh g− 1 at 0.1 A g− 1 [29]. However, it is difficult to compare the
properties of VO2 polymorphs based on papers with distinct experi-
mental conditions. A systematic comparison of VO2 (B), VO2 (M), and
VO2 (A) is performed in the present study.

Electrolyte composition design plays a crucial role in enabling high-
performance ZIBs. So far, various Zn-containing salts, including ZnCl2,
Zn(NO3)2, ZnF2, Zn(CH3CO2)2, ZnSO4, Zn(OTf)2 (OTf: CF3SO3), and Zn
(TFSI)2 (TFSI: (CF3SO2)2N), have been investigated for application in
ZIBs [30–32]. ZIBs with Zn(OTf)2 and Zn(TFSI)2 electrolytes have shown
great performance in terms of rate capability and cyclability [31,32].
However, the high cost of Zn(OTf)2 and Zn(TFSI)2 is a great concern for
practical applications. ZnSO4 is another electrolyte solute frequently

used for ZIBs because of its nontoxicity, high compatibility, and low cost
[33,34]. Major drawbacks of the ZnSO4 electrolyte are its narrow elec-
trochemical stability window and significant side reactions [35,36]. The
strong coordination between Zn2+ and solvated H2O leads to the for-
mation of bulky [Zn(H2O)6]2+, which leads to slow ion transport [37].
The difficult desolvation of this complex ion can cause its co-insertion
into the cathode host, leading to irreversible lattice expansion and
eventual structural damage [37]. In addition, the large number of sol-
vated H2O molecules that are driven to the Zn electrode during charging
could increase the hydrogen evolution reaction, Zn corrosion, and other
side reactions [38]. To address these issues, additives such as MnSO4,
Li2SO4, and Na2SO4 have been coupled with ZnSO4 to form a dual-salt
electrolyte [39–41]. LiTFSI is selected for this study because of its
high solubility and high chemical stability, which allow it to expand the
electrochemical stability window of an aqueous electrolyte [42,43]. The
use of a combination of ZnSO4 and LiTFSI salts could be a promising
strategy for boosting ZIB performance. However, to the best of our
knowledge, the effects of LiTFSI addition into the ZnSO4 electrolyte have
not been previously investigated. This issue and the underlying mech-
anism are thus thoroughly examined herein.

In the present work, three VO2 polymorphs, namely VO2 (B), VO2
(M), and VO2 (A), are synthesized, and their microstructures and elec-
trochemical properties are compared for possible application in ZIBs.
LiTFSI at various concentrations (3 − 7 m; “m” is molality and is defined
as the number of moles of solute per kilogram of the solvent) is incor-
porated into a cost-effective ZnSO4-based electrolyte. The optimal
ZnSO4/LiTFSI ratio in the electrolyte for obtaining superior Zn//VO2
battery performance is investigated. The electrolyte solvation chemistry
is studied using wide-angle X-ray scattering (WAXS). The correlation
between the solvation structure and the electrolyte properties (such as
the generation of hydrogen and Zn(OH)2)3(ZnSO4)⋅xH2O byproducts) is
explored. Operando transmission X-ray microscopy (TXM) is used to
study the dimensional variation of the VO2 cathode during charging/
discharging. In addition to examinations on the cathode side, the in-
fluence of the electrolyte composition on the Zn anode performance
(such as charge–discharge CE, cycling stability, and morphology
change) is also analyzed.

2. Experimental procedures

2.1. Material synthesis

VO2 samples were synthesized via the following reactions. 0.455 g of
V2O5 was dispersed in 31 mL of deionized water, and then 2 mL of
hydrogen peroxide and 2 mL of methanol were added into the solution,
which was stirred for an hour at room temperature. The obtained brown
[VO(O2)2]− solution was transferred into a 50-mL Teflon vessel to be
heated in an oven at 180 ◦C for 48 h. This temperature has been found to
be optimal for the synthesis of phase-pure VO2 (B) [44]. The product was
filtered and washed using deionized water and ethanol several times
until a blue-black precipitate was obtained. After drying at 75 ◦C for 12
h, the VO2 (B) sample was collected. VO2 (A) was synthesized using a 40-
mL aqueous dispersion with 0.6 g of the as-synthesized VO2 (B), which
was transferred into a Teflon vessel and then heated at 280 ◦C for 48 h.
The black product denoted as VO2 (A), was washed and dried using
procedures similar to those described above. The synthesis of VO2 (M)
was carried out by heating the as-synthesized VO2 (B) to 700 ◦C for 2 h at
a heating rate of 5 ◦C min− 1 in argon.

2.2. Material characterization

Microstructure and elemental analyses were conducted using scan-
ning electron microscopy (SEM; JEOL JSM7800F Prime) and high-
resolution transmission electron microscopy (TEM; JEOL F200). The
TEM acceleration voltage was 200 kV. The energy-dispersive X-ray
spectroscopy mapping was performed with a dwell time of 50 µs and a
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resolution of 512 pixels × 512 pixels. Crystal structure characterization
was carried out using X-ray diffraction (XRD; Bruker D2 Phaser) with Cu
Kα radiation as the X-ray source.

2.3. Coin cell assembly

The cathode slurry was made by mixing the active material, Super P,
and polyvinylidene fluoride binder inN-methylpyrrolidinone solution in
a mass ratio of 7:2:1. The slurry was coated onto Ti foil with a doctor
blade (200-μm gap height was used) and then dried in a vacuum oven at
80 ◦C for 8 h. The coated foil was then cut into circular electrodes with a
diameter of 1.3 cm. The active material loading was approximately 2 mg
cm− 2. ZnSO4 salt with a concentration of either 1 or 3 m was used in the
aqueous electrolyte. In addition, 3, 5, or 7 m LiTFSI was incorporated
into the electrolyte to modify the electrolyte properties and the char-
ge–discharge performance of the VO2 electrodes. Coin cells with a
CR2032 configuration were assembled with the prepared VO2 elec-
trodes, designed electrolytes, glass-fiber separators, and Zn metal sheets.
The cell assembly was conducted under an ambient atmosphere.

2.4. Electrochemical evaluations

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) data
were collected using a potentiostat (BioLogic BCS-810) at a potential
scan rate of 1 mV s− 1. The charge–discharge properties, rate capability,
and cycling stability of various Zn//VO2 cells were assessed with a
battery tester (Neware CT-4000) at 25 ◦C. All cells were cycled at 0.1 A
g− 1 three times in the formation process. Then, the specific capacity, CE
values, and capacity retention at a certain rate or after cycling were
evaluated. Electrochemical impedance spectroscopy (EIS) analysis was
performed using a voltage perturbation amplitude of 10 mV within a
frequency range of 106–10–2 Hz. The galvanostatic intermittent titration
technique (GITT) was used to assess the ion diffusion coefficients (D)
within various electrodes. A potentiostat (BioLogic VSP-300) was
employed in the EIS and GITT measurements. To study the Zn plating/
stripping behavior, Zn//Cu cells were used. Three conditioning cycles
were applied before data collection. The deposition of Zn was conducted
at 0.5 mA cm− 2 for 1 h. Zn dissolution was then conducted at the same

rate until a cutoff voltage of 1.0 V.

2.5. Synchrotron X-ray analyses

WAXS was performed at beamlines TPS25A1 and TLS23A1 at the
National Synchrotron Radiation Research Center (NSRRC) in Taiwan.
The WAXS patterns were acquired using 19-keV incident X-rays
(wavelength = 0.65197 Å) and a sample-to-detector distance of 100.8
mm in transmission mode. Operando TXM was conducted at beamline
TLS01B1 at NSRRC. High-flux X-rays with a photon energy of 5 keV
passed through the coin cells with 2-mm holes covered with Kapton
tape. The generated phase-contrast images were collected. Each TXM
image (frame size: 15 μm × 15 μm) was acquired for at least 60 s to
ensure high-quality data.

3. Results and discussion

The XRD pattern for the VO2 (B) sample is shown in Fig. 1a. The
strong crystalline peaks perfectly match those of monoclinic VO2 (B)
(JCPDS:65–7960). The XRD pattern for the VO2 (M) sample is shown in
Fig. 1b. It is consistent with JCPDS:72–0514. The XRD pattern for the
VO2 (A) sample is shown in Fig. 1c. It indicates that VO2 (A) has a
tetragonal structure that corresponds to JCPDS:42–0876. The crystallite
sizes of VO2 (B), VO2 (M), and VO2 (A) were calculated using the
Scherrer equation [45] and were found to be 17 nm, 46 nm, and 37 nm,
respectively. Table S1 compares the crystal structures, space groups,
and lattice parameters of the three VO2 polymorphs. Fig. 1d shows the
TEM analysis data for VO2 (B). A nanowire morphology with a diameter
of ~40 nm was observed. The energy-dispersive X-ray spectroscopy
mapping results confirm that the V and O elements were homogeneously
distributed in the sample. The d spacing of 0.37 nm found in the high-
resolution lattice image is attributed to the (010) plane. The fast
Fourier transform (FFT) pattern corresponds to the [001] zone axis of
monoclinic VO2 (B). As shown in Fig. 1e, the morphology of VO2 (M) is
spherical. The V and O signals are uniform across the oxide particles.
The lattice image and FFT pattern verify the monoclinic crystal structure
of VO2 (M). The VO2 (A) sample with a rod-like morphology was also
examined with TEM; the data are shown in Fig. 1f. The rod diameter is

Fig. 1. (a–c) XRD patterns of various VO2 polymorphs synthesized. High-resolution TEM analysis data for (d) VO2 (B), (e) VO2 (M), and (f) VO2 (A) samples.
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approximately 60 nm, which is larger than that for VO2 (B). With well-
distributed constituent elements, the crystallinity was confirmed to be
tetragonal. Fig. S1 shows SEM micrographs of the three VO2 poly-
morphs. The microstructures are consistent with the TEM observations.

The initial three charge–discharge profiles of various VO2 electrodes
with the 1 m ZnSO4 electrolyte are shown in Fig. 2 a¡ c. It can be seen
that the charge–discharge curves of the VO2 (B) and VO2 (M) cathodes
have similar shapes. These cathodes have reversible capacities of 340
and 305 mAh g− 1, respectively, at 0.1 A g− 1. However, the VO2 (A)
electrode exhibited rather different electrochemical behavior, with a
major discharge plateau below 0.5 V. Besides the lower redox potential
compared to those of VO2 (B) and VO2 (M), the VO2 (A) electrode
showed a relatively low capacity of 260 mAh g− 1 at 0.1 A g− 1. The CE
values for all electrodes are higher than 99 %. The VO2 crystal structures
significantly affect the number of charge storage sites, leading to distinct
reversible capacities. Fig. 2 d ¡ f shows the charge–discharge curves of
the VO2 electrodes measured under various current densities. VO2 (B)
outperformed the other two polymorphs, especially when operated at a
high rate. The VO2 (B) cathode retained ~70 % of its reversible capacity
at 1.0 A g− 1 (vs. the value obtained at 0.1 A g− 1), whereas the VO2 (M)
and VO2 (A) cathodes retained only ~58 % and ~43 % of their capac-
ities, respectively. It has been reported that VO2 (B) has relatively high
electronic conductivity [46] and wide one-dimensional tunnels along
the b axis, which facilitate Zn2+ transport, leading to superior perfor-
mance [21,22]. VO2 (M) has a distorted crystal lattice, leading to
crowded and narrow ion pathways, resulting in relatively poor rate
performance compared to that of VO2 (M) [47]. The VO2 (A) phase
belongs to the tetrahedral P42/ncm space group, where vanadium ions
sit in a compressed octahedral environment. In this structure, the
V4+− V4+ chains connect to form a zigzag structure, which could hinder
ion transport [48]. Moreover, VO2 (A) has an insulating nature [49]. As
a consequence, it showed inferior specific capacity and rate capability.

Table 1 shows the physicochemical properties of the ZnSO4-based
electrolytes used in this study. Tripling the ZnSO4 concentration
increased the ionic conductivity from 3.2 to 6.6 mS cm− 1 because of the
increased number of charge carriers. A concentration of 3 m is close to
the solubility limit of ZnSO4 in water; a further increase in ZnSO4 con-
tent would lead to precipitation. Utilizing the LiTFSI additive effectively
boosted ionic conductivity; the 1 m ZnSO4/5 m LiTFSI dual-salt elec-
trolyte had the highest conductivity (23.8 mS cm− 1). This is due to the
fact that the bulky TFSI− anion can decrease the water number in the
solvation shell of Li+/Zn2+. Such a reduced solvation effect can promote
ionic transport [32,34,50]. However, the conductivity decreased to 17.5

mS cm− 1 with 7 m LiTFSI additive; this is associated with high elec-
trolyte viscosity due to the high salt concentration, which reduces ion
mobility. It is difficult to add LiTFSI to the 3 m ZnSO4 electrolyte because
the excess LiTFSI is not soluble. Table 1 also shows that the electrolyte
pH value decreases with increasing ZnSO4 and LiTFSI concentrations,
from pH=4.7 for 1 m ZnSO4, pH=4.0 for 3 m ZnSO4, to pH=3.0 for 1 m
ZnSO4/7 m LiTFSI electrolyte.

LSV analysis was conducted to determine the electrochemical sta-
bility window of the formulated electrolytes. As shown in Fig. S2, the 1
m ZnSO4 electrolyte starts to decompose at ~2.20 V. The oxygen evo-
lution voltage increases to ~2.26 V when the ZnSO4 concentration is
increased to 3 m. After the incorporation of 5 m LiTFSI, no clear irre-
versible oxidation appears until ~2.30 V. The better electrolyte stability
is attributed to the reduced water activity that originates from the high
salt concentration [42,43,51,52]. It is noted that the decomposition
voltage of the electrolytes is much higher than 1.5 V, which is the upper
limit of the charge–discharge voltage window used in this study. Thus,
there is little concern about electrolyte breakdown during cell operation.

Fig. 3a and b compares the charge–discharge curves of the VO2 (B)
electrode in 1 m ZnSO4 and 3 m ZnSO4 electrolytes, respectively. At a
low rate (i.e., 0.1 A g− 1), the measured specific capacities in the two
electrolytes are similar. At a higher current rate, the cell with 3 m ZnSO4
electrolyte shows better performance, which is associated with the
higher ionic conductivity of the electrolyte. As shown in Fig. 3c–e, the
incorporation of LiTFSI up to a concentration of 5 m gradually increases
the electrode capacity. For the 1 m ZnSO4/5 m LiTFSI electrolyte, the
reversible capacities are as high as 365 and 310 mAh g− 1 at 0.1 and 1.0 A
g− 1, respectively. A further increase in the LiTFSI concentration to 7 m
caused electrode performance deterioration (i.e., 350 mAh g− 1@0.1 A
g− 1 and 290 mAh g− 1@1 A g− 1), which can be ascribed to the high
viscosity and reduced ionic conductivity of the electrolyte. The CV data
in Fig. S3 show that the redox activity of the VO2 (B) electrode in the 1 m
ZnSO4 electrolyte is much higher than that in the 5 m LiTFSI electrolyte.

Fig. 2. (a–c) Initial three charge–discharge curves measured at 0.1 A/g and (d–f) charge–discharge curves measured at various rates for (a,d) VO2 (B), (b,e) VO2 (M),
and (c,f) VO2 (A) electrodes in 1 m ZnSO4 electrolyte.

Table 1
The pH, ionic conductivity, and viscosity values of various electrolytes.

Electrolytes pH Conductivity (mS cm− 1) Viscosity (cP)

1 m ZnSO4 4.7 3.2 5.7
3 m ZnSO4 4.0 6.6 7.8
1 m ZnSO4/3 m LiTFSI 3.4 15.6 8.9
1 m ZnSO4/5 m LiTFSI 3.2 23.8 10.7
1 m ZnSO4/7 m LiTFSI 3.0 17.5 12.3
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This indicates that the Zn2+ ion, rather than the Li+ ion, is the dominant
charge carrier in the charge storage reactions. In addition to increased
conductivity, the improved capacity due to LiTFSI addition could also be
related to increased proton activity in the electrolyte (see the pH values
in Table 1). Fig. S4 shows the charge–discharge curves of the VO2 (B)
electrode measured in the 1 m ZnSO4/5 m LiClO4 electrolyte. Interest-
ingly, the electrode performance is much worse than that for the 1 m
ZnSO4/5 m LiTFSI electrolyte (see Fig. 3 (d)), indicating that the type of
Li salt indeed matters. The counter anions of Li+ can affect the salt
dissociation degree in the electrolyte and thus alter solution coordina-
tion structures [42,43,51]. Therefore, the observed electrode char-
ge–discharge properties are varied. It is noted that some experimental
design methods, such as the response surface method [53], can be a
powerful tool to further optimize the electrolyte recipe.

Fig. 4a compares the rate capability of the VO2 (B) electrode in the 1
m ZnSO4, 3 m ZnSO4, and 1 m ZnSO4/5 m LiTFSI electrolytes. The ca-
pacity retention of the electrode in these electrolytes at 1.0 A g− 1 is 70

%, 79 %, and 85 %, respectively, compared to the values measured at 0.1
A g− 1. The causes of the rate capability difference were further examined
using EIS. Fig. 4b and c shows the spectra acquired at 1.3 and 0.2 V,
respectively. The EIS Nyquist spectra consist of a semicircle at high
frequency and a sloping line at low frequency, which can be charac-
terized by the equivalent circuit shown in the figure inset, where Rs, Rct,
CPE, and W represent the electrolyte resistance, charge transfer resis-
tance at the electrode/electrolyte interface, interfacial constant-phase
element, and Warburg impedance associated with charge carrier diffu-
sion within the electrode, respectively [54]. The data fitting results are
shown in Table 2. It is found that the Rct values are significantly higher
than the Rs values, indicating that the interfacial charge transfer prop-
erties, rather than the electrolyte conductivity, dominate the cell
impedance. Of note, at 1.3 V, the Rct values of the three cells are close to
each other and much lower than those measured at 0.2 V. The higher
impedance found at a lower voltage can be attributed to the formation of
the (Zn(OH)2)3(ZnSO4)⋅xH2O byproduct during discharge, which covers
the electrode surface and thus hinders charge transfer [55,56]. The Rct
values of the VO2 (B) electrode in the 1 m ZnSO4, 3 m ZnSO4, and 1 m
ZnSO4/5 m LiTFSI electrolytes at 0.2 V are 589.1, 520.3, and 405.9 Ω,
respectively. The relatively low Rs and Rct values found for the last cell
reflect that the charge carriers (Zn2+, Li+, and protons) can be easily
transported in the electrolyte and across the electrode/electrolyte
interface, leading to the superior rate capability.

GITT was used to determine the ion diffusion coefficients (D) of the
VO2 (B) electrode in various electrolytes. As shown in Fig. S5, in line
with the EIS data, the ion transport is relatively sluggish at a low voltage,
suggesting the formation of resistive species at the electrode. The
average D values for the 1 m ZnSO4, 3 m ZnSO4, and 1 m ZnSO4/5 m
LiTFSI cells are 1.45 × 10− 9, 1.59 × 10− 9, and 1.81 × 10− 9 cm2 s− 1,
respectively. The data are consistent with the Rct results obtained from
EIS measurements, explaining the high-rate performance variation of

Fig. 3. Charge-discharge curves of VO2 (B) electrodes measured in (a) 1 m ZnSO4, (b) 3 m ZnSO4, (c) 1 m ZnSO4/3 m LiTFSI, (d) 1 m ZnSO4/5 m LiTFSI, and (e) 1 m
ZnSO4/7 m LiTFSI electrolytes.

Fig. 4. (a) Comparative rate performance of VO2 (B) electrodes in various
electrolytes. EIS spectra of VO2 (B) cells with various electrolytes measured at
(b) 1.3 V and (c) 0.2 V.

Table 2
Rs and Rct values of VO2 (B) cells with various electrolytes measured using EIS.

Rs Rct

Electrolytes @1.3 V @ 0.2 V @1.3 V @ 0.2 V

1 m ZnSO4 12.4 12.5 99.1 589.1
3 m ZnSO4 6.6 6.4 95.1 520.3
1 m ZnSO4/5 m LiTFSI 2.0 1.9 89.1 405.9
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the VO2 (B) electrode in various electrolytes.
To understand the byproduct phase formed and the ion insertion

degree of the VO2 (B) electrode, XRD analyses were conducted; the data
are shown in Fig. 5. VO2 (B) cathodes were cycled five times and
terminated at a discharged state (i.e., at 0.2 V) in the 1 m ZnSO4, 3 m
ZnSO4, and 1 m ZnSO4/5 m LiTFSI electrolytes. The electrodes were
then subjected to XRD examination. For the 1 m ZnSO4 electrolyte, new
diffraction peaks that match (Zn(OH)2)3(ZnSO4)⋅4H2O and (Zn
(OH)2)3(ZnSO4)⋅5H2O phases can be clearly observed. In this electro-
lyte, the Zn2+ ions easily form complexes with water molecules, such as
[Zn(H2O)6]2+ [38]. These complexes would be spontaneously trans-
formed via:
[
Zn(H2O)6

]2+
+ SO2−

4 →
[
Zn(H2O)5(OH)

]+
+HSO4 (1)

5
[
Zn(H2O)5(OH)

]+
+5HSO−

4 →

(
Zn(OH)2

)

3(ZnSO4)⋅5H2O↓ + 4HSO−
4 +2H3O+ +Zn2+ +17H2O (2)

The insoluble (Zn(OH)2)3(ZnSO4)⋅xH2O product was precipitated and
covered the electrode surface. As shown in Fig. 5, increasing the ZnSO4
concentration to 3 m in the electrolyte reduces the (Zn(OH)2)3(ZnSO4)⋅
xH2O peak intensity. This occurs because the water activity (and thus
the [Zn(H2O)6]2+ content) was decreased. This surface byproduct layer
is most suppressed for the 1 m ZnSO4/5 m LiTFSI electrolyte. This is
associated with the fact that water molecules are most coordinated with
the high-concentration Li+ ions. In addition, the bulky TFSI− anions can
decrease the interaction between Zn2+ ions and water molecules. As a
result, a minimal amount of water molecules could surround Zn2+ ions
to form [Zn(H2O)6]2+. Also shown in Fig. 5 is a diffraction peak shift of
the VO2 (B) phase after discharging. This is associated with the VO2 (B)
lattice expansion due to the intercalation of the charge carriers. Of note,
the peak shift amount depends on the electrolyte composition. The lat-
tice parameters were determined based on the Rietveld refinement, as
shown in Table S2. The largest lattice size of the VO2 (B) discharged in
the 1 m ZnSO4/5 m LiTFSI electrolyte reflects the highest number of
ions/protons inserted into the structure. This explains the superior
measured capacity compared to those found for the 1 m ZnSO4 and 3 m
ZnSO4 electrolytes. The (Zn(OH)2)3(ZnSO4)⋅xH2O side reaction product
seems to hinder the intercalation reactions, leading to a decrease in the
reversible capacity. The SEM images in Fig. S6 clearly show that the

huge (Zn(OH)2)3(ZnSO4)⋅xH2O chunks that formed in the 1 m ZnSO4
electrolyte, which could block ion/proton intercalation into the elec-
trode, are greatly diminished when 5 m LiTFSI is added into the
electrolyte.

WAXS was used to evaluate the solution structures of various elec-
trolytes. Fig. 6a shows the data for the aqueous electrolytes with various
concentrations of ZnSO4. The broad peaks centered at ~2.02 and ~2.90
Å− 1 are associated with the oxygen–oxygen and oxygen–hydrogen cor-
relations of the hydrogen-bonded network of H2O molecules (i.e., bulk
water). In the dilute electrolyte, even though some dipolar H2O mole-
cules coordinate with Zn2+ ions, forming hydrated (Zn(H2O)6)2+ com-
plex ions, because there are plenty of H2O molecules, water peaks do not
significantly change. With an increase in the ZnSO4 concentration to 3
m, the water signal diminishes, and some extra peaks appear in the q
range of 0.8–1.5 Å− 1 (marked by gray labels), indicating the formation
of periodic structures in the electrolyte. The high population of Zn2+ and
SO4

2– ions suppresses the oxygen–oxygen correlation, decreasing the
bulk water peak intensity. Instead, solvent-separated ion pairs (SSIP;
Zn2+‧‧‧H2O‧‧‧SO4

2–) and contact ion pairs (CIP; Zn2+‧‧‧SO4
2–) form. These

periodic structures (i.e., charge-ordering structures) lead to the two
extra peaks in the low-q region. However, due to the limited solubility of
ZnSO4 salt, the charge-ordering structures are not well developed.
Because most H2O molecules do not coordinate with ionic species, the
bulk water peak is still pronounced. Fig. 6b shows the WAXS data for
electrolytes with various concentrations of LiTFSI (without ZnSO4). The
high electron delocalization of TFSI– anions results in their low
Coulombic interaction with Li+ cations, leading to a high degree of salt
dissociation and high solubility. With increasing LiTFSI concentration,
because the water content becomes less (i.e., insufficient free H2O
molecules to keep the hydrogen-bonded water network), the bulk water
peaks gradually diminish. Note that because of the weak scattering of X-
rays by Li+ ions, this interaction contributes little intensity to the WAXS
pattern. The first charge-ordering peak (COP I) that emerges in the q
range of 0.3 − 0.7 Å− 1 is associated with the solvated-TFSI structure

Fig. 5. XRD patterns of VO2 (B) electrodes before (curve a) and after being
cycled five times and discharged to 0.2 V in 1 m ZnSO4 (curve b), 3 m ZnSO4
(curve c), and 1 m ZnSO4/5 m LiTFSI (curve d) electrolytes.

Fig. 6. WAXS patterns of electrolytes with (a) various concentrations of ZnSO4,
(b) various concentrations of LiTFSI, and (c) 1 m ZnSO4 and various concen-
trations of LiTFSI.
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(TFSI‧‧‧H2O‧‧‧TFSI). In this case, an H2O molecule bridges two adjacent
TFSI– anions. As shown, this peak shifts from 0.39 Å− 1 (for 2 m LiTFSI) to
0.56 Å− 1 (for 10 m LiTFSI), indicating a shortening of the correlation
distance between adjacent TFSI– ions due to the reduced content of
water. The second charge-ordering peak (COP II) appears at ~0.99 Å− 1;
it is related to the TFSI‧‧‧TFSI correlation (i.e., direct contact between
TFSI− ions without an H2O bridge). With increasing LiTFSI concentra-
tion, this peak becomes stronger and sharper at the expense of the
(TFSI‧‧‧H2O‧‧‧TFSI) peak intensity. This reflects the formation of large ion
aggregates when the water molecules become scarce. Moreover, at a
high concentration of LiTFSI, a new peak emerges at ~2.5 Å− 1, which is
associated with the intra-molecule structural feature of LiTFSI [57].

Fig. 6c shows the WAXS patterns for the 1 m ZnSO4 electrolytes with
various concentrations of LiTFSI. With the addition of LiTFSI, the in-
tensity of the bulk water peak gradually decreases. LiTFSI, rather than
ZnSO4, seems to dominate the solution coordination structures due to its
higher solubility and dissociation degree. With 3 m LiTFSI, COP I and
COP II clearly appear. For 5 m LiTFSI, COP I and COP II are clearly
stronger than the bulk water peak, explaining the lower (Zn
(OH)2)3(ZnSO4)⋅xH2O formation found in Fig. 5 and Fig. S6. When the
LiTFSI concentration reaches 7 m, COP II greatly intensifies, indicating
the evolution of large ion aggregates, which may be the root cause of the
reduced electrolyte conductivity (see Table 1). It is also noted that this
COP II is at 1.01 Å− 1, which is greater than the value (0.99 Å− 1) for the
COP II of the plain 7 m LiTFSI electrolyte (see Fig. S7 for comparison).
Moreover, the former COP II shows higher scattering intensity. This
indicates that the Zn2+ ions promote the formation of ion pairs and
aggregates. Because Zn2+ has a higher charge density than that of Li+,
the TFSI‧‧‧TFSI distance can be shortened (since there is a stronger
electrostatic force between cations and anions).

Operando TXM was used to examine the VO2 (B) morphology vari-
ation during charge and discharge. Fig. 7a and b shows the obtained
images taken in 1 m ZnSO4 and 1 m ZnSO4/5 m LiTFSI electrolytes,
respectively, after two conditioning cycles. With the 1 m ZnSO4 elec-
trolyte, the VO2 (B) rods were difficult to observe because of the accu-
mulation of (Zn(OH)2)3(ZnSO4)⋅xH2O byproduct, which covered the
entire electrode. In contrast, the morphology of VO2 (B) can be clearly
seen in the 1 m ZnSO4/5 m LiTFSI electrolyte. This finding is consistent
with the XRD and SEM results (see Fig. 5 and Fig. S6). As shown in

Fig. 7b, upon charging, due to the ion/proton deintercalation, the VO2
(B) rods show volume contraction. This contraction is reversible, as
volume expansion occurs during discharging. However, as shown, the
dimensional difference between the fully discharged and charged states
is insignificant, namely ~10 % of the length of the VO2 (B) rods. High
dimensional stability of the active material during charging and dis-
charging is essential for the long cycle life of the electrode.

At the anode side, LiTFSI addition also affects the redox behavior of
the Zn electrode. Fig. 8a compares the Zn plating and stripping profiles
recorded in Zn//Cu cells with 1 m ZnSO4 and 1 m ZnSO4/5 m LiTFSI
electrolytes, respectively, at 0.5 mA cm− 2. As shown, the latter cell ex-
hibits higher polarization during Zn deposition and dissolution. This can
be attributed to the relatively high electrolyte viscosity of the 1 m
ZnSO4/5 m LiTFSI electrolyte and the hindrance effects of Li+ and/or
TFSI− near the electrode surface. As shown in Fig. 8b, the average CE for
the 1 m ZnSO4 and 1 m ZnSO4/5 m LiTFSI cells was found to be 97.5 %
and 99.0 %, respectively. With LiTFSI addition, the free water content in
the electrolyte is reduced, and most of the water molecules are coordi-
nated with Li+ and TFSI− ions (see WAXS data), leading to a reduction in
hydrogen evolution side reactions [58]. Fig. 8b also shows the cycling
stability of the two Zn//Cu cells. The 1 m ZnSO4 cell died at the 100th
cycle, and the 1 m ZnSO4/5 m LiTFSI cell survived until the 400th cycle
before short-circuiting. Fig. 8c and d shows SEM images of the Zn
deposited in 1 m ZnSO4 and 1 m ZnSO4/5 m LiTFSI, respectively, after
30 plating/stripping cycles. The latter morphology is flatter and more
compact, which is related to less hydrogen gas evolution during cycling.
Moreover, the abundant Li+ ions accumulate in the vicinity of the pro-
truding area of the electrode (due to a nonuniform electrical field),
preventing further Zn dendrite growth [55]. Since the reduction po-
tential of Li+ ions is much lower than that of Zn2+ ions (− 3.04 V vs. −
0.76 V, respectively), Li+ ions are not electroplated and thus serve as an
electrostatic shielding agent that repels incoming Zn2+ ions from the
protrusion, forcing further deposition of Zn to adjacent regions of the
anode until a smooth electrode surface is formed [43,59]. Fig. 8e and f
shows SEM micrographs of the Cu electrodes after Zn stripping in 1 m
ZnSO4 and 1 m ZnSO4/5 m LiTFSI, respectively, after 30 cycles. There
are some residual dead Zn compounds on the electrode when the former
electrolyte is used. This is associated with the accumulation of zinc
hydroxide sulfate byproducts and the broken mossy Zn that forms due to

Fig. 7. (a) TXM images of VO2 (B) observed in 1 m ZnSO4 electrolyte. (b) TXM images of VO2 (B) observed during charging and discharging in 1 m ZnSO4/5 m LiTFSI
electrolyte.
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nonuniform Zn deposition and hydrogen bubble erosion [35]. The dead
Zn compounds are electrically disconnected from the current collector
and thus cannot be electro-stripped. In contrast, with 5 m LiTFSI addi-
tion into the electrolyte, the amount of dead Zn was significantly sup-
pressed, which explains the superior anode cycling stability found in
Fig. 8b.

Fig. 9 shows the cycling stability of Zn//VO2 (B) cells with the 1 m
ZnSO4, 3 m ZnSO4, and 1 m ZnSO4/5 m LiTFSI electrolytes measured at
1.0 A g− 1. After 1000 charge–discharge cycles, the capacity retention
ratios are 49 %, 63 %, and 90 %, respectively. Although increasing the
ZnSO4 concentration increases cyclability, the solubility of ~3 m limits
the performance improvement. Adding 5 m LiTFSI to the electrolyte
more effectively promotes cycle life. This is associated with the reduced
(Zn(OH)2)3(ZnSO4)⋅xH2O passivation layer at the cathode side and the
suppressed hydrogen evolution and Zn dendrite formation at the anode
side.

We also studied the effects of electrolyte composition on the elec-
trochemical properties of the VO2 (M) cathode. Although the char-
ge–discharge performance of VO2 (M) is generally lower than that of
VO2 (B), as shown in Fig. S8, the reversible capacities and rate capability
obtained with the 1 m ZnSO4/5 m LiTFSI electrolyte are better than
those obtained with the 1 m ZnSO4 and 3 m ZnSO4 electrolytes. This
trend is consistent with that observed for VO2 (B). The addition of 5 m
LiTFSI effectively reduces the (Zn(OH)2)3(ZnSO4)⋅xH2O byproduct on
the VO2 (M) cathode (Figs. S9 and S10) and thus decreases the elec-
trode charge-transfer impedance (Fig. S11). Moreover, the cycling sta-
bility of the Zn//VO2 (M) cells was clearly improved (to ~90 %
retention after 1000 cycles) due to 5 m LiTFSI addition (Fig. S12). The
proposed 1 m ZnSO4/5 m LiTFSI electrolyte is cost-effective and en-
hances the reversible capacities, rate capability, and cycling stability of
ZIBs with VO2-type cathodes.

4. Conclusions

This study synthesized three VO2 polymorphs and investigated their
microstructures and electrochemical properties for application in ZIBs.
It was found that VO2 (B) outperforms VO2 (M) and VO2 (A) in terms of
the specific capacity and rate capability (340 and 238 mAh g− 1 at 0.1
and 1.0 A g− 1, respectively) due to its relatively large number of charge
storage sites, high electronic conductivity, and wide structural tunnels
that can facilitate Zn2+ transport. Increasing the ZnSO4 concentration in
the electrolyte from 1 m to 3 m marginally improves the electrode
charge–discharge performance, which is associated with increased
electrolyte conductivity. However, because of the solubility limit, it is
difficult to increase the ZnSO4 concentration further. According to the
WAXS data, the charge-ordering structures of the 3 m ZnSO4 electrolyte
are not well developed, and the bulk water feature is still pronounced.
The incorporation of LiTFSI greatly alters the solution structures. When
the LiTFSI concentration is increased to 5 m, the intensity of the bulk
water peak gradually diminishes, and COP I (related to TFSI‧‧‧H2O‧‧‧TFSI)
and COP II (related to TFSI‧‧‧TFSI) clearly evolve. Because of the reduced
water activity, the anodic limit (that related to oxygen evolution from
the decomposition of water) of the electrolyte is extended, and the Zn
(OH)2)3(ZnSO4)⋅xH2O byproduct formation tendency is suppressed. The
thinner byproduct layer, which reduces the blocking of ion/proton
intercalation reactions, is responsible for the excellent charge–discharge
properties of the VO2 electrode obtained with the 1 m ZnSO4/5 m LiTFSI
dual-salt electrolyte. The unique solution structure of this electrolyte
also alleviates the hydrogen evolution side reaction, leads to flat and
compact Zn deposits, and reduces the amount of dead Zn on the elec-
trode after cycling. However, if the LiTFSI content is excessive (i.e., 7 m),
large ion aggregates form, leading to the deterioration of the electrolyte
conductivity and VO2 electrode performance. The VO2 electrode has
great dimensional reversibility and stability during cycling in the 1 m
ZnSO4/5 m LiTFSI electrolyte, as verified via operando TXM. The pro-
posed electrode/electrolyte design strategies and the solution structure
approach are expected to be important for the further development of
ZIBs.
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