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ABSTRACT: The cathode is a critical component for aqueous
Zn-ion batteries (ZIBs) to achieve high capacity and long
stability. In this work, we demonstrate a dissolution-free, low-
Zn-preinserted bilayer-structured V2O5 xerogel cathode,
Zn0.1V2O5·nH2O (ZnVO), with excellent capacity and stability
using a low-cost ZnSO4 electrolyte. Its discharge capacity
reaches 463 mAh g−1 at 0.2 A g−1 and 240 mAh g−1 at 10 A g−1,
while 93% and 88% of its capacity are retained at 0.2 A g−1 for
200 cycles and at 10 A g−1 for 20 000 cycles, respectively. We
then show that the outstanding performance of ZnVO is
derived from the enlarged gallery spacing by the solvent water
intercalation and the water stable V2O5 bilayer structure. We
further unveil via ab initio molecular dynamics that H+ is largely originated from the dissociation of the gallery water, while
OH− moves out of the gallery to form Zn4(SO4)(OH)6·5H2O with ZnSO4 electrolyte on the surface of ZnVO; the intercalated
Zn2+ forms aquo complex [Zn(H2O)6]

2+ with the gallery water. Our theoretical analysis also suggests that the gallery water and
solvent water in the electrolyte are statistically the same and functionally equivalent. Overall, this study shows the promise of
ZnVO as a practical cathode for ZIBs and offers fundamental insights into the roles of gallery water, solvent water, bilayer
V2O5 structure, and dual Zn2+/H+ intercalation mechanisms in achieving high capacity and long stability.
KEYWORDS: cathode, ab initio molecular dynamics, gallery water, bilayer V2O5 structure, hybrid H+/Zn2+ intercalation

INTRODUCTION

The progress of aqueous Zn-ion battery (ZIB) technology
toward commercialization relies critically upon solid funda-
mental understanding and materials advances to address the
existing scientific and technical gaps such as capacity-durability
trade-off and ambiguous H+/Zn2+ co-storage mechanisms.1−7

The capacity-durability trade-off, which refers to the high-
capacity cycling at lower current densities often at a cost of
stability, represents a major obstacle to ZIB technological
advancement. The current understanding of this behavior is
primarily based on the assumptions that (1) the high-degree
ionic intercalation at low current densities weakens the
structural integrity and (2) extended cation dissolution during
the long cycle at low current densities results in loss of active
materials.8−10 For a layered cathode material with a large
enough gallery spacing and adequate amount of structural
water, the former mechanism is of less a concern, thus leaving
the dissolution mechanism the primary cause for the capacity

decay. Therefore, developing dissolution-resistant cathodes for
commercial ZIBs is of critical importance.
In recent years, V-oxides (e.g., α-V2O5, V2O5·nH2O, H2V3O8,

VO2, etc.) have attracted much attention as ZIB cathodes, due
to their layered (or tunnel) crystal structures and the multiple
oxidation states of V (+3 to +5).11−18 Among various V-based
materials, anhydrous single-layer α-V2O5 was studied as a ZIB
cathode;12,19−21 however, it is slightly soluble in pure water,
producing a characteristic pale yellow and acidic solution.22−25

The current effort to mitigate the dissolution problem is to
introduce larger cations (NH4

+, Li+, Na+, Ca2+, Zn2+, etc.) and
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structural water into the base layered V2O5 structure, forming a
so-called cation preinserted hydrated V2O5 xerogel; the
additional ionic bonding provided by the secondary cations
reduces the dissolution of the base material (e.g., V5+).26−32

While this strategy reduces the dissolution and improves the
cycle stability, it also lowers the achievable capacity due to the
lowered oxidation state of the V ion, hindered Zn-ion diffusion,
and increased molecular weight of the active material.
In addition to the dissolution challenge, anhydrous α-V2O5

also has a small basal distance (∼4.4 Å) as compared to
hydrated Zn ions (∼5.5 Å), which would strain the oxide
lattice and make Zn-ion diffusion difficult during cycles.33 In
contrast, cation-inserted as well as bare V2O5·nH2O xerogels
have a bilayer structure with a larger basal distance (11.5 Å for
n ∼ 1.6 and 8.7 Å for n ∼ 0.5) and a beneficial “lubrication”
effect, thus having been actively studied as a ZIB
cathode.11,34−37 While these bilayer V2O5·nH2O xerogel
cathodes exhibit improved cycling stability over pure single-
layer anhydrous α-V2O5, the overall long-term cycle stability
and level of capacity are still far from practicality.20,28,36,38,39

One of the underlying reasons is their poor stability in high-
concentration aqueous Zn-salt electrolytes such as ZnSO4 and
Zn(CF3SO3)2. Although it is more preferable to use Zn-
(CF3SO3)2 than ZnSO4 from a performance perspective, the
cost of the former is ∼28 times the latter. Therefore,
developing stable, cation preinserted bilayer V2O5·nH2O
xerogel cathodes with low-cost ZnSO4 electrolytes represents
a viable path forward to solve the “capacity-stability-cost”
trade-off for commercial ZIBs.
We herein report on a dissolution-free, stable, low-Zn-

preinserted V2O5 xerogel ZIB cathode, Zn0.1V2O5·nH2O
(ZnVO), which is synthesized from a hydrothermal process
with 1 M ZnSO4 solution as the precursor. The rationale is that
the product stable in the ZnSO4-containing hydrothermal

solution shall also be stable in ZnSO4 solution in a ZIB cell. In
this work, we investigate the stability of the obtained bilayer
structured ZnVO in a 2 M ZnSO4 and then test its capacity
and stability in ZIB cells with a 2 M ZnSO4 electrolyte. We
show that ZnVO exhibits higher capacity and better stability
than the previously reported Zn0.25V2O5·nH2O prepared in a
diluted Zn2+ solution (0.026 M).31 Also different from this
previous work, we focus on the fundamental understanding of
how the bilayer V2O5 structure and gallery water in ZnVO, and
solvent water in ZnSO4 electrolyte, play an active role in
achieving high capacity and stability through dual Zn2+/H+

storage mechanisms with convincing experimental and
theoretical evidence.

RESULTS AND DISCUSSION

Characterization of Synthesized ZnVO. The Zn0.1V2O5·
nH2O (ZnVO) was prepared through a controllable hydro-
thermal method by reacting 5 mM NH4VO3 with 1 M ZnSO4
in an acidic solution with pH ∼ 2.5 at 170 °C for 10 h, the
details of which can be found in Section 1 of the Supporting
Information (SI). The formation of pure ZnVO phase is
confirmed by XRD and subsequent Rietveld refinement of
Figure 1a. The inductively coupled plasma optical emission
spectroscopy (ICP-OES) and thermogravimetric analysis
(TGA) of Figure S1a informs us that the chemical
stoichiometry of the as-prepared ZnVO is Zn0.1V2O5·0.7H2O.
The Brunauer−Emmett−Teller (BET) surface area analysis in
Figure S1b indicates the ZnVO with a specific surface area of
126 m2 g−1. The scanning electron microscope (SEM) and
transmission electron microscope (TEM) images of Figure
1b,c reveal ZnVO with a nanobelts morphology. The crystal
structure of ZnVO is also verified by high-resolution (HR)
TEM and selected-area electron diffraction (SAED) shown in
Figure 1c,d. The d-spacing is found to be 10.4 Å for the (100)

Figure 1. Structural and morphological characterization of ZnVO. (a) Experimental and Rietveld-refined XRD patterns with experimental
data in black dots and the refinement in a red line; tick marks in blue and the curve in olive indicate the allowed Bragg reflections and
difference between experiment and refinement, respectively. Inset: crystal structure of ZnVO viewed along the b-axis; (b) SEM image; (c)
TEM image (inset: HRTEM image); (d) SAED pattern of ZnVO; (e) time-dependent V concentration (by ICP-OES) and pH in 2 M ZnSO4
(10 mL) electrolyte after soaking with ZnVO (active mass: 2 mg). The insets are optical images of ZnVO/ZnSO4 systems at different
periods; (f) XRD patterns of dry ZnVO electrodes before and after soaking in 2 M ZnSO4 electrolyte for 3 days and 30 days, respectively; (g)
SEM images of ZnVO before (left) and after soaking in 2 M ZnSO4 electrolyte for 30 days (right), respectively.
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plane, which agrees with d100 = 10.42 Å from the XRD
refinement results. The SAED pattern in the inset of Figure 1d
indicates the intrinsic single-crystal structure and is consistent
with those refined crystallographic parameters of ZnVO. It is
worth mentioning that, in the crystal structure of ZnVO (see
the inset in Figure 1a), metal ion (Zn2+) and structural water
are situated within galleries of V2O5 as “pillars” and “binder,”
respectively, to stabilize the layered structure.
The Ultra-stability of ZnVO in Low-Cost Aqueous

ZnSO4 Electrolytes. The most common anhydrous α-V2O5

suffers from severe dissolution in 2 M ZnSO4 aqueous
electrolyte, as shown in Figure S2a. In contrast, Figure 1e
shows that the electrolyte solution after in contact with ZnVO
remains colorless and the V concentration in the electrolyte
(10 mL) stabilizes at 2 ppm, 30 times lower than 60 ppm for
α-V2O5 even after a 30-day soak. The trace amount of V in the
electrolyte is not surprising as even insoluble materials would
reach equilibrium with water by dissolving a trace amount. If
the dissolution reactions of ZnVO are like those of α-V2O5 (eq
S1), the pH of ZnSO4 solution would change from 4.6 to 4.4
(with 30 times less dissolution than α-V2O5). However, the pH
of ZnSO4 shown in Figure 1e stays at ∼4.6 over the entire

soaking period, further confirming the high stability of ZnVO
in ZnSO4 electrolyte. In addition, Figure 1f shows XRD
patterns of ZnVO vs soaking time, where intensities of the
peaks at ∼26° and ∼35° are virtually unchanged, whereas the
intensities at ∼8.5° decrease considerably for the initial 3 days
and then reach a steady state value for the subsequent 27 days.
The decrease of peak intensity at ∼8.5° at the beginning is due
to the incorporation of solvent water into the gallery, which
will be further discussed in detail in the following section.
These results indicate the crystal structure of ZnVO is stable
even after soaking for 30 days in 2 M ZnSO4 electrolyte.
Compared to the pristine ZnVO, the SEM image of Figure 1g
also shows no morphology change, and the nanorod
morphology is still well maintained after soaking for 30 days.
Therefore, all the results confirm that ZnVO is stable in the
ZnSO4 electrolytes, which is a prerequisite for being a stable
ZIB cathode.

Electrochemical Performance. The electrochemical
performance of ZnVO as a cathode in ZIB is evaluated in a
coin-cell type configuration consisting of a Zn-metal anode and
aqueous 2 M ZnSO4 electrolyte. Figure 2a shows the initial
five-cycle galvanostatic discharge/charge profiles of ZnVO

Figure 2. Electrochemical performance of ZnVO. (a) The initial five-cycle discharge/charge profiles at 0.2 A g−1; cycling performance at (b)
low rate (0.2 A g−1) and (c) high rate (10 A g−1), respectively; (d) rate performance; (e) Ragone plot (energy density vs power densities)
comparing ZnVO with other reported ZIB cathodes.
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between 0.25 and 1.7 V vs Zn/Zn2+ at 0.2 A g−1. ZnVO
delivers an average capacity of 463 mAh g−1 at 0.2 A g−1.
Figures 2b,c and S3 also show that the ZnVO cathode is
reversible and durable at both low (0.2 A g−1) and high (5 A
g−1, 10 A g−1) rates. An impressive 93% of the highest capacity
(463 mAh g−1) is retained for 200 cycles at 0.2 A g−1, and 88%
for 20 000 cycles at 10.0 A g−1. Even after 20 000 cycles at 10.0
A g−1, the morphology and crystal structure of ZnVO
nanobelts are still well-maintained (see Figures S4 and S5).
Compared to the performance of the previously reported
Zn0.25V2O5·nH2O,

31 i.e., capacity retention of 80% over 1000
cycles at 2.4 A g−1, the performance of ZnVO in this study is
evidently better. In addition, the ZnVO’s performance is also
better than or at least comparable to that of many recently
reported high-performance ZIB cathodes such as VO2,

14 α-
V2O5,

21,40 V2O5·nH2O,
41 H2V3O8,

13 NaCa0.6V6O16·3H2O,
42

Zn3[Fe(CN)6]2,
43 MnO2,

44 Zn3(OH)2V2O7·nH2O,45

Na2V6O16·3H2O,46 K2V6O16·3H2O,47 VS2,
48 and organic

material;49 Table S1 provides a full comparsion. To further
demonstrate the stability of ZnVO in ZnSO4 electrolyte, Figure
S6 shows a similar capacity and cycling performance between
the pristine and ZnSO4 pre-soaked (30 days) ZnVO
electrodes. The excellent structural/chemical stability and
electrochemical reversibility support the ultra-stability of
ZnVO observed in Figure 2b−d. We acknowledge that Zn-
anode corrosion/dendrite formation (see Figure S7) could

partially contribute to the instability,50 but it is not the focus of
this study.
The rate capability is further depicted in Figures 2d and S8;

the discharge capacities are 450, 422, 408, 362, 317, and 280
mAh g−1 at 0.3, 0.6, 1.0, 2.0, 4.0, and 6.0 A g−1, respectively.
ZnVO shows good recovery of capacity upon returning to
lower current densities. The insensitivity to the current density
infers that ZnVO has good structural flexibility and stability
against guest species intercalations. The fundamental reason
for the high-rate capability lies in the large gallery spacing
widened by solvent water as well as the pseudocapacitive effect,
which is discussed in Section 1 of the SI (Figures S9−S11).
Benefiting from the large gallery spacing and the involvement
of solvent water, the ZnVO cathode shows much higher
pseudocapacitive contribution than other V-based materials,
such as NaV3O8·1.5H2O, V5O12·6H2O, and Li3V2(PO4)3.

51−53

Because of its excellent rate capability, Figure 2e of the Ragone
plot (energy density vs power density) indicates that ZnVO is
among the best cathodes for ZIBs.13,14,21,31,40−45 To be
specific, the ZnVO-based ZIB exhibits an energy density/
power density of 332 Wh kg−1/217 W kg−1 and 212 Wh kg−1/
4445 W kg−1 (based on the mass of ZnVO) at 0.1 and 6.0 A
g−1, respectively. Apart from the aqueous safety, the excellent
rate capability and cycling stability ensure the battery to be
charged/discharged at a fast rate with a long cycle life, which is
desirable for large-scale stationary energy storage.

Figure 3. Intercalation of solvent water into ZnVO. (a) XRD patterns of ZnVO electrode at pristine state (Pristine ZnVO), soaked in 2 M
ZnSO4 electrolyte (Wet ZnVO), dried after soaking in ZnSO4 electrolyte (Dry ZnVO), and soaked in 1 M Zn(CF3SO3)2 organic solution
(ZnVO in organic electrolyte); (b) a schematic illustration of the intercalation/extraction of solvent water in/from ZnVO’s gallery after
soaking/drying ZnVO in ZnSO4 electrolyte; (c) average formation energy of water and d001 spacing in ZnVO with different gallery water
contents. The red star represents the average formation energy of physiosorbed water without chemical bonding to the V2O5 bilayers. The
purple area represents the formation energy range of solvent water; (d) total mean square displacement (MSD) of Zn2+ and H+ diffusion in
bilayered V2O5 structures with 2 and 3 layers of water, respectively.
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We also provide a broad phasal, microstructural, and
spectroscopic evidence in sections 2 and 3 of the SI to
support the dual H+/Zn2+ intercalation/deintercalation into/
from ZnVO, which is a well-accepted storage mechanism for
ZIBs, through state-of-charge (SOC) dependent compositions
(see Figures S12−S15) and phase evolution (see Figures S16,
S17) studies. From a theoretical perspective, the density
functional theory (DFT)-calculated Gibbs free energies of
formation of Zn2+ and H+ in ZnVO are −2.94 and −0.86 eV,
respectively, with the initial H+ and Zn2+ intercalated structure
shown in Figure S18. The negative formation energies suggest
that both Zn2+ and H+ intercalations into ZnVO are
thermodynamically favorable.
Critical Roles of Gallery Water and Bilayer Structure

of ZnVO Xerogel Cathode. It is interesting to observe
gallery expansion of ZnVO after soaking in 2 M ZnSO4. Figure
3a of XRD patterns shows that the (001) peak of ZnVO is
shifted to lower 2θ with the corresponding d001 increasing from
10.1 to 13.0 Å after soaking for 2 h. After drying, the XRD
pattern of the sample becomes the same as that of the pristine
one (before soaking). This finding suggests that the solvent
water in the electrolyte solution can reversibly move in and out
of the ZnVO’s gallery. Note that no observation of a left shift
of the (001) peak of ZnVO in Figure 3a after soaking in 2 M
ZnSO4 electrolyte for 3 days is due to the fact that ZnVO was
dried before performing XRD. In contrast, the XRD pattern for
ZnVO soaked in organic 1 M Zn(CF3SO3)2 electrolyte (1 M
Zn(CF3SO3)2 in acetonitrile) remains unchanged, suggesting
that no molecules are inserted into the ZnVO’s gallery. In
addition, Figure S19 shows that the (001) peak of ZnVO is
also shifted to lower 2θ after soaking in a pure deionized (DI)
water, further suggesting that it is the water incorporation that

causes gallery expansion. Therefore, it is concluded that the
solvent water can be intercalated into the gallery of ZnVO
upon immersion into the ZnSO4 solution. According to
previous reports, the 2.9 Å increase in the gallery spacing
corresponds to an intercalation of two additional layers of
water.31,34

To understand the water intercalation behavior and explore
its fundamental driving force, we performed DFT calculations
on how the d001 spacing changes with the amount of water in
the gallery of ZnVO. On the basis of the chemical
stoichiometry of the as-prepared ZnVO (Zn0.1V2O5·0.7H2O),
we constructed the model with a similar chemical stoichiom-
etry (Zn0.1V2O5·0.75H2O) for convenience. The DFT-
optimized d001 spacing is 10.14 Å with one-layer water in the
gallery (see Figure 3b), which matches well with the measured
d001 spacing (10.1 Å). As water is gradually added into the
gallery, the calculated d001 spacing increases, reaching 13.0 Å
after adding two more layers of water (see Figure 3b,c, green
line), which also agrees well with the experimental values of
13.0 Å of ZnVO after soaking in 2 M ZnSO4. The
corresponding crystal structures of ZnVO constructed at
various H2O contents in the gallery are illustrated in Figure
S15. With the perfect d001 matching between the theoretical
and experimental values, we are confident in that the following
energetics calculations of water formation and ab initio
molecular dynamics (AIMD) simulations based on these
structural models will be reliable.
It is worth mentioning that, among the three layers of water

in the ZnVO’s gallery after water intercalation (see Figure 3b),
the 1st and 3rd water layers are bonded with the V-O bilayers
through H-bonding, whereas the middle 2nd layer water does
not bond to the V-O layer. Thus, the 1st and 3rd water layers

Figure 4. Role of solvent water and bilayer structured V2O5. (a) Cycling performance of ZnVO in 1 M Zn(CF3SO3)2-acetonitrile electrolyte
at 0.2 A g−1; (b) ex situ XRD patterns of ZnVO cathode after cycled in 1 M Zn(CF3SO3)2-acetonitrile electrolyte; (c) XRD patterns of ZnVO
powders calcinated at 350 and 400 °C, respectively; (d) cycling performances of ZnVO, ZnVO-350, and ZnVO-400, respectively, at 0.5 A g−1

with a 2 M ZnSO4 aqueous electrolyte.
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are expected to exhibit a lower formation energy than that of
the 2nd layer water. Figure 3c shows the calculated average
water formation energy in the ZnVO’s gallery vs H2O content
in the gallery. Starting from the ZnVO with one layer of water
(d001 = 10.1 Å), we find the average water formation energy
increases with water intercalation, suggesting that the water
intercalation process will become more and more difficult with
increasing water content in the gallery. The average water
formation energy finally converges to −0.70 eV with all three
layers of water in the gallery and a d-spacing of 13.0 Å. At this
configuration, the formation energy of the gallery water in
ZnVO is at probability equilibrium with that of solvent water
in the electrolyte; i.e., the formation energy of the gallery water
in ZnVO is statistically indifferent from solvent water in the
electrolyte. In other words, the structural water in the gallery
can be virtually treated the same as solvent water in the
electrolyte. To verify this hypothesis, we calculated the
formation energy of solvent water with different space groups:
Cmc21, P63cm, and P1. The calculated values range from
−0.67 to −0.64 eV, which is represented by the purple region
in Figure 3c. Note that the calculated average 3-layer water
formation energy of ZnVO is −0.70 eV, which is slightly lower
than that of solvent water. However, as we emphasized before,
the waters bonded with the V2O5 bilayers, i.e., 1st and 3rd layer
water in Figure 3b, have a formation energy lower than −0.70
eV, which implies that solvent water will bond to the V2O5
bilayers during the soaking process before the 2nd layer water
intercalation into the middle. The 2nd water layer has a
formation energy of −0.66 eV, which is very close to −0.67 ∼
−0.64 eV of formation energy of the solvent water. Therefore,
the driving force of water intercalation into the ZnVO gallery is
the difference in formation energy between the gallery and
solvent water.
With the presence of gallery water, our DFT calculations

further reveal enhanced Zn-ion diffusion. Shown in Figure 3d
is the AIMD-calculated total mean square displacement
(MSD) of Zn2+ diffusion in the bilayered V2O5 structure
with 2 and 3 layers of water, respectively; the Zn2+ diffusion
coefficient with 3 layers of water is 3.29 × 10−6 cm2 s−1, which
is almost 5 times larger than that with 2 layers of water (7.27 ×
10−7 cm2 s−1). The enhanced Zn2+ diffusion is mainly resulted
from the enlarged gallery spacing by the water intercalation.
To further verify the above fundamental understanding of

the water effect, we have also performed a cycling experiment
using a nonaqueous electrolyte (1 M Zn(CF3SO3)2 in
acetonitrile). Figures 4a and S21 show a low capacity of 130
mAh g−1 at 0.2 A g−1. The much lower capacity than aqueous
electrolytes directly supports the promotional role of solvent
water and indirectly supports that H+ intercalation indeed
occurs in ZnVO and contributes to a significant portion of the
overall energy storage capacity. Figure 4b of ex situ XRD
patterns of ZnVO cathode at different SOCs with a
nonaqueous electrolyte indicates that the (001) peak is
gradually shifted toward a higher 2θ position during discharge,
inferring a gradual contraction of the gallery spacing by the
Zn2+-V2O5 attraction. On the other hand, there is no
Zn4(SO4)(OH)6·5H2O (ZSH) found on the surface of
ZnVO, implying no H+ intercalation. During the charge from
0.25 to 1.7 V, a reverse change in (001) spacing is observed,
indicating Zn2+ extraction from the gallery. This observation is
the same as that observed in aqueous electrolytes except that
there is no involvement of water, H+ intercalation, and ZSH
formation in nonaqueous electrolytes.

The XRD patterns of Figure 4c and TGA of Figure S22
show that the structural water in ZnVO can be removed by
firing ZnVO at 350° in air without destroying the bilayer
structure. The XRD pattern of ZnVO-350 is like that of
standard V2O5·0.5H2O (JCPDS No. 41-1426), but with a
higher 2θ, inferring that the ZnVO-350 possesses a bilayer
V2O5 structure with a smaller gallery spacing in the absence of
gallery water. However, XRD patterns of wet ZnVO-350 are
the same as those of the as-synthesized ZnVO after soaking in
ZnSO4 aqueous electrolyte. This means that the solvent water
in ZnSO4 aqueous electrolyte can enter the gallery of V2O5
bilayers no matter whether there are pre-existing gallery waters
or not. That is, after soaking in aqueous electrolyte, solvent
water enters the interlayers of V2O5 bilayer structures for both
ZnVO and ZnVO-350 and the final materials are the same (see
the XRD patterns in Figures 3a and 4c). Therefore, ZnVO and
ZnVO-350 show similar cycling performance. The slight
difference in capacities of ZnVO and ZnVO-350 is due to
the normalized capacity to the mass of the initial materials of
ZnVO and ZnVO-350, rather than the mass of final materials
after soaking, which is difficult to determine. Therefore, it is
the V2O5 bilayer structure rather than the pre-intercalated
gallery waters that governs the ability of solvent waters to
enter/exit the gallery and expand/contract its d-spacing.
However, the bilayer V2O5 structure will be destroyed above

400 °C. Figures 4c and S23 show that ZnVO-400 consists of
mainly single-layer α-V2O5 and minor ZnV2O6. Because of the
serious dissolution in ZnSO4 aqueous electrolyte and much
smaller interlayer spacing (∼4.4 Å) of α-V2O5 (see Figure S2),
the ZnVO-400 shows much lower capacity and poorer cycling
performance than ZnVO and ZnVO-350. The excellent cycling
performance of ZnVO and ZnVO-350 indicates the criticality
of V2O5 bilayers in rendering solvent water to shuttle freely
between V2O5 bilayers and electrolyte. The enlarged gallery
spacing by solvent water from the electrolyte is one of the
reasons for the good capacity and cycle durability observed. It
should be mentioned that the slightly higher capacity of
ZnVO-350 (Zn0.1V2O5) than as-prepared ZnVO (Zn0.1V2O5·
0.7H2O) shown in Figure 4d is likely attributed to the higher
theoretical capacity of the former, i.e., 539.6 vs 505.8 mAh g−1,
given the fact that they have the same crystal structure but
different molecular weight.
To further demonstrate the advantage of the V2O5 bilayer

over single-layer α-V2O5, a pure hydrated bilayered V2O5 (H-
V2O5) was prepared for dissolution study in ZnSO4 electrolyte.
Figure S24a−c shows that the pH value of ZnSO4 is constant
at 4.6 over the entire soaking period; meanwhile, the
electrolyte solution remains colorless and the V concentration
in the electrolyte (10 mL) stabilizes at 5 ppm, also much lower
than 60 ppm for α-V2O5, after 30-day soaking. The dissolved V
is slightly higher than 2 ppm of ZnVO, suggesting that ZnVO
is more stable than H-V2O5 in ZnSO4. The XRD patterns and
SEM images of H-V2O5 vs soaking time are shown in Figure
S24d−f, which show no phase transformation and no
morphology changes after 30-day soaking. Again, the bilayer
V2O5 structure is a key factor to achieve stable performance for
a ZIB cathode. Although the V dissolution in ZnSO4 is
marginal for both ZnVO and H-V2O5, Figure S25 clearly shows
ZnVO exhibits more stable cycling performance than H-V2O5,
implying that the preinserted Zn2+ in ZnVO also helps the
cycle stability. Therefore, water (gallery or solvent water), the
bilayer V2O5 structure, and preinsertion of Zn2+ are the three
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critical elements for ZnVO to achieve high cycle stability in
ZIBs.
Storage Mechanisms from AIMD. To understand the

dual Zn2+/H+ intercalation mechanisms at the atomic scale, we
performed AIMD simulations at 300 K. Figure 5a,b shows few
representative snapshots of transport, adsorption, and surface
redox processes for Zn2+ and H+ within the gallery of ZnVO. In
Figure 5a, the simulation model contains three layers of water
and two Zn2+ with a gallery spacing of 13.0 Å, which represents
the situation of the very beginning stage of a discharge. At the
initial state, one Zn2+ is bonded with O in the V2O5 bilayer,
and the other one is surrounded by water molecules in the
middle of the gallery. As the time elapses, we observe H+

undergoing three sequential processes: (1) water dissociation
into H+ and OH− (see the 2nd snapshot), (2) H+ transport
(see the 2nd snapshot), (3) H+ surface adsorption (see the 4th
snapshot), and (4) H+ redox reaction (charge transfer) (see
the 4th snapshot). This result suggests that the origin of H+, a
contributor to the overall capacity, is the gallery water.
Meanwhile, OH− from the water dissociation moves out of the
gallery and reacts with ZnSO4 electrolyte at the surface of
ZnVO to precipitate out ZSH nanoflakes. This also explains
why there are neither precipitates nor obvious pH changes
inside the aqueous ZnSO4 electrolyte during cycling. The
consumption of gallery water by the dissociation is, therefore,

another reason, in addition to the Zn2+-O2− interaction, for the
shrinkage of gallery spacing during discharge, since the gallery
spacing decreases appreciably with decreasing the number of
gallery water. We also examined whether solvent water in the
electrolyte can be another source of H+. Figure S26 shows two
H+ (presumably from solvent water) and two Zn2+ in the
gallery of ZnVO. Within 10 ps, AIMD simulations suggest that
H+ transport and surface redox reactions are virtually the same
as those for the gallery water shown in Figure 5a, which further
supports the early conclusion that gallery and solvent waters
behave virtually the same as the source of H+ stored in the
ZnVO gallery during discharge. Another interesting observa-
tion from AIMD simulations is that the Zn2+ initially bonded
with O2− will gradually migrate toward the middle of the
gallery, forming an aquo Zn2+ complex ([Zn(H2O)6]

2+) with
the gallery waters nearby (see the 3rd and 4th snapshots in
Figure 5a). In other words, Zn2+ is in the form of hydrated
Zn2+ at the initial discharge state when the gallery spacing is
still large.
As more Zn2+ are intercalated into the ZnVO gallery, the

gallery spacing will shrink because of Zn2+-O2− interaction and
consumption of gallery water as mentioned above. To simulate
the dynamic state of Zn2+ in the gallery at this stage, we
constructed a model containing four Zn2+ and two layers of
water (some water has been presumably consumed at this

Figure 5. Reaction mechanisms of ZnVO in ZIBs. Snapshots of typical surface redox processes for (a) H+ and (b) Zn2+; the magenta, green,
red, and pink balls represent Zn, V, O, and H, respectively; (c) a schematic illustration of reaction mechanisms of ZnVO with the
dissociation of gallery water and Zn2+/H+.
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point of discharge) with a gallery spacing of 11.80 Å, for AIMD
simulations. Figure 5b shows that, at the beginning (0 ps), only
one Zn1 ion is bonded to the V-O layer. The other Zn2 is in
the middle of the gallery as [Zn(H2O)6]

2+. As the time elapses,
Zn2, Zn3, and Zn4 ions are shown to successively enter the
gallery and bond to the V-O layer in the following snapshots,
resulting in a gradually shrinking gallery. Meanwhile, Figure
S27 indicates that H+ from the gallery water dissociation can
also bond to the V-O layer, contributing to capacity. These
results suggest that the Zn2+ charge transfer process takes place
in a shrinking gallery, accompanied by gallery water
dissociation in the form of H+ and OH−.
On the basis of the above results, we here propose the dual

Zn2+/H+ storage mechanisms in ZnVO with a bilayer structure
as follows:

• At the OCV state, the solvent water in the electrolyte
intercalates into ZnVO galleries to its saturation,
becoming the gallery water and enlarging the gallery.

FZn VO 0.7H O 1.8H O Zn VO 2.5H O0.1 2 5 2 2 0.1 2 5 2· + ·
(1)

• At the very beginning of the discharge stage, the gallery
water is dissociated into H+ and OH− according to the
Brønsted−Lowry theory

FH O H O H O OH2 (acid) 2 (base) 3+ ++ −
(2)

by which H+ (H3O
+) is further bonded to the V-O layer, while

OH− is expelled out of the gallery and react with Zn aquo
complex [Zn(OH)]+ and SO4

2− in the electrolyte to form
ZSH:

F

4 Zn(OH) 5H O SO 2OH

Zn (SO )(OH) 5H O(ZSH)
2 4

2

4 4 6 2

[ ] + + +

· ↓

+ − −

(3)

The Zn aquo complex [Zn(OH)]+ is prevalent in mildly
acidic ZnSO4 solutions according to the Brønsted−Lowry
equilibrium:

FZn(H O) H O Zn(OH)(H O) H O2 6
2

2 2 5 3[ ] + [ ] ++ + +

(4)

FZn(OH)(H O) Zn(OH) 5H O2 5 2[ ] [ ] ++ +
(5)

Note that the Zn2+/V-O layer interaction and gallery water
consumption are the two primary reasons for the gallery
contraction during discharge.

• At a later stage of the discharge, more Zn2+ enter the
gallery, forming [Zn(OH)6]

2+ aquo complex with the
gallery water, with which both Zn2+ and H+ bond to the
V-O layer and contribute to capacity.

• The above processes are reversed during the charge
cycle.

• Throughout the cycle, ZnVO does not experience any
phase/structure transformation; the only change is its
gallery spacing to accommodate Zn2+, H+, and H2O.

Figure 5c schematically illustrates the proposed multi-ion/
molecule intercalation/extraction process occurring in bilayer
structured ZnVO during a typical cycle. We acknowledge that
it is difficult to determine the actual contents of H+ and Zn2+ in
the discharged ZnVO due to the lack of reliable techniques.
NMR has been previously used to detect H; however, H in the
gallery H2O and crystal H2O in ZSH interferes with the
quantification of H concentration in ZnVO.

CONCLUSION
In this study, we have successfully synthesized a dissolution-
free and ultra-stable Zn-preinserted V2O5-bilayer xerogel
cathode, Zn0.1V2O5·0.7H2O (ZnVO), for low-cost ZnSO4
aqueous electrolyte based ZIBs. The crystal structure and
morphology of ZnVO are well-maintained even after soaking
in ZnSO4 aqueous electrolyte for 30 days, indicating ZnVO’s
high compatibility with aqueous electrolytes. The ZIB cell’s
capacity reaches 463 mAh g−1 at 0.2 A g−1 and remains at 240
mAh g−1 at 10 A g−1, while 93% and 88% of its capacity are
retained at 0.2 A g−1 for 200 cycles and at 10 A g−1 for 20 000
cycles, respectively. Throughout cycles, the ZnVO gallery
undergoes a reversible contraction and expansion without
changing the structure, nor forming other phases. Water as a
gallery enlarger and H+ source and the dissolution-free bilayer
V2O5 structure have been identified as two critical factors for
the observed high capacity and excellent stability. AIMD
simulations unravel that the origin of H+ as a major capacity
contributor resulted from the dissociation of gallery water
during discharge and the latter is equivalent to solvent water in
the electrolyte. Another discharge product of the water
dissociation, OH−, will move out of the gallery and react
with the aquo Zn2+ complex and SO4

2− in the electrolyte at the
interface to form ZSH nanoflakes precipitates. The interactions
between Zn ion and V2O5 bilayer and the consumption of
gallery water are the two major reasons for the gallery
contraction during discharge. Overall, the fundamental insights
gained from this study have deepened our understanding of
aqueous ZIB chemistry and lay the foundation for future
discovery of better ZIB cathodes and the development of
viable strategies to improve the ZIB performance.

EXPERIMENTAL METHODS
Synthesis of Zn0.1V2O5·nH2O (ZnVO) Xerogel. The ZnVO

xerogel is prepared through a hydrothermal method. In a typical
procedure, 0.5 mmol of ammonium metavanadate (NH4VO3) was
dissolved in 40 mL of deionized (DI) water under vigorous stirring at
90 °C for 2 h. Meanwhile, 100 mmol of zinc sulfate (ZnSO4) and 5
mmol of sodium dodecyl sulfate (SDS) were dispersed in 60 mL of
deionized water. The two solutions were then mixed, followed by
adjusting the pH value by adding 1 M sulfuric acid to about 2.5. After
stirring at room temperature for 20 h, the red solution was loaded into
a 200 mL autoclave with a Teflon liner and held at 170 °C for 10 h.
After the reaction, the dark-green precipitate is collected and
thoroughly washed with deionized water and ethanol and finally
dried at 60 °C for 12 h.

Materials Characterization. Phase and Structure Determina-
tion. Ex situ X-ray diffraction (XRD) patterns of the samples were
collected using a Rigaku D/MAX-2100 with Cu Kα radiation (λ =
1.5418 Å). The data were recorded from 5° to 80° with an interval of
0.02° and a scan speed of 2° min−1. In situ transmission XRD was also
conducted using a SAXSLab Ganesha. A Xenocs GeniX 3D
microfocus source was used with a copper target to produce a
monochromatic beam with a 0.154 nm wavelength. The wide-angle X-
ray scattering (WAXS) data were acquired with an X-ray flux of ∼36.3
M photon per second incident upon the sample and a sample-to-
detector distance of 90 mm under atmospheric conditions due to the
use of aqueous electrolyte. A BioLogic SP-150 was employed for
electrochemical measurements during in situ battery cycling at a
current density of 0.2 A g−1, while WAXS data were acquired
continuously during in situ cycling with a 10 min exposure per frame.

Microstructure. The morphologies of the samples were captured
with a Zeiss Ultra plus field emission scanning electron microscope
(FESEM). The crystal structures and morphologies of samples were
also acquired with a high-resolution transmission electron microscope
(HRTEM, H9500) operated at 300 kV. Elemental mapping along
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with morphology were obtained by a scanning transmission electron
microscope (STEM, HD2000) equipped with an energy-dispersive X-
ray spectrometer (EDS).
Thermal Analysis. Thermogravimetric analysis (TGA) was

performed using a Netzsch STA 448 TGA (Germany) thermal
analyzer. Specimens were placed in an Al2O3 crucible with a lid, and
TGA data were recorded under air with a flow rate of 50 mL min−1

while ramping from room temperature to 600 °C at a rate of 2 °C
min−1, and then cooling naturally to room temperature.
Chemical Analysis. The concentrations of elements of interest

were analyzed by an inductively coupled plasma optical emission
spectrometer (Shimadzu Corporation ICPS-8100).
Surface Chemistry. The surface chemical compositions and

oxidation states of the cations were analyzed by X-ray photoelectron
spectroscopy (XPS, Kratos AXIS 165, Clemson University) with Al
Ka X-ray radiation (hλ = 1486.6 eV). Prior to these analyses, the
cycled electrode powders were washed thoroughly with DI water to
remove any electrolyte residue and then dried in a glovebox. All the
binding energies were corrected by adventitious C 1s at 284.6 eV.
Electrochemical Characterization. Battery Cell Assembly.

Electrochemical tests were carried out on CR2032-type coin cells.
To prepare a ZnVO electrode, 60 wt % ZnVO xerogel, 26 wt % Super-
P, and 14 wt % polyvinylidene fluoride (PVDF) were thoroughly
mixed and dispersed into N-methyl pyrrolidone (NMP). The
resultant slurry was then coated uniformly onto a 14 mm diameter
stainless steel mesh, resulting in an ∼1.2 mg cm−2 active mass loading,
followed by vacuum drying at 90 °C for ∼12 h and compression at 10
MPa. In a full ZIB cell, zinc foil was used as the anode, 2 M ZnSO4 as
the electrolyte, and glass microfiber filters (Whatman, Grade GF/A)
as the separator.
Electrochemical Testing. The CR2032-type coin cells were

assembled in air and tested using a LAND battery testing system
(CT2001A) within a potential window of 0.25−1.70 V (vs Zn/Zn2+).
Cyclic voltammograms (CV) and electrochemical impedance spec-
troscopy (EIS) were performed in a three-electrode configuration
using a Solartron 1260/1287 electrochemical workstation. A Zn ring
and Zn plate were used as reference and counter electrodes,
respectively. The EIS measurements were carried out at open circuit
voltage (OCV) with an AC amplitude of 10 mV in a frequency range
of 100 kHz and 0.1 Hz. The galvanostatic intermittent titration
technique (GITT) was used to determine ionic diffusivity from a
series of galvanostatic discharge pulses of 10 min at 50 mA g−1,
followed by a 1 h relaxation. The total ionic diffusion coefficient
(Dion

GITT) is calculated by54
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where τ is the constant current pulse time; L corresponds to the ion
diffusion length, which equals the thickness of the electrode; ΔEs is
the change of steady-state voltage during a single-step GITT
experiment, and ΔEt is the change in cell voltage at a constant
current minus IR-loss during each galvanic step.
DFT Calculations. Geometric optimizations were performed

based on the Kohn−Sham formalism of density functional theory
(DFT) using the Vienna Ab initio Simulation Package (VASP) with
the Perdew−Burke−Ernzerhof (PBE) exchange-correlation func-
tional.55−57 The projector augmented wave (PAW) method was
applied to describe the interaction between electrons and ions.58,59 To
account for strong on-site Coulombic interactions of the V 3d
electrons, we employed the DFT+U formalism with U = 3.25 eV.60

The Grimme’s DFT+D3 method was used to account for van der
Waals interactions between H2O and V-O layers.61 The lattice
constants and atomic positions were optimized with a cutoff energy of
400 eV for the plane-wave basis. The total energies and Hellmann−
Feynman forces acting on atoms were converged below 10−5 eV per
atom and smaller than 0.05 eV Å−1, respectively. The Brillouin zone
was sampled using a Γ-centered grid with a 2 × 4 × 2 k-point mesh.
To model V2O5·nH2O, we create the crystal structure of bilayer

V2O5 without H2O, and then adding H2O molecules stepwise into the

gallery spacing, followed by the full optimization. The model was
finalized based on agreement with the experimentally obtained gallery
spacing of V2O5·nH2O. After an optimized gallery spacing was
obtained, ab initio molecular dynamics (AIMD) simulations were
performed in canonical ensemble (NVT) with a Nose thermostat at
300 K for 10 ps (with a time step of 1 fs).62−64 The simulated system
is considered well equilibrated when the temperature is stabilized,
which is usually achieved after a few picoseconds. From the time-
dependent trajectory, we can obtain ions’ time-dependent mean
square displacement (MSD) by

r rt
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t t tMSD ( )
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i

N
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where N is the total number of diffusion ions; ri(t) is the displacement
of the ith ion at time t; the bracket represents averaging over t. The
diffusion coefficients for three-dimensional transport could be

obtained by using the Einstein relation D
t

MSD= ∂
∂

. For the ion

diffusion analysis, the initial 4 ps was removed to account for the
equilibrium period, and only the last 6 ps data were analyzed.

The formation energies of H+ and Zn2+ intercalations into ZnVO
were calculated based on the total energies of ZnVO and ions
intercalated configurations. Herein, the electrolyte soaked ZnVO
(Zn0.1V2O5·2.5H2O) was considered as the initial structure for the
discharge process. Thus, the formation energies of H+ and Zn2+

intercalations into ZnVO, Ef1 and Ef2, respectively, are determined by
the following equations

E
E E xE

x
(H Zn VO 2.5H O) (Zn VO 2.5H O) (H)x

f1

0.1 2 5 2 0.1 2 5 2

=
· − · −

(8)

E
E E xE

x
(Zn VO 2.5H O) (Zn VO 2.5H O) (Zn)x

f2

0.1 2 5 2 0.1 2 5 2

=
· − · −+

(9)

where E(H) is the energy of a single H atom, which is calculated from
the relaxed H2 structure; E(Zn) is the energy per Zn atom (hcp);
E(HxZn0.1V2O5·2.5H2O) and E(Zn0.1+xV2O5·2.5H2O) are the total
energies of H+ and Zn2+ intercalated ZnVO, respectively.

The average formation energy of water intercalation into ZnVO can
be calculated based on the total energy of dry ZnVO (Zn0.1V2O5) and
water intercalated ZnVO (Zn0.1V2O5·xH2O). The average formation
energy of water intercalation, Ef3, is calculated by

E
E x E xE

x
(Zn VO H O) (Zn VO ) (H O)

f3
0.1 2 5 2 0.1 2 5 2=

· − −
(10)

where E(H2O) is the total energy of a H2O molecule in the gas phase.
In addition, the average formation energy of solvent water, Ef4, is

calculated as

E
E xE

x
(solvent water) (H O)

f4
2=

−
(11)

where E(solvent water) and x are the total energy of solvent water and
number of waters, respectively. It should be noted that there are many
different water arrangements in solvent water. Here, the models with
solvent water in space groups of Cmc21, P63cm, and P1 are adopted
to calculate the formation energy of solvent water.
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state-of-charge dependent composition, and phase
changes of ZnVO cathode. The in situ XRD, ex situ
XRD, XPS, SEM, STEM, Zn, V, and O mappings for
ZnVO electrode at OCV, discharged and charged states.
Structural and morphological characterization together
with cycle performance of H-V2O5. Table of the
electrochemical performance comparsion for the ZnVO
nanobelts with some representative cathode materials in
ZIBs (PDF)
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