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Efficient and Effective Synthesis of CaV6O16·2.7H2O as
High-Performance Cathode Material for Aqueous Zinc Metal
Batteries

Mengyao Li, Xu Liu, Juan Wu, Xu Dong,* Yude Wang,* and Stefano Passerini*

Vanadium oxide-based materials are considered to be among the most
promising positive electrode candidates for aqueous zinc-metal batteries
(AZMBs). However, complex processes, high costs, and insufficient yields of
their preparation methods limit further application. Herein, an efficient and
effective oil bath method is presented for the preparation of CaV6O16·2.7H2O
(CaVO), offering promising performance as cathode material for AZMBs. With
commercial crystalline V2O5, Ca(CH3COO)2, and water as raw materials,
phase-pure CaVO with 42.8 g per batch and a yield of 98.8% can be obtained
through the reaction at 90 °C for 6 h. It is further demonstrated that the
pre-intercalated Ca2+ and H2O not only expand the interlayer spacing from
4.38 Å for V2O5 to 8.21 Å for CaVO but also stabilize the interlayer structure of
vanadium oxides, promoting the reversibility of CaVO toward the
de-/intercalation of Zn2+/H+. In addition, density-functional theory
calculations show that the introduction of Ca2+ and H2O effectively improves
the diffusion kinetics of Zn2+ in CaVO. As a result, CaVO provides high
specific capacity (379 mAh g−1 at 0.05 A g−1) and promising long-term
cyclability (94.4% capacity retention after 2200 cycles at 1 A g−1),
demonstrating the efficient and effective synthesis of vanadium oxide-based
cathode materials for high-performance AZMBs.

1. Introduction

As fossil fuel scarcity and environmental pollution increase,
more and more countries are committing to the goal of carbon
neutrality.[1] The development and utilization of renewable and
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clean energy sources such as solar
and wind are keys to achieving car-
bon neutrality.[2] However, these re-
newable sources are intermittent and
unstable, which leads to the urgent
development of efficient energy storage
devices to store the generated power.
In recent years, aqueous zinc metal
batteries have attracted increasing at-
tention due to their high safety, low
cost, and impressive electrochemical
performance, expected to be used in
large-scale stationary energy storage.[3]

Cathode materials are an important
component determining the electro-
chemical performance of AZMBs.
A large number of electrode materi-
als with different crystal structures,
chemical compositions, and morpholo-
gies have been reported, including
vanadium-based oxides,[4] manganese-
based oxides,[5] Prussian blue analogs,[6]

organic compounds,[7] and some other
materials. Among them, vanadium-
based materials with multiple valence
states (from +2 to +5) and open crystal

structures, promising high theoretical capacity and rate capabil-
ity, have attracted much attention.[8] However, the strong electro-
static interaction between Zn2+ and V2O5 still limits the diffu-
sion kinetics of Zn2+ and the repeated de-/intercalation of Zn2+

results in structural collapse and rapid capacity degradation.[9]
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Various efforts have been made to solve these problems. For ex-
ample, pre-inserting dopants are considered a feasible method to
expand the interlayer spacing of vanadium oxides, which, conse-
quently, improves the diffusion kinetics of Zn2+ and the struc-
tural stability.[10] In 2016, Kundu et al.[11] reported for the first
time a Zn0.25V2O5·nH2O layered material with Zn2+ pillaring the
V-O slabs as the cathode material for aqueous zinc metal batter-
ies. The large interlayer spacing and nanobelt morphology with
a high aspect ratio provide channels for the transport of Zn2+

and electrons, respectively. Here, the Zn2+ ions act as pillars,
stabilizing the interlayer structure and enabling a high specific
capacity of 300 mAh g−1 with a remarkable capacity retention
of 80% after 1000 cycles. Since then, various metal and non-
metallic ions (Li+, Na+, K+, NH4

+, Ba2+, Mg2+, Cu2+, Al3+, etc.)
have been pre-intercalated into the interlayer of vanadium ox-
ides, effectively mitigating the interlayer sliding and structural
collapse issues.[12] In addition, it was also found that structural
H2O molecules in the interlayer have a significant effect on im-
proving the diffusion kinetics of Zn2+. Yan et al.[13] systematically
investigated the chemical composition and crystal structure evo-
lution of the V2O5·nH2O cathode during dis-/charge. The results
show that the presence of structured water can reduce the effec-
tive charge of Zn2+, thus reducing the electrostatic interactions
between Zn2+ and V2O5, which is favorable for the reversible de-
/intercalation of Zn2+.

Despite this progress, previous studies mainly focused on the
electrochemical properties of materials themselves, overlooking
the difficulty of their synthesis methods for practical applica-
tions. The practical application of vanadium-based materials is
limited by the lack of an effective and efficient synthesis with
high yield. Most of the vanadium-based oxide materials reported
to date for aqueous zinc batteries are prepared via hydrothermal,
sol-gel, and solid-phase sintering methods.[14] Although the pre-
pared vanadium-based oxide cathodes exhibit excellent electro-
chemical properties, the drawbacks of these methods cannot be
ignored. The solid-phase sintering method is feasible for scal-
ing up preparation of vanadium oxides in a few hours, but the
high-temperature sintering process increases energy consump-
tion and adds higher requirements on equipment.[15] Moreover,
sintering temperatures above 350 °C remove the water molecules
in the interlayer spacing, reducing the interlayer distance. The
sol-gel method allows the synthesis of hydrate vanadium oxides
with fine nano-/microstructure at room temperature, but the
preparation process requires multiple steps and, particularly, a
long synthesis time of up to several days.[16] Hydrothermal meth-
ods well balancing the reaction duration and reaction tempera-
ture have been the most commonly adopted methods to prepare
vanadium oxide-based materials. Nonetheless, reaction temper-
atures above 100 °C and, consequently, high pressure, together
with a reaction duration of tens of hours, still raise concerns
about safety and large-scale production.[17] In addition, the syn-
thesis of some vanadium-based materials is sensitive to the pH
of the solution, which further increases the complexity and diffi-
culty in the preparation of phase-pure materials.[18] Therefore, de-
veloping a simple and efficient synthesis process for vanadium-
based materials with high performance is a meaningful task.

In this work, we report a mild, low-cost, and high-yield syn-
thesis of CaV6O16·2.7H2O (CaVO) and explore its energy stor-
age mechanism in aqueous electrolytes. Phase-pure CaVO with

42.8 g per batch and a yield of 98.8% can be obtained via facile oil-
bath heating the reactant at 90 °C for 6 h, which offers significant
advantages over previous preparation procedures in terms of sim-
plicity, time, and cost. In addition, the CaVO cathode shows high
specific capacity and excellent long-term stability due to its large
layer spacing and water lubrication effects. Moreover, we con-
firmed its structural stability during cycling and demonstrated
that the introduction of Ca2+ and H2O enhances Zn2+ diffusion,
improving overall performance.

2. Results and Discussion

2.1. Structure Characterization

CaVO was synthesized at moderate temperature employing an oil
bath and commercial crystalline V2O5, Ca(CH3COO)2, and water
as raw materials (Figure 1a). Upon heating the solution/slurry
of the reagents with the oil bath at 90 °C for 6 h, phase-pure
CaVO (42.8 g per batch) was obtained with a yield of 98.8%.
More information on the experimental procedure can be found in
Supporting Information. The crystalline V2O5 consists of [VO5]
square pyramids without any ion or water between the V-O lay-
ers. Upon heating, H2O in the solution attacks the exposed vana-
dium in [VO5], resulting in partial conversion of [VO5] to [VO6]
(see Figure 1a).[17a] As a result, [VO5] tetrahedral cones and [VO6]
octahedra, which are co-rimmed with each other, are connected
at common angles to form V3O8 layers aligned along the c-axis
of CaVO. Meanwhile, the positively charged Ca2+ stabilizes the
lamellar structure by forming Ca-O bonds with the negatively
charged oxygen in the adjacent V-O layer through electrostatic
attraction.[19] Therefore, the H2O molecules and Ca2+ distributed
in the interlayers not only expand the interlayer spacing from 4.38
Å of pristine V2O5 (PDF 41–1426) to 8.50 Å of CaVO but also act
as pillars stabilizing the layered structure, which is expected to
promote the electrochemical performance in AZMBs.

The crystal structure of the sample was characterized by X-ray
diffraction (XRD). As shown in Figure 1b, all the diffraction fea-
tures can be indexed to the corresponding diffraction reflections
of CaV6O16·3H2O (PDF 33–0317). The amount of structural wa-
ter in the material was further determined by thermogravimetric
analysis (TGA) (Figure 1c). The weight loss before 130 °C can
be attributed to the water weakly adsorbed on the surface, while
the weight loss between 130 and 500 °C is ascribed to the wa-
ter molecules in the interlayer of the CaVO. Based on the second
weight loss, i.e., 7.48 wt.%, the molecular formula of the prepared
sample is verified to be CaV6O16·2.7H2O. Figure 1d displays the
Raman spectrum of the obtained CaVO. Various features reflect-
ing the local bonds between vanadium and oxygen can be ob-
served, as summarized in Table S1 (Supporting Information).
The peak located at 240 cm−1 can be assigned to the vibration
of the Ca-O bond,[20] demonstrating that Ca2+ is successfully in-
troduced into the interlayer and bonding to the terminal oxygen
in the V-O layer.

XPS was used to characterize the surface valence state
of CaVO. The XPS survey spectrum is displayed in Figure
S1(Supporting Information). Besides the C 1s peak commonly
originating from contamination, only peaks related to Ca, V, and
O are observed. The high-resolution XPS spectrum of O 1s is
shown in Figure 1e. The peaks at 530.3, 531.5, and 532.6 eV can
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Figure 1. a) Schematic diagram of the preparation process as well as the crystal structure of CaVO. b) XRD patterns, c) TAG curves, and d) Raman
spectrum of CaVO. High-resolution XPS spectra of e) O1s, f) V 2p, and g) Ca 2p for CaVO.

be indexed as O2−, oxygen vacancies, and H2O, respectively. The
presence of oxygen vacancies can provide more active sites and
regulate the surface adsorption and internal diffusion of Zn2+,
thereby enhancing ion and charge transfer kinetics.[21] Figure 1f
shows the high-resolution XPS spectra of V 2p, in which the
peaks at 517.2 and 524.9 eV correspond to V 2p3/2 and V 2p1/2 of
V5+, respectively, while the peaks at 516.3 and 523.9 eV originate
from V 2p3/2 and V 2p1/2 of V4+, respectively. These results sug-
gest that most vanadium has a valence state of +5 and a smaller
fraction has a valence state of+4 in the prepared CaVO. The high-
resolution XPS spectrum of Ca 2p in Figure 1g demonstrates the
presence of Ca2+ in the prepared CaVO.

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) were carried out to explore the morphol-
ogy and structure of CaVO. As shown in Figures 2a,b, and S2
(Supporting Information), the prepared CaVO consists of uni-

form nanoribbons with a width of ≈100–300 nm and a length
of up to several μm. It is worth noting that this nanobelt struc-
ture, which extends along a single directional axis, has a natu-
ral geometric advantage in ion transport.[22] At the same time,
the 1D nanostructure provides a direct pathway for efficient
charge transport, which can reduce the diffusion distance of
Zn2+ and accelerate the transport kinetics in the electrode.[23]

TEM images (Figure 2c) also confirm that CaVO consists of ul-
trathin nanoribbons. The high-resolution TEM (HRTEM) im-
age shows an interlayer spacing of 0.850 nm (Figure 2d), which
corresponds to the (002) lattice crystal plane of CaVO and is
in good agreement with the XRD results. In addition, it is ob-
served from the energy dispersive spectrometer (EDS) mapping
(Figure 2e) that Ca, V, and O are uniformly distributed in the
nanoribbons, which further reflects the successful preparation of
CaVO.
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Figure 2. a,b) SEM images, c) TEM image, and d) HRTEM image of CaVO. e) TEM image of CaVO, and corresponding EDS elemental mapping of Ca,
O, and V, respectively.

2.2. Electrochemical Properties

To evaluate the electrochemical performance of CaVO as cath-
ode material in aqueous zinc metal batteries, coin cells were as-
sembled employing Zn foil and 3 m Zn(CF3SO3)2 as anode and
electrolyte, respectively. Figure 3a depicts the cyclic voltamme-
try (CV) curves of the cell at a scan rate of 0.1 mV s−1. Two
pairs of distinct redox peaks (0.97/0.72 V and 0.65/0.46 V) can
be observed, suggesting a multistep de-/intercalation behavior
in the electrolyte. The cells were subjected to galvanostatic dis-
/charge to evaluate the specific capacity. Figure 3b displays the
dis-/charge profiles at 0.1 A g−1. All four dis-/charge profiles ex-
hibit identical shapes and specific capacities. Two pairs of volt-
age plateaus can be observed, which correspond to the two pairs
of redox peaks in the CV curves. In addition, the rate capability
of the cells was tested with galvanostatic dis-/charge at various
specific current rates. The dis-/charge profiles at the different
current rates are shown in Figure 3c, and the obtained specific
capacity is summarized in Figure 3d. At 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 0.7, 1, 1.25, 1.5, 1.75, and 2 A g−1, the discharge specific ca-
pacity was 379, 341, 306, 282, 268, 256, 233, 206, 182, 163, 147,
and 131 mAh g−1, respectively. When the specific current was re-
turned to 0.5 A g−1, the CaVO cathode was still able to deliver
a discharge-specific capacity of 250 mAh g−1, corresponding to

97.7% of the initial capacity at 0.5 A g−1. Based on the GITT per-
formed at 0.05 A g−1 (Figure S4, Supporting Information), the
calculated diffusion coefficient for the intercalating species is in
the range of 10−9 to 10−10 cm2 s−1. The cycling stability of CaVO
was evaluated via long-term dis-/charge cycling at 0.2 A g−1 af-
ter three activation cycles at 0.05 A g−1. The evolution of specific
capacity and Coulombic efficiency upon the test is displayed in
Figure 3e, and the dis-/charge profiles at a few selected cycles are
shown in Figure 3f. After 500 cycles, its capacity retention was
88.5%, demonstrating the high cyclability of the prepared CaVO
as a cathode material for aqueous zinc metal batteries. The cy-
clability was further tested at an elevated specific current (1 A
g−1). Impressively, the CaVO cathode offered a capacity retention
of 94.4% after 2200 cycles. The regular fluctuations of the spe-
cific capacity observed in Figure 3g are caused by the changes
in ambient temperature over the 24 h period.[19] For example,
the cell underwent 73 charge/discharge cycles between the first
and second peaks, taking ≈24 h. This behavior was, in fact, pe-
riodically observed in the subsequent cycling. The ambient tem-
perature affects the ionic conductivity of the electrolyte and the
electrochemical activity of the electrode materials.[24] Specifically,
lower temperatures result in capacity reduction. As a result, the
cell exhibited higher specific capacity during the day compared
to the night. Additionally, it is noticed that the different current
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Figure 3. Electrochemical performance of CaVO as a cathode in aqueous zinc metal batteries. a) CV curves at 0.1 mV s−1 sweep rate. Galvanostatic
dis-/charge profiles b) in the initial 4 cycles at 0.1 A g−1 and c) increasing specific current rates from 0.05 to 2.0 A g−1. d) Evolution of specific capacity
upon the rate capability test. Evolution of specific capacity and Coulombic efficiency upon the cyclability test at e) 0.2 A g−1 and g) 1.0 A g−1. f) The
dis-/charge profiles at a few selected cycles upon the cyclability test at 0.2 A g−1.

rates affect the capacity evolution trend in early cycling. At low
specific current, the high number of ions intercalated into CaVO
leads to a more pronounced reorganization of the electrode mate-
rial, leading to the observed capacity decrease in the initial cycles
(Figure 3e). At higher specific current, e.g., 1 A g−1 (Figure 3g),
the cell exhibits lower specific capacity, i.e., fewer guest ions are
intercalated into CaVO. This weakens the extent of the active ma-
terial’s reorganization and its effect on specific capacity. Addition-
ally, the electrode applied with a high specific current exhibits
higher polarization and nonuniform diffusion of the intercalated
ions, which results in the poor utilization of the active material
during the initial cycles. However, as cycling progresses, these
issues gradually reduce, which increases specific capacity in the
early cycles. Nonetheless, these results indicate that CaVO ex-
hibits excellent cyclability under both high and low specific cur-

rents. Table S2 (Supporting Information) presents a comparison
of various vanadium-based cathode materials, encompassing the
synthesis method and corresponding conditions and the electro-
chemical performance. It is observed that the synthesis herein
reported has a significant advantage over the others from the
facile and yield point of view. Despite the preparation at this large
batch, the prepared CaVO exhibits promising electrochemical
performance.

In a further step, we increased the mass loading from 1.5–
2.0 to 6 mg cm−2. After two activation cycles at 100 mA g−1

(0.6 mA cm−2), the cell tested at 0.3 A g−1 delivered 251 mAh g−1

(Figure 4a), corresponding to an areal capacity of 1.51 mAh cm−2,
at a current density of 1.8 mA cm−2. After 100 cycles, 92.7% of
the initial capacity was still delivered. The dis-/charge profiles of
a few selected cycles are displayed in Figure 4b. The raw material,

Adv. Energy Mater. 2024, 2404037 2404037 (5 of 11) © 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Electrochemical performance of high loading CaVO cathodes in coin cells and pouch cells. a) Evolution of specific capacity, areal capacity, and
Coulombic efficiency upon the cyclability test at 0.3 A g−1 of a Zn/CaVO coin cell. b) Dis-/charge profiles at a few selected cycles upon the cyclability test
at 0.3 A g−1 of the coin cell. Evolution of specific capacity, areal capacity, and Coulombic efficiency upon the cyclability test at c) 0.3 A g−1 and e) 1.0 A
g−1 of pouch cells after two formation cycles at 0.1 A g−1. d) Dis-/charge profiles of the of pouch cell at a few selected cycles upon the cyclability test at
0.3 A g−1. f) Photograph of the pouch cell powering an electronic watch and the schematic illustration the pouch cell.

i.e., V2O5, for the preparation of CaVO was also tested with the
same test protocol. As displayed in Figure S5 (Supporting Infor-
mation), V2O5 exhibited only 41 mAh g−1 at 0.3 A g−1. These re-
sults further demonstrate the potential application of CaVO ma-
terial at large loading and highlight a notable performance advan-
tage over V2O5.

CaVO electrodes with areal loading of 5.0–5.2 mg cm−2 were
further used to assemble single-layer pouch cells. After two for-
mation cycles at 0.1 A g−1 (0.5 mA cm−2), a pouch cell was
dis-/charged at 0.3 A g−1 (1.5 mA cm−2), delivering 251 mAh
g−1 (i.e., as for the coin cell test) with 96.0% capacity retention
after 150 cycles (Figure 4c). A few selected galvanostatic dis-
/charge cycle profiles at 0.3 A g−1 are provided in Figure 4d.
The cyclability was further tested at an elevated specific cur-
rent (1 A g−1), and the results are displayed in Figure 4e. No-
tably, 198 mAh g−1 was delivered at 1.0 A g−1 (5.2 mA cm−2)
with no capacity fading after 250 cycles. In addition, the pre-
pared pouch cell is capable of successfully powering an electronic
watch (Figure 4f). The electrochemical behavior at this high
areal mass loading and in the pouch cell configuration demon-
strates the potential use of CaVO electrode material for practical
application.

The promising cyclability of the prepared CaVO, particularly
with respect to the V2O5 raw material, can be attributed to
the high structural stability endowed by the Ca2+ in the V-O
interlayer.[25] Inductively Coupled Plasma Optical Emission Spec-
trometer (ICP-OES) was employed to analyze the molar ratios of
V to Ca of the electrode material after different dis-/charge cy-
cles. The content of Ca in pristine CaxV6O16 and after 1, 10, and
100 cycles were measured to be 1.09, 0.89, 0.71, and 0.71, re-
spectively. During the cycling process from the 1st to the 10th
cycle, x decreased from 0.89 to 0.71, indicating a slight leaching
of Ca2+. However, by the 100th cycle, the value of x remained at
0.71. Therefore, ≈65% of the pristine Ca2+ still presents in the
interlayer of CaVO, contributing to the stabilization of the crys-
tal structure even upon long-term dis-/charge cycling. Addition-
ally, the qualitative dissolution of CaVO and V2O5 in the elec-
trolyte was tested (Figure S3, Supporting Information). Specifi-
cally, 0.05 g CaVO or 0.05 g V2O5 were added into 5 mL of the 3 m
Zn(CF3SO3)2 aqueous electrolyte. After 14 days, the electrolyte
contacting V2O5 changed from colorless to yellow, demonstrating
the leaching of vanadium, while the electrolyte contacting CaVO
was still colorless. These results demonstrate that CaVO has a
lower solubility than V2O5 in the electrolyte.
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Figure 5. (a) Typical dis-/charge profile at 0.1 A g−1 of the electrodes further subjected to ex-situ XRD. (b,c) Ex-situ XRD patterns and (d) ex-situ
FTIR spectra of CaVO electrodes at various states of charge in the first cycle. High-resolution (e)V 2p and (f) Zn 2p XPS spectra of fully charged and
discharged CaVO electrodes. TEM image of CaVO (g) fully discharged and (h) fully charged states and corresponding EDS elemental mapping of Ca, O,
and V, respectively.

2.3. Energy Storage Mechanism

To investigate the energy storage mechanism of CaVO, some se-
ries of ex situ characterizations were carried out toward CaVO
electrodes at different states of charge in the initial dis-/charge

cycle at 0.1 A g−1. The crystal structure evolution of the elec-
trodes was first characterized with ex situ XRD, and the results
are shown in Figure 5a–c. When the electrode is discharged to a
voltage below 0.72 V, a series of new diffraction peaks at 6.4°,
13.0°, 19.6°, and 33.1° can be observed, which corresponds to
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a layered double hydroxide (BZS), i.e., Znx(OTf)y(OH)2x-y·nH2O
accordingly to the previous literature.[26] Notably, the diffraction
peaks of Znx(OTf)y(OH)2x-y·nH2O exhibited a slight shift for the
different samples, which can be ascribed to the change of the
chemical formula, e.g., x, y, and n. In particular, the drying pro-
cess during the sample preparation could change the amount of
water (n) in the interlayer, thereby altering the interlayer distance
and the diffraction peaks. Since this compound originates from
the precipitation reaction between Zn(CF3SO3)2 and OH−, it is
considered an indicator of increased local pH value due to the
intercalation of H+ into CaVO.[27] Figure S6 (Supporting Infor-
mation) displays the SEM images of the fully discharged elec-
trode. As it can be seen, the electrode surface is fully covered with
the generated BZS byproducts. On the contrary, upon the charge,
these new diffraction peaks show decreasing intensity along with
the increase of the charging depth and almost disappear at the
fully charged state (1.6 V). This indicates the disappearance of
the BZS byproduct, which is also visualized in the SEM image of
the fully charged electrode (Figure S7, Supporting Information).
The formation and disappearance of the BZS upon discharge and
charge, respectively indicate for the reversible intercalation and
de-intercalation of H+ in CaVO with this electrolyte.

In addition to the BZS phase, the shift of the (002) crystalline
plane feature of CaVO is also observed during the dis-/charge
processes, as displayed in Figure 5c. During discharge, the peak
gradually shifted to higher 2𝜃, indicating the decrease of the inter-
layer distance, which can be attributed to the strong electrostatic
attraction between the intercalated guested ions and the nega-
tively charged (V6O16)2− layer.[28] This peak then shifted back to
lower 2𝜃 values during the subsequent charge and returned to
the initial position at the fully charged state, indicating the recov-
ery of the interlayer distance upon charge. This reversible change
of the peak position and the interlayer spacing confirms the re-
versibility and flexibility of the CaVO crystal structure upon the
dis-/charge processes.

Ex situ FTIR was used to further investigate the structural
changes of the CaVO cathode during the initial dis-/charge cy-
cle (Figure 5d). The intensity of S = O (at 1231 and 1169 cm−1)
and C-F (1036 cm−1) peaks were significantly enhanced during
discharge,[29] which is associated with the generation of BZS at
the electrode surface. After a charge, all the characteristic peaks
are almost restored to the same state as the original peaks, corre-
sponding to the decomposition of BZS, which is consistent with
the ex situ XRD resuts. It is worth noting that ion intercalation
usually leads to an increase in the intra-layer stress, which is
also confirmed with ex situ FTIR.[30] For example, the band at
526 cm−1 belongs to a V-O-V-O chain with a laminar structure,
which gradually moves to higher wavenumbers during the dis-
charge, indicating an increase in the intra-layer stress upon inter-
calation of the guest ions. In contrast, the peak gradually moves to
lower wavenumbers during charge, finally returning to the initial
position at the fully charged state. This corresponds to the release
of the intra-layer stress after the guest ions are de-intercalated
from CaVO. These results once again demonstrate the reversible
intercalation process in the synthesized CaVO.

Ex situ XPS was also conducted on CaVO electrodes at the
fully discharged and charged states. Figure 5d displays the V 2p
XPS spectra. The signals originating from both V5+ and V4+ are
observed from both the fully charged and fully discharged elec-

trodes. The peak area ratio between V5+ and V4+ is higher for the
fully charged CaVO electrode (7.4) with respect to the fully dis-
charged CaVO electrode (5.7), which indicates that some of the
V5+ ions are reduced to V4+ upon discharge. The Zn 2p high-
resolution XPS spectra of the electrodes are shown in Figure 5f.
Since the generated BZS contains zinc, it is not possible to know
whether the signal observed in the fully discharged sample re-
ceives the contribution from the Zn2+ intercalated into CaVO.
Nonetheless, the fully charged sample also shows a distinguished
signal in the Zn 2p high-resolution XPS spectra, which can be at-
tributed to residual Zn2+ intercalated into CaVO as the previous
interference phase, i.e., BZS, is not present at the fully charged
state (Figure 5b and Figure S7, Supporting Information).[31] This
result demonstrates the occurrence of Zn2+ de-/intercalation for
the CaVO electrode in aqueous zinc metal batteries.

TEM images of CaVO particles of fully discharged and charged
electrodes are shown in Figure S8 (Supporting Information). It is
observed that the intercalation and de-intercalation of Zn2+ and
H+ do not change the micro-morphology of CaVO (Figure S8a,c,
Supporting Information). The HRTEM images of the CaVO par-
ticle at the fully discharged state (Figure S8b, Supporting Infor-
mation) show a slight contraction of the (4̄06) plane (from ini-
tial 2.628 to 2.602 Å). For the fully charged sample, the lattice
spacing recovers to 2.622 Å (Figure S8d, Supporting Informa-
tion). The lattice breathing observed from the HRTEM images is
consistent with the ex situ XRD results, which demonstrate the
reversible de-/intercalation process during the dis-/charge cycle.
The EDS mapping images of the CaVO particles from the elec-
trodes at the fully discharged and fully charged states are shown
in Figure 5g,h. The uniform distribution of Ca, V, and O matches
well with the TEM images. Particularly, the presence of Ca in the
fully charged state indicates that the Ca2+ ions in the interlayer
are not released upon charge and therefore function as pillars
stabilizing the structure of the material. For the fully discharged
sample, some parts of the CaVO particle show a strong Zn signal,
which could be from the generated BZS. Even though, the Zn sig-
nal is also observed throughout the entire CaVO particle, which
implies intercalation of Zn2+. More solid evidence of Zn2+ inter-
calated into CaVO is given by the fully charged sample, as the Zn
signal is still observed (Figure 5h) while BZS is not present in
this electrode. Nonetheless, the Coulombic efficiency of the dis-
/charge cycle reaches 99.6%, indicating that the irreversible pro-
cess is very limited. This result is consistent with the XPS results
of the CaVO electrodes.

2.4. DFT Theoretical Calculations

The previous experimental results demonstrate a high struc-
tural stability of CaVO upon repeated electrochemical de-
/intercalation. This could be related to the Ca2+ ions in the inter-
layer, as it has been reported that the pillar agent in the interlay-
ers can weaken the electrostatic interactions between the [VOn]
layer and Zn2+.[32] To study the effect of Ca2+ as the pillar agent
on the kinetics of Zn2+ ion diffusion, density-functional theory
(DFT) calculations were conducted. As shown in Figure 6a, Ca2+

is found to generate Van der Waals forces through hydrogen
bonding with lattice oxygen and water molecules, elucidating the
strong bonding between the V-O layer and Ca2+ as well as the
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Figure 6. a) Structural diagram of Zn2+ inserted in the CaVO structure. b) Differential charge densities of inserted Zn2+ in CaVO c,d) Simulated diffusion
paths of Zn2+ along the a- and b-axis in CaVO, and e) diffusion energy barriers of Zn2+ along the two paths (a- and b-axis).

enlarged layer spacing. The differential charge density analysis
when a single Zn2+ is inserted into the layered structure is shown
in Figure 6b. The yellow region indicates the accumulation of
electrons, and the blue region indicates the depletion of electrons
(0.002 eV Å−3 for the equivalent face value). Calculations show
that CaVO has an off-domain electron cloud, which helps to pro-
mote charge transfer kinetics and thus improves the reversibil-
ity of the cell during deep cycling.[29] To further understand the
diffusion path of Zn2+ into the material, simulations were per-
formed based on the lattice structure properties of CaVO. The
diffusion paths of Zn2+ migration between the V3O8 layers of
CaVO, along the a-axis (path I) and b-axis (path II) are shown
in Figure 6c,d, respectively. Subsequently, the diffusion potential
barriers of Zn2+ in CaVO were further calculated along these two
paths. As displayed in Figure 6e, Zn2+ tends to diffuse along the
a-axis in CaVO with a low energy barrier of 0.27 eV.

3. Conclusion

Phase-pure CaVO has been successfully prepared at mild tem-
perature via an effective and efficient “oil bath” method. With
commercial crystalline V2O5, Ca(CH3COO)2, and water as the
raw materials, phase-pure CaVO with 42.8 g per batch and a yield
of 98.8% can be obtained via facile oil-bath heating the reactant
at 90 °C for 6 h, which offers significant advantages over previ-
ous preparation procedures in terms of simplicity, time, and cost

reduction. The physical and electrochemical investigation indi-
cates that pre-intercalated Ca2+ ions and H2O not only signifi-
cantly widen the layer spacing, but also stabilize the crystal struc-
ture. In addition, DFT calculations show that the introduction of
Ca2+ and H2O can weaken the electrostatic interactions between
Zn2+ and the V-O layer, thus effectively improving the diffusion
kinetics of Zn2+. DFT theoretical calculations reveal that Ca2+ can
modulate the migration of Zn2+. Based on these advantages, the
CaVO cathode exhibits a high specific capacity (379 mAh g−1 at
0.05 A g−1) and excellent long-term cyclability (94.4% capacity re-
tention after 2200 cycles at a current density of 1 A g−1). These
results suggest that CaVO materials can be competitive cathode
candidates for AZMBs. In addition, this synthesis strategy, which
offers great advantages in terms of time and cost, will hopefully
be extended to the synthesis of other vanadium-based materials
as well.
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