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Capturing failure mechanisms toward the rational
design of reversible vanadium oxide-based
zinc batteries

Xuesong Xie, a Yang Yang, a Yifan Li, a Rohit Sinha,a Xuehai Tan, a

Keren Jiang, a Minggang Xie,a Yuxuan Xue,a Ning Chenb and Zhi Li *a

Aqueous zinc ion batteries (ZIBs) have attracted increasing attention as alternative energy storage

technologies due to their safety and low cost. However, the continuous dissolution of active materials in

vanadium oxide-based ZIBs has posed an unavoidable challenge. Here, we systematically investigate the

dissolution mechanism driven by chemical and electrochemical processes using both ex situ and in situ

techniques. Experimental and theoretical analyses revealed an excessive reduction in the vanadium

valency following H+ insertion at potentials above 1.0 V (vs. Zn2+/Zn), contributing to vanadium

dissolution rather than Zn2+ insertion. Protons preferentially form monodentate coordination with

oxygen, increasing local electron density around V atoms and facilitating 1s to higher-energy 3d

electron transitions. This leads to a pronounced reduction in V-valency and V–O bond breakage. Speci-

fically, interlayer-inserted H+ exhibits the highest dissolution energy due to its significant binding energy

compared to Zn2+ and surface-insertion. As a proof of concept, without additives or cathode

modifications, improvements in Zn/NH4V4O10 and Zn/V2O5 batteries were achieved by reducing the

cut-off voltage or increasing the current density at high voltage to directly inhibit H+ insertion or

promote the favorable surface-dominant H+ insertion. Further evidence is substituted by H+-substituting

cations (Na+ and Li+), which deliver sustained cycling stability at 0.2 A g�1 and extended cycling up to

5000 cycles at 5 A g�1 in both battery systems. We contend that understanding failure mechanisms is

imperative for the development of strategies rooted in fundamental principles.

Broader context
With the growing emphasis on safety and sustainability, aqueous zinc-ion batteries (ZIBs) have garnered considerable attention as green and efficient energy
storage alternatives. Despite significant progress in optimizing various battery components, vanadium oxide—one of the dominantly promising cathode
materials—continues to suffer from uncontrolled and persistent dissolution, literally limiting its real-world implementation. In this work, we systematically
demonstrate that excessive reduction of the vanadium valency, followed by the insertion and accumulation of layer-confined H+ at high potentials, is the
principal cause of vanadium dissolution. Guided by this mechanism exploration, rational strategies—such as lowering the cut-off voltage by directly inhibiting
proton insertion, increasing current densities at high voltage that facilitate de-insertion of surface-inserted H+, and introducing H+-substituting cation
electrolytes—were readily developed to achieve durable stabilization. We expect that this in-depth analysis will help address dissolution issues in related energy
storage systems.

Introduction

Electrical energy storage is emerging as a pivotal strategy for
transitioning from fossil fuels to environmentally sustain-
able resources. Nevertheless, organic battery technologies

(e.g., Li- and Na-based systems) are facing growing scrutiny,
particularly concerning the risk of thermal runaway and envi-
ronmental hazards associated with their utilization and recy-
cling processes.1,2 It becomes necessary therefore to prioritize
green and environmentally sustainable alternatives for long-
term demands. Recently, having achieved decent electrochemi-
cal performance with aqueous electrolytes,3 ZIBs have been
considered promising complementary candidates for meeting
high safety and stability requirements because of their high
specific capacity (820 mAh g�1), benign electrochemical

a Department of Chemical and Materials Engineering, University of Alberta,

Edmonton T6G 1H9 AB, Canada. E-mail: zhi.li@ualberta.ca
b Hard X-Ray Micro Analysis BL, Canadian Light Source, Saskatoon,

Saskatchewan S7N 2V3, Canada

Received 28th June 2025,
Accepted 8th September 2025

DOI: 10.1039/d5ee03635f

rsc.li/ees

Energy &
Environmental
Science

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
ak

am
án

nu
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
6-

01
-2

6 
22

:2
6:

12
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-3734-0191
https://orcid.org/0009-0003-0097-5772
https://orcid.org/0009-0005-8617-7492
https://orcid.org/0000-0002-8571-1586
https://orcid.org/0000-0001-6389-9875
https://orcid.org/0000-0003-1668-4948
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ee03635f&domain=pdf&date_stamp=2025-09-23
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee03635f
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE018020


This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci., 2025, 18, 9230–9239 |  9231

potential (�0.762 V vs. SHE), chemical inertness, and environ-
mental friendness.4,5 A growing body of literature has demon-
strated the merits of ZIBs.6 However, for aqueous electrolytes,
the dissolution of active materials has consistently
posed unavoidable and persistent challenges over extended
periods.7,8

Vanadium oxide-based materials, as commonly used cath-
odes, have garnered considerable attention due to their multi-
valent redox chemistry and resource abundance,9 particularly
for high-mass-loading applications in practice (415 mg cm�2).10,11

Although significant strides have been made, persistent dissolu-
tion problems continue to cause uncontrolled capacity decay
and restricted calendar life, especially at current densities
below 500 mA g�1 (Table S1). Notably, vanadium dissolution
constitutes a fundamental challenge that transcends electrolyte
formulations, occurring consistently across all conventional
electrolyte systems (ZnSO4, Zn(CF3SO3)2, and ZnCl2) with simi-
lar degradation.12 Many efforts to mitigate dissolution include
the protective cathode layer,13,14 pre-insertion of metal ions
and organic group,15–17 adoption of ultra-high ‘‘water-in-salt’’
concentration electrolytes,18–21 eutectic and gel electrolytes,22–25

inorganic solid or colloidal electrolytes that we proposed,26,27

and PAN or Nafion functional separator.28,29 However, these
result-oriented strategies primarily focus on morphological
changes and electrochemical behavior arising from passive
blocking and vanadium-valency reduction, while giving limited
attention to quantitative analysis of intrinsic failure
mechanisms.

Studies on the modification of V2O5 with intercalated poly-
aniline have reported that it stems from the attack on chemical
V–O bonds following inserting cations. The strong polarization
of Zn2+ weakens the V–O bonds and shifts them to a lower
binding energy due to the competition between V–O and Zn–O
bonds.30 As evidence, various strategies, such as doping with
heterogeneous ions or functional groups,31 have been used to
stabilize transfer channels and minimize local electric field
concentration caused by Zn2+ de-insertion. Some studies have
indicated that vanadium oxide undergoes a dominant proton
intercalation along with the reversible precipitation of layer
double hydroxide (LDH) in both ZnSO4/H2O and Zn(SO3CF3)2/
H2O electrolytes.32 Researchers Choi and Kim revealed that the
main reason for the limited sustainability is caused by the
electrochemically inactive zinc pyrovanadate phase gradually
forming on the cathode surface.33 Despite recent progress,
the mechanistic understanding of vanadium dissolution in
aqueous electrolytes remains limited, leading to ambiguity in
strategy development.

Herein, we capture the dissolution mechanism of layered
vanadium oxide-based ZIBs using NH4V4O10 (NVO) and V2O5

(VO) cathodes at both the coin and cuvette system levels.
As cycling continues in Zn/Zn batteries, the electrolyte pH
increases dramatically from 4.4 to 5.4 within just 40 hours of
the plating/stripping process at 1 mAh cm�2. This increase in
pH is accompanied by a gradual rise in vanadium content,
which demonstrates vanadium chemical dissolution during the
cycling procedure. Meanwhile, the electrochemically driven

dissolution in V is confirmed by the excessive reduction of V
valency during H+ (de)insertion at higher voltage platforms,
rather than by Zn2+ or hydrated species. Both processes result
in the irreversible precipitation of vanadium-based zinc hydro-
xide, driven by continuous OH� accumulation, and acce-
lerate further dissolution, as illustrated in Fig. 1a. Theoretical
calculations indicate that inserted protons with monodentate
coordination tend to significantly reduce the V valency and
induce V–O bond breakage. As proof, without any electrolyte
additives or cathode modifications, electrochemical improve-
ment in Zn/NH4V4O10 and Zn/V2O5 batteries was achieved by
simply reducing the cut-off voltage or increasing the current
density at high voltage to directly inhibit H+ insertion and
mitigate the accumulation of layer-inserted H+. This is attrib-
uted to the facile de-insertion of surface-inserted H+ and
its lower dissolution energy due to the weak binding energy
(�0.82 eV) compared to Zn2+ (�3.6 eV) and the layer-inserted H+

(�2.54 eV). Further evidence is substantiated by H+-substitu-
ting cation (Na+ and Li+) electrolytes, which successfully sup-
press H+-insertion around the 1.3 V platform with sustained
cycling stability at 0.2 A g�1 and extended cycling up to
5000 cycles at 5 A g�1 in both battery systems. We believe that
understanding the failure mechanism is critical to underscore
the necessity of strategy development grounded in fundamental
principles.

Results and discussion

To investigate the fading mechanism of the vanadium oxide-
based ZIBs, the pH change of the electrolyte was first examined
using an in situ pH monitor in the cuvette cell as schematically
shown in Fig. S1. The electrodes (Zn/Zn) were placed in 2.5 mL
of ZnSO4 aqueous electrolyte (vs. 50 mL in the coin battery) with
a pH monitor and then sealed. As shown in Fig. 1b, during
galvanostatic cycling at a current density of 2 mA cm�2 and a
specific capacity of 1 mAh cm�2, the Zn deposition/stripping
curve initially exhibits a voltage hysteresis of 55 mV and
increases to 68 mV after just 40 cycles. After 3 hours of resting
activation, the pH increases significantly from an initial value
of 4.4 to 5.4 after cycling (Fig. 1c). Further investigation is
warranted to elucidate the correlation between pH and vana-
dium dissolution. After artificially adjusting the pH value of the
ZnSO4 electrolytes, the pristine NVO cathodes were subse-
quently immersed in the solution. Inductively coupled plasma
optical emission spectrometry (ICP-OES) results indicate that,
at the same immersion time (24 h), an increase in pH corre-
sponds to a greater concentration of V dissolution into the
electrolyte (Fig. 1d). When the pH increases from pristine to
6.5, the concentration of dissolved vanadium rises from 0.01
to 0.05 mg L�1. Interestingly, the concentration of Zn in the
electrolyte decreases from 572 mg L�1 (pristine, pH = 4.0) to
only 4.9 mg L�1 (pH = 6.5). This suggests that Zn ions in the
electrolyte may precipitate as an irreversible phase hydroxylated
zinc salt when the solution approaches near-neutral or alkaline
conditions,34 gradually depleting the active Zn2+.
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After immersion, the NVO electrode in the pH 4.5 electrolyte
exhibits an almost unchanged (110) diffraction peak at approxi-
mately 231 (Fig. 1e). As the pH increases to 5.0, the corres-
ponding diffraction peaks of NVO electrodes are significantly
weakened and gradually disappear under the same conditions
in a pH 6.5 electrolyte. This suggests that severe chemical
instability exists at elevated pH values, and the solubility trend
is positively correlated with the increase in pH. Besides the
layer double hydroxide precipitation of Zn3(SO3)(SO4)�3H2O
(LDH, PDF = 42-0096), the XRD results of the remaining
deposits in the electrolyte indicate the formation of zinc
hydroxide vanadium hydrate Zn3(OH)2V2O7�2H2O (V-LDH,
PDF = 87-0417), with the increasing pH values (Fig. 1f). The
SEM morphology presented in Fig. 1g, together with the dis-
tinct hexagonal shape identified in the elemental mapping of
Zn, S, O, and V (Fig. S2), provides further evidence that the
precipitate of V-LDH is formed through a deposition reaction of

dissolved vanadium at an elevated pH of 6.5. During this
process, active Zn2+ ions are simultaneously consumed. As a
result, this precipitation subsequently accelerates the dissolu-
tion of vanadium into the electrolytes.

With different pH electrolytes, the electrochemical perfor-
mances were evaluated in coin batteries. As shown in Fig. 2a,
the charge/discharge curves demonstrate that the battery cycled
with the baseline electrolyte (pH = 4.0) delivers a stable and
high redox plateau at 1.1 V/1.0 V and 0.6 V/0.5 V. However, the
platform gradually diminishes as the pH value increases from
4.5 to 6.0. Specifically, at a low current density of 0.2 A g�1,
similar results illustrate that the specific capacity of a Zn/NVO
battery is inversely related to the electrolyte’s pH value (Fig. 2b).
The voltage hysteresis in the Zn/Zn symmetric battery further
validated the deterioration as the pH increased (Fig. 2c). When
cycled in an electrolyte with a pH of 6.0, the Zn/Zn symmetric
battery sustains only 17 hours of repeated cycling at 1 mA cm�2

Fig. 1 Illustration of chemical changes and V dissolution demonstration. (a) Schematic illustration of the changes in Zn and V chemistry for vanadium
oxide-based Zn batteries. (b) Charge–discharge curves of Zn/Zn batteries in a cuvette cell. (c) pH changes for a Zn/Zn battery cycled with 2 M ZnSO4 at
2 mA cm�2. (d) Changes in V and Zn content. (e) XRD patterns of the NVO electrode after immersing for 24 h. XRD patterns of electrolyte residual
precipitation (f) and corresponding SEM image at pH 6.5 electrolyte (g).

Energy & Environmental Science Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
ak

am
án

nu
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
6-

01
-2

6 
22

:2
6:

12
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee03635f


This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci., 2025, 18, 9230–9239 |  9233

(1 mAh cm�2) and delivers the highest voltage hysteresis with
an average of 170.5 mV compared to the baseline electrolyte
(36.3 mV vs. Zn2+/Zn). These results demonstrate that the
attenuation of Zn/NVO is closely linked to the increasing pH
value of the electrolyte.

In addition to chemical dissolution, electrochemically
induced failure was also investigated. As shown in Fig. 2d, cyclic
voltammetry (CV) analysis of Zn/NVO batteries, performed using
a standard 2 M ZnSO4 at a scan rate of 0.1 mV s�1, shows only
87.63% capacity retention after three cycles. The improved
capacity retention of 92.97% at a higher scan rate of 0.2 mV s�1

(99.97% at 0.5 mV s�1) indicates enhanced reversibility with
current density increase (Fig. S3), consistent with other vana-
dium oxide-based batteries at lower current densities, as listed in
Table S1. Meanwhile, the dramatic increase in ionic transference
resistance after cycling (291.6 O vs.77.9 O for a fresh electrode),
as shown in Fig. 2e, indicates that severe side reactions occur
to hinder ion transport, which is confirmed by the appearance of
V-LDH precipitation in the XRD analysis (Fig. S4a). It strongly
validates that both V dissolution and pH increase occur during

electrochemical cycling with the baseline electrolyte. Specifically,
ex situ Raman results further confirm the occurrence of a
conversion reaction from an a-layer structure to a b-tunnel
structure (Fig. 2f),35 corresponding to the transition from the
initial state to the end of discharge at 0.4 V (vs. Zn2+/Zn).
However, only a partial phase reverts to the initial state after
charging to 1.4 V, implying an irreversible process during
cycling (Fig. 2g). Ex situ XRD confirms that the diffraction
signal of V-LDH appears at high voltage ranges during both
the charge and discharge processes, and it gradually increases
for cycling end of 1.4 V for both NVO- and VO-based batteries
(Fig. S4b and S4c).

To accurately assess electrochemical dissolution, in situ
operating models of Zn/NVO and Zn/VO batteries were imple-
mented in a cuvette system. As shown in Fig. 2h and video 1,
both Zn/NVO and Zn/VO batteries exhibit an obvious active
dissolution at higher voltages (deep color above 1.0 V vs. Zn2+/
Zn), while no significant changes are observed in the lower
voltage range. The ICP-OES and XRD results provide further
confirmation of this tendency (Fig. S5a). Meanwhile, the

Fig. 2 Electrochemical performance under difference pH value electrolytes and V dissolution in situ characterization. (a) Charge–discharge curves
of the Zn/NVO battery cycled at different pH values and (b) cycling performance at 0.2 A g�1. (c) Zn plating/stripping behavior of the Zn/Zn battery.
(d) CV curves of the Zn/NVO battery cycled with pristine electrolyte at a scan rate of 0.1 mV s�1. (e) Nyquist plots of the Zn/NVO battery before and after
cycling. (f) Ex situ Raman spectra of the Zn/NVO battery at a current density of 0.1 A g�1. (g) Crystal structure changes along with V dissolution.
(h) Photograph of V dissolution in the cuvette system.
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increase in pH values from 3.4 to 5.02 as batteries discharge
from 1.4 V to 1.0 V (Fig. S6), along with the absence of Zn
elements (Fig. S7a) in the EDS analysis at a discharge voltage of
1.0 V (vs. Zn2+/Zn), highly indicates that the insertion process
originates from proton or hydrated-proton at higher voltage
range rather than Zn2+. The remaining OH� will either partici-
pate with the ZnSO4 to form a LDH deposit (Fig. S7b), or with
dissolved vanadium species to produce a V-LDH deposit on the
cathode surface (Fig. S8a and b). As the discharge proceeds
from 1.0 V to 0.4 V, in addition to Zn2+ insertion, substantial H2

bubbles are observed at the anode from hydrogen reaction as
shown in Fig. 2h, which further accelerates LDH deposition on
the cathode surface, as confirmed by XRD and SEM results
(Fig. S5b and S8c, d). The charging process undergoes the
reverse reaction, beginning with Zn2+ extraction (0.4–1.0 V),
followed by proton release from the cathode occurrent in
V-LDH and LDH dissolution.

Based on the above analysis, ex situ and in situ X-ray
absorption spectroscopy (XAS) using synchrotron radiation
was further performed to quantitatively investigate the mechan-
isms and electrochemically induced structural transformations
of the cathode in tape-type batteries (Fig. 3a). Regarding the

X-ray absorption near edge structure (XANES) spectra of V K-
edge (Fig. 3b), the experimental features properly matched the
theoretical simulation used (Fig. S9a). After the first discharge
to 1.0 V (vs. Zn2+/Zn), the absorption edge of vanadium (V)
shifts by around 1.32 eV toward lower photon energy compared
to the initial electrode. Accordingly, the valence fitting per-
formed on the V K-edge exhibits a significant reduction from
the initial value of 3.42 to 2.58, as presented in Fig. 3c. Despite
thorough washing of the electrodes before testing, the vana-
dium oxidation state may still be affected by residual precipita-
tion of LDH and V-LDH phases, which can obscure the intrinsic
valence evolution during cycling. Accordingly, theoretical cal-
culations will be performed in the following analysis. The high
intensity of the white line indicates an increased number of
vacancies in the vanadium 3d states, thereby facilitating more
electron transitions from 1s (core level) to a higher energy 3d.36

This is primarily caused by the inserted ions, which weaken the
electron compensation capability and the hybridization effect
between the V–O bonds, leading to a tendency for bond break-
age. As the discharge continues, the absorption edge of V nearly
returns to its initial energy, starting from the discharge at 0.8 V
and continuing until the end of the discharge at 0.4 V.

Fig. 3 Ex/in situ characterization based on tape-type batteries. (a) Schematic illustration of the in situ X-ray absorption spectroscopy (XAS) synchrotron
radiation setup and the tap-type batteries. (b) Normalized XANES spectra of V K-edge for NVO after the first charge/discharge cycle, along with the
corresponding fitted valence results (c), and k3-weighted V K-edge FT-EXAFS spectra with fitting curves (d). (e) In situ XANES spectra of the first cycle
based on tape-type Zn/NVO batteries. (f) Ex situ XPS. (g) In situ XRD characterization.
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The detailed local coordination using Fourier-transformed
X-ray absorption fine structure (FT-EXAFS), as shown in
Fig. 3d, revealed a dominant peak at around 4.33 Å after reach-
ing 0.8 V, strongly indicating the presence of V–Zn bonds during
battery cycling from 1.0 V to 0.8 V (Table S2 and Fig. S9b). This
validated that before 1.0 V, the insertion is mainly dominated by
H+, consistent with the above analysis, while the Zn2+ process
initiates at 1.0 V. More precisely, in situ XAS was specifically
designed to evaluate this reversibility and provide comprehen-
sive insights over charge/discharge cycles. As shown in Fig. 3e,
a dramatic fluctuation in the white line is evident in the V K-edge
XANES spectra within the high voltage range (above 1.0 V) during
both the charge and discharge process. This indicates a signifi-
cant decrease in vanadium valence and an increase in the
vacancies in the 3d orbitals due to H+ (de)insertion at high
voltage, which is primarily attributed to the irreversible dissolu-
tion reactions in NVO-based batteries.

Ex situ characterization studies of X-ray photoelectron
spectroscopy (XPS) analysis also reveal a significant negative
shift in V 2p peaks from 517.7 eV to 516.8 eV after discharging
to 1.0 V, which highly indicates a pronounced reduction in the
vanadium valence state following ion insertion at high voltage
ranges compared to full discharge to 0.4 V,37,38 as shown in
Fig. 3f and Fig. S10a. This energy shift of V–O bonds to lower
binding energy renders the vanadium oxide structure thermo-
dynamically unstable due to the competition between H–O and
V–O chemical bonds.30 Hereafter, in situ XRD was investigated
to analyze the resulting reactions in the tape Zn/NVO battery
during the CV performance at a scan rate of 2 mV s�1. As
opposed to the repeated appear/disappear diffraction peak of
the precipitation of V-LDH at around 12.31 degrees (Fig. 3g and
Fig. S10b),39 the gradually increasing peak demonstrates a
continuous rise in pH and the persistence of V dissolution
within the electrolyte environment. The progressive emergence
of V-LDH signals, as revealed by the in situ XRD results during
the second cycle (Fig. S10c), further confirms that its formation
occurs in the high-voltage region (above 1.0 V) as discussed
above.

Density functional theory analyses were performed to vali-
date the differences after H+ and Zn2+ insertions (Fig. S11).
As illustrated in Fig. 4a, the interlayer-inserted proton prefer-
entially forms a monodentate coordination with an oxygen
atom, and exhibits a strong binding energy of �2.54 eV
(Fig. 4b). In contrast, Zn2+ tends to build tetrahedral coordi-
nation, with a lower binding energy of �1.9 eV and an even
electron distribution. All H+ insertions result in a significant
local electron concentration around V atoms in both layer and
surface insertions. Owing to their smaller ionic radius and
higher charge density, protons facilitate stronger electrostatic
interactions toward the oxygen element and reduce the hybri-
dization effect between the V–O bonds due to electron redis-
tribution in the H–O–V local environment. The significantly
longer bond length confirms the vulnerability and weakness
of the V–O bonds (Table S3), which is correlated with
the electron transition to higher energy levels as mentioned
by XANES analysis. Eventually, proton insertion reduces the

binding energy of V–O bonds, destabilizing the vanadium
oxide structure.

In addition, the valence state of V0 which is directly linked to
proton insertion, undergoes a more significant decline com-
pared to both the indirectly linked atoms (V1, V2, and V3) and
Zn2+ insertion at both layer and surface sites, as revealed via
Bader charge analysis (Fig. 4c). Specifically, as for the surface-
inserted H+, the lowest binding energy (�0.82 eV) suggests that
protons are more easily released from the surface compared to
surface-inserted Zn2+ (�3.6 eV) and layer-inserted H+. This
is further validated by the higher coulombic efficiency of
99.78% when the current density increased to 1 A g�1 above
1.0 V (Mod, Fig. 4d), compared to the pristine efficiency of
97.6% at 0.2 A g�1 across the entire voltage range. This suggests
that a higher current density improves capacity reversibility,
mainly attributable to proton insertion occurring at the surface,
which effectively mitigates further insertion and accumulation
within the interlayered structure. This finding explains the
widely documented correlation between elevated current den-
sities and superior capacity retention.40 Furthermore, the mole-
cular dynamic (MD) simulation in ZnSO4 electrolytes (Table S4)
illustrated the association effects and dissolution trends under
all types of ion insertion conditions. All types of Zn-insertion
exhibit higher total energy compared to proton-insertion
(Table S5), illustrating a reduced tendency for dissolution
compared with proton insertion, which is consistent with the
above analysis. When the number of inserted protons increases
to two, the layer-inserted 2H shows an obvious dissolution
(Fig. 4e), with the highest total energy of �16 375.24 eV and
the largest coordination number of 10.0 in ZnSO4 electrolytes.
As established, capacity fading is primarily attributed to inter-
layer H+ insertion at elevated voltage range and subsequent
accumulation within the interlayered structure.

Consequently, the optimization strategy focuses on either
reducing the accumulation of protons within the layered posi-
tion or directly lowering the cut-off voltage. As a proof of
concept, the current density was increased to 1 A g�1 when
the voltage exceeded 1.0 V, which is five times higher than the
0.2 A g�1 applied as mentioned in Fig. 4d. The modification of
voltage manifests superior stability retention of 82.61% com-
pared to 64.60% for the pristine (Fig. 4f). Meanwhile, the
enhanced stability was validated by gradually lowering the
cut-off voltage (Fig. 4g). As the cut-off voltage decreased,
capacity retention improved, albeit with a reduction in specific
capacity, suggesting that protons also contribute to the overall
capacity. Among them, the cut-off voltage of 1.2 V shows the
best specific capacity and stability. This concept and strategy
were further validated in Zn/V2O5 batteries, as shown in Fig. S12.

Further validation of the proton effect is achieved by 1 M
Na2SO4 and 1 M Li2SO4 into the baseline electrolytes, thereby
establishing a strategy based on H+-substituting cations (Na+

and Li+). Based on the Gibbs free energy change and ion
insertion calculations, the theoretical insertion potentials are
determined to be 1.38 V and 1.1 V for Li+, and 1.2 V for Na+

(Fig. 5a and Fig. S13), indicating their potential to substitute for
protons. The absence of Zn at voltages above 1.0 V, along with
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the changes in peaks around 1.30 V observed in the CV results
(Fig. 5b), indicates successful suppression of H+ insertion in the
Li-based electrolyte and elimination in the Na-based electrolyte.
Meanwhile, the theoretical insertion voltage aligns with the CV
peaks at around 0.8 V, 0.67 V, and 0.4 V, showing possible
insertion positions of pure Zn2+ (Fig. S14a). With well-defined
Zn element mapping (Fig. S8c) and the exclusion of pure Zn2+

insertion, the peaks at 1.0 V and 0.9 V can be attributed to the
insertion of hydrated Zn2+. This is further supported by theore-
tical calculations of hydrated Zn2+ coordinated with H2O mole-
cules (Fig. S14b). During the charging process, ion de-insertion
shows sluggish kinetics, as evidenced by the large separation
between redox peaks in the CV results. This accounts for
the optimal specific capacity and reversibility achieved at the
1.2 V cut-off voltage as mentioned above. As a consequence, the

NVO- and VO-batteries with H+-substituting cation (Na+, Li+)
electrolytes exhibit sustainable cycling stability across current
densities from 0.2 A g�1 to 5 A g�1, surpassing those with
pristine electrolytes (Fig. 5c and S15). The batteries cycled with
Li-based electrolytes deliver a higher specific capacity at the
beginning of cycling but still exhibit gradual and consistent
capacity fading, which may be due to only partial protons
substitution, as indicated by the reduced peaks at 1.30/1.35 V
and above. As for the Na-based electrolyte, the clearly identified
Na element mapping from HRTEM-EDS results at the end of
1.0 V discharge indicates successful Na insertion (Fig. S16).
Meanwhile, CV analysis confirms that it also effectively blocks
proton or hydrated-proton insertion in subsequent cycles. As a
result, it maintains 90% capacity retention for Zn/VO batteries
after 200 cycles at 0.2 A�1 and nearly 100% retention for

Fig. 4 Theoretical calculations and molecular dynamic simulation. (a) Electron density differences of NVO after layer and surface insertion of H+ and
Zn2+, respectively. (b) Binding energy for ion insertions. (c) The valence state of vanadium atoms around the insertion site. (d) Galvanostatic and modified
charge–discharge curves of Zn/NVO batteries. (e) MD simulation results of all types of proton insertion conditions in 2 M ZnSO4 electrolytes. Cycling
performance of batteries with different cut-off voltage and modification at 0.2 A g�1 (f) and 1 A g�1 (g), respectively.
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Zn/NVO batteries after 5000 cycles at 5 A g�1. The stable cycling
performance of the single-layer pouch-type Zn/NVO battery,
delivering a capacity of 14.4 mAh at 0.2 A g�1, strongly indicates
the effective suppression of vanadium oxide degradation even
under low current densities. The stable pH evolution during
the initial discharge, particularly above 1.0 V, along with the
reduced vanadium content in the electrolyte of Zn/NVO cuvette
batteries cycled with Li+- and Na+-containing electrolytes
(Fig. S17 and Table S7), further confirms the suppression of
proton insertion and vanadium dissolution.

The mechanism of capacity fading in layered vanadium
oxide batteries is due to a chain reaction. Firstly, during the
discharge process, the decreasing valence of vanadium, driven
by proton or hydrated-proton insertion at high voltages, leads
to its dissolution. Subsequently, the dissolved vanadium then
reacts with zinc ions, resulting in the precipitation of the
vanadium-based zinc hydroxide salt as the pH increases,
caused by proton insertion and continuous hydrogen evolution
reaction (HER) at the zinc surface. Finally, combined with zinc

consumption, the precipitation of dissolved vanadium is exa-
cerbated in the next cycle by the presence of excess OH�. Based
on the above analysis, the mechanism-guided strategies should
focus on (Fig. 6): (i) selecting benign working voltage to inhibit
proton insertion; (ii) minimizing the particle size to promote
surface-dominant proton insertions to minimize the accumula-
tion of protons within the layered position; (iii) developing
high-potential substitution ions or polymers such as PANI,41

glutamic acid,42 p-aminophenol,43 to compensate for or replace
proton insertion, thereby fundamentally suppressing electro-
chemical dissolution caused by protons; and (iv) establishing
highly stable zinc metal anode interfaces and bulk phase alloys
to suppress the HER and reduce chemical dissolution due to
increased pH in the solution.44,45 It is demonstrated that these
VOx oxides (VO2, V6O13, V2O3, and V2O5) with tunnel structure
will undergo phase transformation to layer structure after the
first charge or short cycle.46,47 Therefore, a fundamental under-
standing of the failure mechanisms in layered VOx is impera-
tive for guiding the design of other cathode materials.

Fig. 5 (a) Electrochemical insertion potentials of ions into NVO cathodes. (b) CV curves of Zn/NVO battery cycled with baseline, Li/Zn, and Na/Zn
electrolytes at a scan rate of 0.1 mV s�1. (c) The corresponding cycling performance of NVO- and VO-based batteries, as well as the single-layer pouch-
type Zn/NVO battery.
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Conclusions

In summary, we comprehensively analyze the vanadium dis-
solution in aqueous layered vanadium oxide-based ZIBs. It is
recognized that the dissolution of vanadium is primarily attrib-
uted to the pronounced reduction in the vanadium valence
state during proton insertion and subsequent accumulation
within the layered structure at elevated voltages, rather than being
driven by Zn2+. Proton insertion preferentially forms monodentate
coordination with oxygen, inducing intense localized electron
concentration and subsequent V–O bond breakage. In contrast,
Zn2+ tends to form a more uniform tetrahedral coordination,
causing less disruption to the V–O bonds. As a chain reaction,
the dissolved V precipitates with Zn2+ in the presence of remaining
OH� ions and is further exacerbated by the continuous generation
of OH� caused by the HER at the zinc anode and V-LDH deposi-
tion. As a proof of concept, without any additives or modifications
of the cathode, the electrochemical improvement was achieved by
simply reducing the cut-off voltage or increasing the current
density at high voltage, which directly inhibited H+ insertion or
promoted surface-inserted reactions due to the lower binding
energy of protons at the surface. Based on the revealed failure
mechanism, the proposed H+-substituting cation electrolytes
(Na+ and Li+) demonstrate robust electrochemical stability at both
0.2 A g�1 and 5 A g�1 in coin and pouch systems. We believe that
gaining insight into the thermodynamic properties of layered
vanadium oxide-based electrodes and understanding the chemis-
try and electrochemistry-related failure mechanisms are crucial for
their application.
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