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ABSTRACT: Vanadium oxides are considered one of the most
promising cathode materials for aqueous zinc ion batteries.
However, vanadium dissolution caused by undesirable side
reactions greatly decreases the structure stability and capacity
retention. In this work, an atomic layer-deposited ZnO layer is
uniformly coated on a hydrated vanadium dioxide nanosheet array
cathode, which effectively suppresses the vanadium dissolution and
side reactions. The resultant cathode displays improved capacity
retentions from 74 to 89% after 100 cycles at 0.5 A g−1 and from 29
to 71% after 990 cycles at 5 A g−1. Moreover, the structural
evolution after electrochemical cycling of the cathode is thoroughly investigated to reveal the protection mechanism. The atomic
layer deposition strategy may also be extended to the protection of other cathodes that suffer from the dissolution issue with wide
choices of the protection layer materials.
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1. INTRODUCTION

The development of clean and renewable energy has
stimulated a lot of scientific research and development of
large-scale energy storage systems with cost-effectiveness and
environmental friendliness. In recent years, although more
research achievements have been made in lithium-ion batteries
using organic electrolytes, some problems caused by organic
electrolytes hinder their practical application in energy storage
systems, such as the harmful impact on the environment,
humidity sensitivity, and potential safety risks caused by a low
flash point.1 Thus, an aqueous battery is considered an
attractive candidate for an energy storage system because of its
safety and low environmental impact. In particular, aqueous
zinc ion batteries (ZIBs) stand out from a variety of water-
based batteries and have attracted wide attention of researchers
due to the unique advantages of zinc metal anodes, including
the low redox potential (−0.76 V vs standard hydrogen
electrode), chemical stability in water, and rich zinc
resources.2,3 Although zinc metal is undoubtedly the ideal
anode for ZIBs, there are still many cathode candidates open
for selection.4 Among them, vanadium oxide cathodes have
attracted much attention because of the high reversible
capacity and excellent rate capability attributed to the multiple
valences of vanadium and the tunable structure of the oxides.5

However, vanadium dissolution caused by undesirable side
reactions greatly decreases the structure stability and capacity
retention, limiting their further development and applications.6

To solve vanadium dissolution, many strategies have been
proposed, such as electrolyte optimization,7−12 guest species

preintercalation,13−16 surface modification,17 and so on.18−21

Electrolyte optimization has been reported as an effective
strategy to prevent V dissolution. Zhang et al. designed
aqueous organic electrolytes7,8 and high-concentration electro-
lytes,9,10 which can sustain the stable operation of Zn anodes
and diverse cathode materials such as vanadium pentoxide,
manganese dioxide, and zinc hexacyanoferrate. Various coating
materials have been used to improve the stability of the
vanadium oxide cathodes in ZIBs. Xu et al. reported poly(3,4-
ethylenedioxythiophene) (PEDOT)-coated V2O5 nanosheet
arrays on carbon cloth as the cathode for ZIBs.22 The capacity
retention of the coated cathode increases from 41 to 89% after
1000 cycles at 5.0 A g−1. Zhang et al. prepared a polypyrrole-
coated oxygen-deficient hydrate vanadium dioxide cathode,
which exhibited a capacity retention of 85% after 500 cycles at
2 A g−1. The morphology of the coated cathode was retained
after cycling, further proving the protective effect of the
conducting polymer coating layer.17 Fan et al. prepared β-
VO2/carbon nanotubes core−shell microspheres as the
cathode for ZIBs. The closed core-shell structure with a
carbon shell effectively suppresses vanadium dissolution, and
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the cathode maintained a capacity retention of 80% after 7800
cycles.21

As one of the most accurate surface-coating methods, atomic
layer deposition (ALD) has been widely applied to solve the
interfacial issues of the electrodes in various battery
systems.23−26 For the cathode protection in ZIBs, the ultrathin
ALD layer with controllable thickness would not only protect
the electrode from the undesirable side reaction at the interface
to inhibit the cathode dissolution but also act as the artificial
cathode electrolyte interphase to allow the transference of zinc
ions. Guo et al. first reported an atomic layer-deposited HfO2

protective layer on the Zn3V2O7(OH)2·2H2O cathode as an
artificial solid electrolyte interphase.26 The ALD layer with a
thickness of only 5 nm effectively suppressed the vanadium
dissolution and side reactions without affecting the Zn2+

diffusion kinetics. The HfO2-coated cathode exhibited an
improved capacity retention of 84% after 1000 cycles at 10 A
g−1 compared to 70% of the unmodified cathode.
Herein, an ultrathin ZnO layer is coated on the hydrated

vanadium dioxide (VOH) nanosheet array grown on carbon
cloth by ALD as the protective layer. The uniform and
conformal ZnO layer fully covers the exposed surface of VOH
nanosheets and prevents the direct contact between the
electrode and the electrolyte, which effectively suppresses the
vanadium dissolution and side reactions. The capacity
retentions of the coated cathode are improved from 74 to
89% after 100 cycles at 0.5 A g−1 and from 29 to 71% after 990
cycles at 5 A g−1.

2. RESULTS AND DISCUSSION

The valuable phase information on the crystalline structure of
the as-obtained VOH and ZnO@VOH materials was first
characterized by X-ray diffraction (XRD, Figure 1a). All of the
diffractions of the VOH can be indexed to the phase of VO2·
xH2O (JCPDS No. 18-1445) without any impurities.27 The
XRD pattern of the ZnO@VOH reveals the presence of ZnO
after the ALD process, as the three peaks at 31.9, 34.6, and
36.3° can be ascribed to the characteristic (100), (002), and
(101) diffractions of hexagonal ZnO (JCPDS No. 01-075-
0576).28 The strong and sharp diffraction peaks of the ZnO
suggest the high crystallinity of the coated ZnO layer.29 The
surface chemical information of VOH and ZnO@VOH
materials was further explored by X-ray photoelectron
spectroscopy (XPS) measurement. It is obvious that no Zn
signal can be detected at the pristine VOH cathode, while the
Zn 2p XPS spectra present the strong characteristic peaks at
1044.9 and 1021.7 eV that could match well with the Zn 2p1/2
and Zn 2p3/2 signals (Figure S1).30 The high-resolution XPS
spectra of V 2p are given in Figure S2 to further compare the
surface chemical state of vanadium in VOH and ZnO@VOH.
Both of the spectra can be deconvoluted into the V5+ (2p3/2:
517.2 eV) and V4+ signals (2p3/2: 515.9 eV), respectively. The
appearance of the V5+ signal is a common phenomenon for the
VO2 active material, which could be attributed to the surface
oxidation in an air atmosphere.31 Interestingly, it can be seen
that the peak intensity of V5+ decreases in the ZnO@VOH
(Figure S2), which indicates the relatively lower concentration

Figure 1. (A) XRD patterns of the VOH and ZnO@VOH; scanning electron microscopy (SEM) images (B, C), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image (D) with corresponding elemental mapping images (E−H), and TEM images
(I−L) of the as-prepared ZnO@VOH.
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of V5+ on the surface. This experimental result demonstrates
that the surface ZnO coating could effectively decrease the
surface oxidation of the VOH, which could remarkably
enhance the chemical stability of the cathode.
The morphologies of the prepared VOH and ZnO@VOH

were first examined by scanning electron microscopy (SEM).
Both samples present a uniform nanosheet morphology, in
which the nanosheets are uniformly and densely loaded on the
carbon cloth (Figures 1B, C, S3, and S4). It is evident that the
obtained ZnO@VOH can well inherit the overall nanosheet-
like morphology of the VOH precursor, as the binding force
between VOH and carbon cloth is strong and the coated ZnO
layer by ALD technology is conformal and thin. The
morphology of the VOH cathode was further investigated by
transmission electron microscopy (TEM) characterization. As
shown in Figure S5, the VOH exhibits a nanosheet
morphology, which is composed of several stacked sheet
layers. The lattice fringes with an interplanar spacing of 2.52 Å
(Figure S5C) correspond to the (-402) plane of VOH. Then,
to better study the microstructure and composition of the
ZnO@VOH sample, we explored the HAADF-STEM image
and the STEM-energy-dispersive X-ray spectroscopy (EDS)
mapping spectrum of the sample (Figure 1D−H). As
demonstrated in Figure 1D, a bright rough layer was evenly
coated on the surface of the sample, which could be attributed
to heavy atoms of Zn.32 Therefore, it can be speculated that
the surface of the VOH sample is successfully coated with a
ZnO layer composed of nanoparticles, which is confirmed by
the elemental mapping images in Figure 1E−H. Notably, EDS
linear scan spectra across the ZnO@VOH nanosheet further
show the higher content of Zn on the surface of the nanosheet
structure (Figure S6). In Figure 1I,J, clear lattice fringes can be
observed on both surface nanoparticles and the interior
nanosheet area, suggesting the well-crystallized feature of
VOH and ZnO, which is well consistent with the XRD result.
The orange and purple regions are further magnified to study
the detailed structural information, which is presented in

Figure 1K,L. The lattice distance of 5.70 Å corresponds to the
(200) plane of VO2·xH2O, while the interplanar spacing of
2.60 Å corresponds to the (002) plane of ZnO. The above
XRD, TEM, and XPS characterizations unambiguously
demonstrate that the surface of the VOH is successfully
coated by the highly crystalline ZnO layer with a thickness of
approximately 12 nm, and this ZnO layer is dense as it can
effectively prevent the oxidation of surface vanadium under an
air atmosphere. Thermogravimetric analysis (TGA) revealed
the mass ratio of ZnO in the ZnO@VOH. Based on the results
(Figure S7), the mass ratio of ZnO in the total cathode
material was 1.2%.
To evaluate the zinc-storage behavior of the VOH and

ZnO@VOH cathodes, the electrochemical performances were
first evaluated by cyclic voltammetry (CV). The CV curves at a
scan rate of 0.1 mV s−1 within 0.2−1.4 V in Figure 2A
demonstrate the similar electrochemical performance of the
VOH and ZnO@VOH cathode, as they show similar peak
intensities and peak locations. This experimental phenomenon
depicts that the diffusion kinetic of zinc is not hindered by the
surface ZnO layer. The multiple pairs of redox peaks in the first
cycle indicate the multistep carrier’s insertion/desertion
process in the active materials. The highly overlapped CV
curves of the ZnO@VOH cathode in the 2nd and 3rd cycle
(Figure 2B) reveal the highly reversible electrochemical
reaction of the electrode, indicating the superior structural
stability of the sample. To compare the redox reaction kinetics
of VOH and ZnO@VOH cathodes, CV profiles at the scan
rates from 0.1 to 1.0 mV s−1 were collected in the 0.2−1.4 V
range (Figure 2C,E). It is observed that all of the CV curves
were able to retain a relatively similar shape with two pairs of
distinct redox peaks. However, the peaks in the anodic and
cathodic regions tended to shift to the higher and lower
voltages resulting from the increased Ohmic losses along with
the increased scan rates.33 However, both exhibited a similar
peak position and current under the same scan rate, indicating
similar electrochemical kinetics and polarization. Then, the

Figure 2. (A) Initial CV curves at 0.1 mV s−1 for VOH and ZnO@VOH cathodes; (B) CV curves of ZnO@VOH in the 2nd and 3rd cycles under
0.1 mV s−1; CV curves at 0.1−1.0 mV s−1 for VOH (C) and ZnO@VOH (E) cathodes and the corresponding plots of log(i) vs log(V) at cathodic/
anodic peaks (D, F).
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electrochemical behavior of the batteries was investigated by
the calculation of the number of b based on the equation of I =
avb according to the previously reported method.27,34,35 The
value of b close to 0.5 indicates a total diffusion-controlled
process caused by the intercalation of carriers, while a b value
of 1.0 suggests the surface-controlled capacitive storage process
influenced by a surface redox reaction. The b values of VOH
(Figure 2D) were determined to be 0.88 (peak 1) and 0.94
(peak 2), while the corresponding b values of ZnO@VOH
(Figure 2F) were calculated to be 0.87 (peak 1) and 0.92 (peak
2). This implies that the electrochemical kinetics of VOH and
ZnO@VOH electrodes were mainly dominated by the surface-
controlled mechanism. The CV curves of ZnO@VOH under
1.0 to 10.0 mV s−1 are also shown in Figure S8, and the distinct
redox peaks under the high scan rates further confirm the rapid
electrochemical reaction kinetics of the sample. Based on this,
it is believed that the VOH and ZnO@VOH electrodes
present similar electrochemical behavior, and the surface ZnO
layer does not hinder the carrier diffusion into the active
materials.
Subsequently, electrochemical impedance spectroscopic

(EIS) measurements were carried out to further investigate
the electrochemical charge transfer kinetics of the VOH and
ZnO@VOH cathodes, and Figure 3A shows the Nyquist
diagrams of the fresh cells. Obviously, both Nyquist plots were
relatively homologous in a semicircle, indicating a similar
charge transfer resistance of the samples.36 To separate the Zn
anode contribution, the charge transfer impedance of both
materials was tested using a three-electrode system with Ag/
AgCl as the reference electrode. The results are shown in
Figure S9, and the Rct of the VOH electrode was 0.7 Ω, which
increased to 4.2 Ω after the deposition of ZnO. This
experimental result confirms that the deposited ZnO layer
has little negative effect on the ion transport of the samples.
The deposited ZnO is not a fully dense crystalline film, and the
presence of boundaries between ZnO crystal grains can also
allow Zn2+ transport. Moreover, the atomic layer deposition of
ZnO creates O and Zn vacancy defects,37 which are also one of
the pathways for Zn2+ diffusion. To demonstrate the protective
effect of the surface ZnO layer on the electrochemical

performance of the samples, a comparison of the cycling
performance at current densities of 0.5 and 5 A g−1 of the two
samples are shown in Figure 3B, D. At a low current density of
0.5 A g−1, the ZnO@VOH exhibits a better cycling
performance in comparison with VOH. A high discharge
capacity of 365 mA h g−1 can be obtained for ZnO@VOH in
the first cycle, which is retained as 323 mA h g−1 after 100
cycles, corresponding to the capacity retention of 89%. The
VOH also delivered a high discharge capacity of 345 mA h g−1

in the first cycle; nevertheless, it quickly decreased to 254 mA
h g−1 after 100 cycles, exhibiting a much lower capacity
retention of 74%. After 500 cycles, the capacity retention was
54% for the ZnO@VOH and only 43% for the VOH (Figure
S10). Figure 3C shows the corresponding galvanostatic charge-
discharge (GCD) curves obtained from the 1st, 20th, 50th, and
100th cycles. The newly emerged plateaus at a potential of 0.90
V correspond to the occurrence of the irreversible phase of
Zn3V2O7(OH)2·2H2O, which is consistent with the previous
research.27 The phenomenon could relate to the incomplete
reversible insertion/desertion of Zn2+, as the strongly polariz-
ing divalent Zn2+ has a strong electrostatic interaction with the
host lattice, resulting in the collapse of the original structure
during the electrochemical process. Furthermore, the cycling
performance of the VOH and ZnO@VOH cathodes under a
high current density of 5 A g−1 is also compared (Figure 3D).
Before the test, the cells were first cycled under 0.5 A g−1 for
10 cycles to realize cell activation. The ZnO@VOH showed a
satisfactory capacity retention of 71% after 990 cycles, much
higher than that of VOH (29%). It is believed that the V-based
materials suffer from the dissolution issue in the aqueous
electrolyte, leading to quick capacity degradation. With the
help of the ALD ZnO layer, the dissolution of vanadium would
be partially inhibited and slowed down, resulting in an
integrated electrode structure and better cycling performance.
To directly explore the chemical interaction of an aqueous

electrolyte with the electrodes, the VOH and ZnO@VOH
cathodes were immersed in the electrolyte for 30 days and the
electrolyte colors were compared. The electrolyte with VOH
changed from colorless to yellow after 30 days, while the
electrolyte with ZnO@VOH remained unchanged (Figure

Figure 3. Nyquist plots (A) and cycling performances of the VOH and ZnO@VOH cathodes at 0.5 (B) and 5 A g−1 (D); galvanostatic charge/
discharge curves for ZnO@VOH at 0.5 A g−1 (C).
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4A). This evidence clearly confirms that the ALD-coated ZnO
could effectively protect VOH from dissolution in the
electrolyte. The morphological evolutions of the VOH and
ZnO@VOH electrodes cycled at 0.2 A g−1 for 20 cycles were
also compared by ex situ SEM (Figures 4B, C, S11, and S12).
The nanosheet morphology of ZnO@VOH was well preserved
after the electrochemical process, while the morphology of
VOH experienced great change as the nanosheets became
irregular and the boundaries between nanosheets became
unclear, indicating significant destruction of the nanosheet
structure. The ex situ HAADF-STEM image of cycled ZnO@
VOH also revealed that the surface ZnO layer is well retained
as the edge of the nanosheet is much brighter than the rest of
the regions (Figure 4D). The EDS linear scan spectra across
the cycled ZnO@VOH nanosheet further confirm the higher
Zn content on the nanosheet surface (Figure 4E). The strong
Zn signal across the nanosheet after cycling may result from
the incomplete reversible insertion/desertion of strongly
polarizing divalent Zn2+ during the electrochemical process.
Finally, ex situ XRD was applied to investigate the structural
evolution after the electrochemical process (Figure 4F). The
characteristic diffraction peaks of ZnO disappeared after the
tests, corresponding to the amorphization of ZnO after the
repeat Zn2+ insertion/desertion process. In addition, a new
peak at 12.6° appeared after five cycles, and the peak intensity
also gradually increased with the cycle numbers. It can be
ascribed to the generation of Zn3V2O7(OH)2·2H2O (JCPDS
No. 01-087-0417) in the electrochemical process, which is
consistent with the ex situ HAADF-STEM image and GCD
results. However, the main diffraction peaks of VOH were well
retained, which means that the ZnO@VOH is stable during
the cycling process. It was found that the surface ZnO layer
could not only protect the active materials from dissolution in
the electrolyte but also act as a water shield to reduce the
insertion of water molecules into the electrode material, finally
preventing the irreversible structural transformation during the
test and leading to superior cycling stability.

3. CONCLUSIONS

In conclusion, an ultrathin layer of ZnO was fabricated on the
surface of a hydrated vanadium dioxide nanosheet array by
atomic layer deposition. The crystalline layer was uniformly
coated on the nanosheets without changing the morphology,
which not only protected the cathode from vanadium
dissolution and other side reactions induced by water but
also allowed the transport of zinc ions with well-maintained
electrochemical kinetics. Benefiting from the protective effect
of the ZnO layer, the capacity retentions of the coated cathode
improved from 74 to 89% after 100 cycles at 0.5 A g−1 and
from 29 to 71% after 990 cycles at 5 A g−1. The structural and
morphological evolutions of the cathode after cycling were also
investigated, which revealed the stability of the ZnO layer and
confirmed the protective effect of the ALD layer. This effective
strategy may also be extended to the protection of other
cathodes suffering from the dissolution issue.

■ EXPERIMENTAL METHODS
Synthesis of VOH and ZnO@VOH. VOH was synthesized by the

hydrothermal method as follows: 2 mmol of V2O5 and 6 mmol of
H2C2O4·2H2O were dissolved in 12 mL of ultrapure water and stirred
at 75 °C for 2 h until a blue-black transparent solution was obtained.
When the current bulk solution was cooled down to room
temperature, 3 mL of H2O2 (30 wt%) solution was added dropwise
and stirred for 20 min, and then 65 mL of anhydrous ethanol was
added. Then, the pretreated carbon cloth together with the precursor
solution was transferred to a poly(tetrafluoroethylene) autoclave.
Finally, the hydrothermal reaction was carried out at 180 °C for 100
min. After cooling down to room temperature, the prepared material
was removed and washed with ultrapure water and dried to finally
obtain VOH. For the preparation of ZnO@VOH, diethyl zinc was
used as the zinc source for ALD, and the reaction temperature was
100 °C. ZnO@VOH was obtained after 100 cycles of deposition on
VOH. For the preparation of ZnO@VOH, diethyl zinc was used as
the zinc source in the atomic layer deposition system (Cambridge
Nanotech Savannah S100), and the reaction temperature was 100 °C.
Each cycle was as follows: a pulse of water vapor (0.02 s), waiting (20
s), a pulse of diethyl zinc vapor (0.02 s), and waiting again (20 s).
ZnO@VOH was obtained after 100 cycles of deposition on VOH.

Figure 4. (A) Digital images of the VOH and ZnO@VOH cathodes immersed in the electrolyte;(B, C) SEM images of the ZnO@VOH electrode
after 20 cycles; HAADF-STEM image (D) and corresponding linear mappings (E) of the ZnO@VOH electrode; (F) Ex situ XRD patterns of the
VOH/CC cathode after different cycles.
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Material Characterization. SEM images were collected using a
JEOL JSM-7100F, which can also provide EDS signals. XRD
measurements were carried out to perform the crystallographic
structural analysis of electrodes on a D8 ADVANCE X-ray
diffractometer. TEM was performed using a Titan G2 60-300. XPS
spectra were acquired using a VG MultiLab 2000 instrument.
Electrochemical Measurement. The electrodes were cut into

small pieces of 1 cm × 1 cm and used as cathodes. The amount of
active material loaded on each small piece was about 2 mg cm−2.
Using a zinc foil with a diameter of 1.6 cm as the anode, a glass fiber
filter membrane as the separator, and 3 M Zn (CF3SO3)2 as the
electrolyte, the battery was assembled in the shell of a CR2016 coin
battery. All of the test coin batteries used in this work were assembled
in an indoor room temperature environment. EIS was performed by
an electrochemical method with a frequency range of 100 kHz to 0.01
Hz. The constant current charge and discharge test was carried out on
the multichannel battery test system (Neware-BTSDA).
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