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p-conjugated conductive polymer
stabilizing ultra-large interlayer spacing in
vanadium oxides for high-performance aqueous
zinc-ion batteries†

Weijian Li,ab Kaiyue Zhu,*ab Weikang Jiang,a Hanmiao Yang, ab Weili Xie,ab

Zhengsen Wanga and Weishen Yang *ab

Rechargeable aqueous zinc-ion batteries (ZIBs) have attracted increasing attention in the field of

electrochemical energy storage (EES) because of their remarkable features, including high theoretical

capacity, cost-effectiveness, environmental friendliness, and inherent safety. However, the realization of

high-performance cathodes with both high specific capacity and outstanding cycling stability in ZIBs

remains challenging. In this work, we present the design of a novel conductive polymer, poly-[2,20-
bipyridin]-5-amine (PBpyA), and report the successful in situ intercalation synthesis of PBpyA-

intercalated V2O5$nH2O (designated as PBVO) xerogels. PBVO exhibits exceptional structural stability,

attributed to the robust p-conjugation within PBpyA, which effectively stabilizes V2O5 bilayers. Moreover,

PBVO features a significantly enlarged interlayer spacing of 14.1 Å, facilitating efficient intercalation/

extraction of Zn2+. As a cathode material for ZIBs, PBVO demonstrates excellent electrochemical

performance, delivering a high specific capacity of 454.6 mA h g−1 at 0.1 A g−1 and exhibiting remarkable

cycling stability, with 97% capacity retention after 150 cycles at 0.2 A g−1 and 84% capacity retention

after 2000 cycles at 5 A g−1. These findings position PBVO as a highly promising candidate for high-

capacity and ultra-stable ZIB cathodes.
Introduction

In recent decades, increasing fossil fuel consumption and the
resulting environmental degradation have highlighted the
urgent need for sustainable energy technologies such as
hydropower, solar, and wind energies.1 However, the intermit-
tent nature of these renewable sources underscores the neces-
sity for reliable energy storage solutions.2 Rechargeable
batteries, particularly lithium-ion batteries (LIBs), have
emerged as promising candidates for integrating renewable
sources because of their high energy density and long lifespan.3

Nonetheless, cost and safety concerns limit their application in
large-scale stationary storage, necessitating the development of
innovative, secure, and affordable alternatives.4 Aqueous
batteries, with water-based electrolytes, offer an attractive
solution by combining safety, affordability, and environmental
friendliness.5 Water-based electrolytes enable fast reaction
kinetics, which are crucial for large-scale storage, and eliminate
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the safety risks associated with ammable organic electrolytes.6

Aqueous zinc-ion batteries (ZIBs) leverage earth-abundant Zn
metal as the anode, offering advantages such as low cost, high
volumetric capacity (5854 mA h cm−3)/gravimetric capacity
(820 mA h g−1), and a low electrode potential (−0.762 V vs.
SHE).7 These features make ZIBs a promising and sustainable
energy storage technology.8

The performance of ZIBs is strongly inuenced by the
cathode material.9 The lack of suitable cathode materials has
severely hindered their practical applications, with the chal-
lenge lying in designing cathodes that combine high storage
capacity with structural robustness to support efficient Zn2+

insertion and extraction.10 To date, various compounds,
including manganese-based oxides,11 vanadium-based oxides,12

Prussian blue analogues13 and organic redox-active
compounds,14 have been investigated as potential ZIB cath-
odes. Among these, vanadium-based oxides have garnered
signicant attention as potential ZIB cathodes.15 Multiple
oxidation states of V (V3+, V4+ and V5+), facile structure distor-
tion, and versatile V–O polyhedral connections16 contribute to
their large theoretical capacity and diverse crystal structures,
including layered17 and tunnel18 congurations. Layered mate-
rials are particularly promising because of their rapid Zn2+

transport, with V2O5$nH2O xerogels standing out due to their
Chem. Sci., 2025, 16, 10935–10943 | 10935
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unique bilayer structure where pillaring water molecules act as
a “lubricant” and expand the interlayer spacing (11.5 Å for n ∼
1.6 and 8.7 Å for n ∼ 0.5). The enlarged interlayer spacing
promoted rapid Zn2+ diffusion. However, improving the long-
term cycling stability and storage capacity of V2O5$nH2O is
a signicant challenge.19

A major issue in ZIB systems is the dissolution of vanadium-
based materials during electrochemical cycling and electrolyte
immersion. This process releases vanadium ions, which react
with zinc ions and basic zinc salts to form electrochemically
inactive phases such as Zn3(OH)2V2O7$2H2O (ZOV), leading to
capacity degradation.20 This reaction progressively converts
active vanadium species into inactive phases, resulting in
a continuous decline in the capacity of the cathode material.21

Additionally, dissolved vanadium ions may deposit on the
anode surface, causing severe passivation and further impairing
battery performance. These interrelated degradation mecha-
nisms underscore the need for strategies to suppress vanadium
dissolution and enhance the stability of vanadium-based
materials. Introducing larger cations (e.g., NH4

+,22 Na+,23

Ca2+,24 Zn2+,25 and Mg2+ (ref. 26)) as interlayer pillars has been
explored to improve the cycling stability of V2O5$nH2O by
enlarging the interlayer distance. However, structural degrada-
tion during Zn2+ insertion and extraction remains a challenge
because of the loss of guest ions during cycling. To overcome
this, innovative materials with expanded interlayer spacing and
improved structural integrity are needed.

Inorganic–organic hybrid materials, such as composites of
conductive polymers with cathode materials, have attracted
increasing interest in recent years.27 Conductive polymers with
p-conjugated chains (e.g., polypyrrole, polyacetylene, polyani-
line, and polythiophene) are widely used in supercapacitors and
rechargeable batteries because of their ease of fabrication,
controllable structure, exibility, and high electrical conduc-
tivity.28 When intercalated with V2O5$nH2O, these polymers can
signicantly enhance cathode performance by (i) enlarging the
interlayer spacing for faster Zn2+ kinetics, (ii) stabilizing bilayer
structures through p-conjugation interactions, and (iii) acting
as electron reservoirs to shield electrostatic interactions
between Zn2+ and the host. Polymers such as polyaniline
(PANI)29 and poly(3,3-ethylenedioxythiophene) (PEDOT)30 have
been used for interlayer expansion of hydrated V2O5, but their
contributions to capacity and cycling stability remain limited.
Designing advanced polymer structures to enhance the perfor-
mance of these composites is a promising yet challenging
research avenue.

In this study, we developed a novel conductive polymer using
[2,20-bipyridine]-5-amine as a monomer and successfully
synthesized poly-[2,20-bipyridin]-5-amine (PBpyA)-intercalated
V2O5$nH2O xerogels (PBVO) via in situ intercalation. PBVO, as
an innovative ZIB cathode, has exceptional structural stability
and exhibits high electrochemical performance. The intercala-
tion of PBpyA signicantly enlarges the interlayer spacing,
facilitating efficient intercalation/extraction of Zn2+. The bipyr-
idine groups in PBpyA promote Zn2+ storage through favourable
Zn–N interactions, thus improving the capacity of the cathode.
Additionally, the large p-conjugated structure enhances the
10936 | Chem. Sci., 2025, 16, 10935–10943
crystal stability of V2O5 and mitigates electrostatic interactions
between Zn2+ and the V2O5 host. Owing to these features, PBVO
achieves a high specic capacity of 454.6 mA h g−1 at 0.1 A g−1

and outstanding cycling stability, retaining 97% capacity aer
150 cycles at 0.2 A g−1 and 84% capacity aer 2000 cycles at
5 A g−1. These results establish PBVO as a highly promising
candidate for high-performance ZIB cathodes and offer a novel
design strategy for advanced cathode materials.

Results and discussion
Synthesis and characterization of poly-[2,20-bipyridin]-5-
amine-intercalated V2O5$nH2O

The poly-[2,20-bipyridin]-5-amine (PBpyA)-intercalated
V2O5$nH2O (PBVO) xerogels were synthesized via a one-pot in
situ hydrothermal reaction by reacting [2,20-bipyridine]-5-amine
monomers with a-V2O5 at 150 °C for 3 h (refer to “Synthesis of
PBVO” in the Experimental section for details). Under hydro-
thermal conditions, a-V2O5 undergoes dissolution followed by
recrystallization, during which the [2,20-bipyridine]-5-amine
(BpyA) monomers are oxidized and polymerized to form poly-
mer chains. These chains are intercalated into the vanadium
pentoxide layers, incorporating water molecules and resulting
in poly-[2,20-bipyridin]-5-amine-intercalated V2O5$nH2O xero-
gels (Fig. 1a).

The X-ray diffraction (XRD) pattern in Fig. S1† conrms that
the absence of water molecules in the interlayers of orthogonal
a-V2O5. The hydrothermal intercalation of PBpyA transforms
orthogonal a-V2O5 into a hydrated bilayer V2O5 structure
(Fig. 1b). As shown in Fig. S2 and S3,† the a-V2O5 material
retained its orthogonal phase and did not transform to the
hydrated bilayer V2O5 structure. This demonstrates that poly-
mer intercalation promotes phase transition and enables
synthesis under milder conditions. For comparison, the
V2O5$nH2O xerogel without a polymer (H–V2O5) was synthesized
hydrothermally at 220 °C for 24 hours (Fig. 1b and S4†). XRD
patterns (Fig. 1b) conrm that the H–V2O5 synthesized at
a higher temperature and longer duration shares a similar
hydrated layered structure to PBVO. As shown in Fig. 1b, the
XRD peak at 6.260° in PBVO, corresponding to the (001) lattice
plane of V2O5$nH2O, suggests an enlarged interlayer spacing of
14.1 Å, compared with 11.7 Å in H–V2O5. Compared to H–V2O5,
the expanded interlayer distance in PBVO clearly demonstrated
the intercalation of PBpyA into the interlayer spacing of
V2O5$nH2O. This expansion facilitates efficient Zn2+

intercalation/extraction. The broad, low-intensity XRD peaks
corresponding to the (001) lattice plane of PBVO suggest
reduced crystallinity due to polymer insertion.

The morphology and particle size of PBVO were examined
using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) (Fig. 1c and S5†). SEM images
revealed that PBVO consists of layered particles ranging from 1
to 2 mm in size. The high-resolution TEM (HRTEM) image
(Fig. 1d) suggest lattice fringes corresponding to the (001)
planes with a d-spacing of ∼14 Å, conrming that the interca-
lation of PBpyA into V2O5$nH2O signicantly enlarges the
interlayer spacing. Energy-dispersive X-ray spectroscopy (EDS)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural andmorphological characterization of PBVO. (a) Illustration of the synthesis process of PBVO; (b) XRD patterns of PBVO and H–
V2O5; (c) SEM image, (d) HRTEM image, and (e) C, N and V elemental mappings of PBVO; (f) Raman spectra of PBVO and H–V2O5; (g) the highest
occupiedmolecular orbital (HOMO) and the lowest unoccupiedmolecular orbital (LUMO) values of the polymermonomer (BpyA) and bipolymer
(PBpyA).
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elemental mapping (Fig. 1e and S6†) revealed a uniform
distribution of V, O, C, and N in PBVO, conrming successful
PBpyA intercalation.

Fourier transform infrared (FT-IR) spectroscopy (Fig. S7†)
was used to conrm and analyze the functional groups in the
samples. FT-IR spectra demonstrate the successful insertion of
PBpyA into the interlayer spaces of V2O5$nH2O. The peaks at
1600–1400 cm−1 correspond to pyridine ring stretching,
whereas the peaks at 1295 cm−1 and 1172 cm−1 are attributed to
C–N and C–H stretching, respectively. The successful interca-
lation of PBpyA is also supported by its Raman spectrum
(Fig. 1f). The Raman peaks in the range of 1200–1700 cm−1 are
associated with the organic polymer (including vibrations of C–
H, C–N, C–C, C]N, and C]C bonds).

Thermogravimetric analysis (TGA) (Fig. S8†) was employed
to quantitatively determine PBpyA and structural water in
PBVO. The weight loss of 8.7% below 290 °C is attributed to
water evaporation, whereas the 7.5% loss between 290 °C and
420 °C corresponds to PBpyA decomposition. A slight 2.8%
© 2025 The Author(s). Published by the Royal Society of Chemistry
mass increase is likely due to the oxidation of low-valent vana-
dium species (V4+). The PBVO composition is thus estimated to
be 7.5% PBpyA/V2O5$nH2O.

Molecular electrostatic potential (ESP) analysis highlights
active sites for cation uptake. Notably, nucleophilic and elec-
trophilic centers are associated with regions of higher positive
ESP (blue regions) and lower negative ESP (red regions),
respectively, as shown in Fig. S9.† The regions near the bipyr-
idine nitrogen and amidogen nitrogen atoms exhibit higher
negative ESP values, indicating preferential binding sites for
electrophilic cations such as Zn2+ and H+ to shield electrostatic
interactions between Zn2+/H+ and the host of V–O layers.
Density functional theory (DFT) calculations (Fig. 1g) revealed
that, compared to its monomer (BpyA), PBpyA has lower HOMO
and LUMO values, indicating higher stability and electron
affinity. In theory, an extended conjugated structure can reduce
the band gap of the LUMO and the HOMO. The narrow energy
gap (DEHOMO–LUMO) of the polymer allows facile electron injec-
tion and release. In addition, the highly p-conjugated structure
Chem. Sci., 2025, 16, 10935–10943 | 10937
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of PBpyA facilitates strong p–d stacking interactions with V–O
layers, which are benecial for maintaining structural integrity
and inhibiting the dissolution of V in electrolytes during elec-
trochemical processes.
Electrochemical performance of the PBVO cathode in ZIBs

The cyclic voltammetry (CV) curves were recorded for PBVO as
a cathode material in a three-electrode cell ZIB conguration,
comprising a Zn foil anode and a Zn ring reference electrode.
The rst ve CV cycles of PBVO, recorded at a scan rate of
0.2 mV s−1 between 0.2 and 1.6 V vs. Zn2+/Zn (Fig. 2a), exhibit
excellent overlap, indicating outstanding reversibility. During
discharge, PBVO accepts electrons from the external circuit,
whereas Zn2+/H+ intercalate into the cathode. The nitrogen
atoms in the pyridine and imino groups of the PBpyA polymer
play a signicant role in Zn2+/H+ storage. Upon charging, these
ions are extracted from the PBVO structure.

Fig. 2b and c depict the specic discharge/charge capacity
curves of PBVO in 2 M Zn(OTf)2 electrolyte at different current
densities. PBVO delivers discharge capacities of 454.6 mA h g−1,
390.1 mA h g−1, 347.4 mA h g−1, 313.6 mA h g−1, 280.2 mA h g−1,
241.4 mA h g−1 and 200.6 mA h g−1 at current densities of 0.1,
0.3, 0.6, 1.2, 2.4, 5, and 10 A g−1, respectively. Remarkably, when
the current density returns to 0.3 A g−1, the discharge capacity
recovers to its original value, outperforming H–V2O5 and
demonstrating excellent rate performance. This superior rate
performance is attributed to the expanded interlayer spacing in
PBVO, which promotes hydrated zinc-ion diffusion and rapid
Zn2+ insertion/extraction.

The long-term cycling stabilities of PBVO and H–V2O5 in 2 M
Zn(OTf)2 are shown in Fig. 2d, e and S10.† At a current density of
Fig. 2 Electrochemical performance of the PBVO cathode in ZIBs. (a) Fi
three-electrode cell configuration ZIBs; (b) rate capability of PBVO and
PBVO at various current densities; (d) cycling performance of PBVO and
5 A g−1.

10938 | Chem. Sci., 2025, 16, 10935–10943
0.2 A g−1, PBVO maintained a specic capacity of 429 mA h g−1

with 97% capacity retention aer 150 cycles. At a high current
density of 5 A g−1, PBVO initially delivers 259 mA h g−1, peaks at
354 mA h g−1, and retains 84% of the peak capacity aer 2000
cycles. Comparatively, PBVO outperforms H–V2O5 in terms of
both low- and high-current-density stability.

To demonstrate the potential of practical application, the
mass loading of cathode was increased from ∼1 mg cm−2 to
∼3 mg cm−2, and the cycling performance of the high-mass-
loading cathode was evaluated. The high-mass-loading PBVO
electrode also exhibited excellent cycling stability (Fig. S11†),
retaining 77% of its peak capacity aer 80 cycles, signicantly
outperforming the high-mass-loading H–V2O5 (retaining 56%
aer 80 cycles). These results underscore PBVO's promising
potential for practical application.

In addition, we evaluated the temperature-dependent elec-
trochemical performance of PBVO at a current density of 0.2 A
g−1 in the electrolyte of 2 M Zn(OTf)2. As shown in Fig. S12,†
PBVO delivered discharge capacities of 546.2, 450.7, 376.6,
308.6, 249.7 and 193.6 mA h g−1 at 40 °C, 30 °C, 20 °C, 10 °C, 0 °
C and −10 °C, respectively. These results demonstrate that
PBVO maintains good electrochemical activity across a wide
temperature range, indicating strong adaptability and prom-
ising application potential at both high- and low-temperature
environments.

In a 2 M ZnSO4 electrolyte, PBVO also demonstrates excep-
tional cycling stability, with 80% capacity retention aer 150
cycles at 0.2 A g−1 and 84% capacity retention aer 2000 cycles
at 5 A g−1, which is superior to that of H–V2O5 (Fig. S13†). The
Ragone plot (Fig. S14†) further conrms the competitive elec-
trochemical performance of PBVO relative to that of previously
reported materials (Table S1†).13c,15b,31
rst five CV curves of the PBVO cathode at a scan rate of 0.2 mV s−1 in
H–V2O5 at various current densities; (c) discharge–charge curves of
H–V2O5 at 0.2 A g−1; (e) cycling performance of PBVO and H–V2O5 at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The long cycle life of PBVO is attributed to the suppression of
irreversible structural damage facilitated by the PBpyA polymer.
Aer soaking in 2 M ZnSO4 for 7 days, the solution containing
H–V2O5 turned yellow, whereas the solution with PBVO
remained colorless (Fig. S15†).25,32 Additionally, ICP-OES
measurements were conducted to quantitatively analyze the V
concentration in electrolytes aer soaking PBVO and H–V2O5

for 7 days. The ICP-OES results (Table S2†) revealed that the
dissolved vanadium content in ZnSO4 electrolyte aer soaking
PBVO for 7 days was only 0.180 mmol L−1, threefold lower than
that of H–V2O5 (0.603 mmol L−1). This suggests that the highly
p-conjugated PBpyA polymer forms robust p–d stacking inter-
actions with V–O layers, effectively preventing vanadium-based
material dissolution. The intercalation of conductive polymer
confers excellent rate performance and superior structural
stability to PBVO. Moreover, the dissolution of vanadium-based
materials leads to the formation of the inactive Zn3(OH)2V2O7-
$2H2O by-product, which contributes to the capacity decay of
vanadium-based cathodes.15a,21

XRD patterns (Fig. S16†) and SEM images (Fig. S17†) of the
PBVO cathode in a fully charged state aer 50 cycles at 0.2 A g−1

in ZnSO4 show no evidence of Zn3(OH)2V2O7$2H2O formation.
In contrast, this by-product with a nanosheet morphology (Fig.
S17†) is clearly observed in the H–V2O5 cathode under the same
conditions. The intercalation of PBpyA into V2O5$nH2O effec-
tively suppresses the vanadium-based cathode dissolution and
prevents the formation of inactive Zn3(OH)2V2O7$2H2O species
during cycling, thereby enhancing long-term cycling
performance.

Electrochemical kinetics of PBVO in aqueous ZIBs

The electrochemical kinetics of PBVO were investigated via
cyclic voltammetry (CV) and electrochemical impedance
Fig. 3 Kinetic behavior of the PBVO cathode. (a) CV curves at various sca
and the capacitive contribution (pink region) at 0.8 mV s−1; (d) capacity c
0.06 A g−1 and the corresponding ionic diffusion coefficients of PBVO a

© 2025 The Author(s). Published by the Royal Society of Chemistry
spectroscopy (EIS) in a three-electrode cell conguration with
Zn foil as the anode, a Zn ring as the reference electrode, and
2 M ZnSO4 aqueous electrolyte at room temperature. Fig. 3a
shows the CV curves of the PBVO electrode at different scan
rates (0.2–1.0 mV s−1) within a potential range of 0.2–1.6 V vs.
Zn2+/Zn. The CV curves exhibit consistent shapes and peak
positions across scan rates, with two pairs of redox peaks at
1.08/0.95 V and 0.62/0.55 V at 0.2 mV s−1, corresponding to the
V5+/V4+ and V4+/V3+ redox couples, respectively. For comparison,
H–V2O5 displays redox peaks at 1.13/0.94 V and 0.81/0.58 V
under the same conditions (Fig. S18a†). The obvious shi of
peaks between H–V2O5 and PBpyA is likely caused by electron
interactions between the intercalated PBpyA polymer and the
vanadium oxide layers.

The relationship between the peak current (i) and scan rate
(n) is modelled as i = anb, where b determines whether the
charge–discharge process is a diffusion-controlled process (b =

0.5) or surface-controlled process (capacitive) (b = 1.0). Linear
tting of log(i) vs. log(n) yields b values of 0.89, 0.89, 0.82, and
0.86 for PBVO (Fig. 3b) compared with 0.55, 0.79, 0.72, and 0.61
for H–V2O5 (Fig. S18b†). These results indicate a mixed
diffusion-controlled and surface-controlled mechanism for
PBVO, with a greater capacitive contribution than H–V2O5.

At a constant scan rate, the peak current of the CV curve can
be further decomposed into a surface-controlled capacitive
process (k1n) and a diffusion-controlled intercalation process
(k2n

1/2), expressed as follows:

i = k1n + k2v
1/2 (1)

Fig. 3c shows that at a scan rate of 0.8 mV s−1, the capacitive
contribution of PBVO is approximately 85%, which is signi-
cantly greater than that of H–V2O5 (51%) (Fig. S18c†). Across
n rates; (b) plots of log(peak current) versus log(scan rate); (c) CV curve
ontribution ratios at various scan rates; (e) GITT curves (lower part) at
nd H–V2O5; (f) EIS spectra in the OCV state of PBVO and H–V2O5.

Chem. Sci., 2025, 16, 10935–10943 | 10939

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01545f


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

10
:4

7:
46

 A
M

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
scan rates from 0.2 to 1.0 mV s−1, the capacitive contribution of
PBVO increases from 79% to 89% (Fig. 3d), whereas that of H–

V2O5 increases from 35% to 55% (Fig. S18d†). This highlights
the faster ion transport ability and superior rate capability of
PBVO.

To understand the kinetic behavior of Zn2+ in the cathode, its
diffusion coefficient can be obtained via the galvanostatic
intermittent titration technique (GITT). The diffusion coeffi-
cient is calculated as follows:

DGITT
Zn2þ ¼ 4L2

ps

�
DEs

DEt

�2

(2)

where s is the constant current pulse time, L is the Zn2+ diffu-
sion length (electrode thickness), DEs is the steady-state voltage
change during a single-step GITT experiment, and DEt is the cell
voltage change at a constant current minus IR-loss during each
galvanic step. Fig. 3e and S19† show the discharge/charge
curves of the PBVO and H–V2O5 electrodes and the corre-
sponding diffusion coefficients of Zn2+ (DZn2+) upon Zn2+ inser-
tion and extraction in the electrodes. During the discharge
process, the PBVO electrode demonstrated a higher diffusion
coefficient of Zn2+ (1.74 × 10−7 to 1.05 × 10−8 cm2 S−1) than did
H–V2O5 (3.86 × 10−8 to 3.98 × 10−12 cm2 S−1), conrming that
the expanded interlayer spacing of PBVO enhances Zn2+ diffu-
sion and facilitates rapid (de)intercalation.
Fig. 4 Compositional analysis of the PBVO cathode in different states at
Illustration of ZIBs and the Zn2+/H+ co-intercalation/extractionmechanis
Zn 2p, (d) V 2p, and (e) N 1s XPS spectra of the PBVO cathode at differen
Zn, V, N and C elemental mappings of the PBVO cathode at different SO

10940 | Chem. Sci., 2025, 16, 10935–10943
To further elucidate the kinetics of Zn2+ transfer at the
cathode/electrolyte interface, EIS measurements were per-
formed on PBVO and H–V2O5 electrodes in a three-electrode cell
conguration at the open circuit voltage (OCV) aer 1 hour of
stabilization. Nyquist plots for the PBVO and H–V2O5 electrodes
are presented in Fig. 3f, showing a semi-circle in the high-
frequency region and a sloping line in the low-frequency
region. The calculated charge-transfer resistance (Rct) of PBVO
is 59.2 U, which is lower than that of the pristine H–V2O5 (241.4
U). Additionally, the slope of the low-frequency region for PBVO
is steeper than that of H–V2O5, further demonstrating faster ion
diffusion in the PBVO electrode.

These ndings conrm that PBVO exhibits enhanced elec-
trochemical reaction kinetics due to its large interlayer spacing
and the role of the conductive polymer in reducing electrostatic
interactions between Zn2+ and the V2O5 host.

Electrochemical charging and discharging behavior of PBVO
materials

The energy storage mechanism of V-based cathodes in ZIBs is
typically associated with the reversible co-intercalation/
extraction of Zn2+/H+ during the charging and discharging
process. In PBVO, bipyridine nitrogen and amidogen nitrogen
atoms within the polymer interact with cations (e.g., Zn2+ and
H+) during the discharge process (Fig. 4a).
different SOCs (pristine, discharged to 0.25 V and charged to 1.6 V). (a)
m of PBVO; (b) XRD patterns of the PBVO cathode at different SOCs; (c)
t SOCs; (f) SEM images of the PBVO cathode at different SOCs; (g) O,
Cs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ex situ XRD measurements were taken within 1 hour of
removing the moist electrode from the cell, allowing us to
reasonably capture the structural state. Therefore, ex situ XRD
achieves comparable accuracy to in situ XRD in capturing crit-
ical structural evolution. Aer the rst discharge to 0.8 V and
0.25 V, the XRD patterns (Fig. 4b and S20†) show the emergence
of new peaks at ∼13° and ∼33° (broad half-widths), corre-
sponding to the formation of Znx(OTf)y(OH)2x−y$nH2O. These
peaks vanish aer charging to 0.8 V and 1.6 V, conrming the
reversible appearance/disappearance of Znx(OTf)y(OH)2x−y-
$nH2O (Fig. 4b, f, S20 and S21†). These results are further
supported by the SEM images and the STEM mappings shown
in Fig. 4f and g.

Notably, the PBVO electrode in the OCV state was obtained
by soaking the PBVO electrode in 2 M ZnSO4 for 3 h and then
drying at room temperature (25 °C) for 30 min.

To conrm that H+ contributes to the capacity in aqueous
zinc-ion batteries, we performed the cycling experiment using
an aprotic solvent electrolyte (1 M Zn(CF3SO3)2 in acetonitrile).
PBVO in aprotic solvent electrolyte delivers a capacity of
112 mA h g−1 at 0.2 A g−1 (Fig. S22†), much lower than that in
aqueous electrolyte (429 mA h g−1), directly supporting the
contribution of H+ insertion to the capacity. Regrettably, we are
currently unable to quantitatively distinguish the individual
contributions of Zn2+ and H+ to the total capacity due to the
complex co-intercalation process. Despite its signicantly lower
concentration relative to Zn2+ in aqueous zinc-ion electrolytes,
H+ demonstrates markedly faster intercalation kinetics.18b,33

Therefore, the intercalation priority of Zn2+ and H+ remains
a subject of debate.

Similarly, in a 2 M ZnSO4 electrolyte, PBVO results in the
reversible generation and dissolution of basic sulfate (Zn4(-
OH)6SO4$5H2O) (Fig. S23 and S24†), which is also associated
with the intercalation/extraction of H+. This proves that the
energy storage mechanism of PBVO in aqueous ZIBs involves
the co-insertion of H+ alongside Zn2+.

To further elucidate the Zn2+ storage mechanism of PBVO, ex
situ XPS was performed at different states of charge (SOCs):
pristine, discharged to 0.25 V and charged to 1.6 V (Fig. 4c–e). In
the pristine state (Fig. 4c), no Zn is detected. Upon discharging
to 0.25 V, peaks at 1022 and 1045.2 eV, corresponding to Zn 2p3/
2 and Zn 2p1/2, emerge, indicating substantial Zn2+ intercalation
into the PBVO and deposition on the cathode surface. These Zn
signals vanished aer charging to 1.6 V, conrming the
reversible intercalation/extraction of Zn2+ and the appearance/
disappearance of Znx(OTf)y(OH)2x−y$nH2O. As shown in
Fig. 4d, the peaks at 516.6 eV and 517.8 eV correspond to the V
2p3/2 of V

4+ and V5+, whereas the peaks at 523.6 eV and 524.8 eV
correspond to the V 2p1/2 of V

4+ and V5+. In the pristine state, V
exists in a mixed valence state, with partial reduction from V5+

because V2O5 acts as an oxidant during the in situ oxidation of
the polymer. In the discharged state (D-0.25 V), the V 2p signal is
signicantly weakened because of the cathode surface coverage
by Znx(OTf)y(OH)2x−y$nH2O. However, the relative increase in
V4+ intensity indicates a redox reaction. Aer charging to 1.6 V,
the V 2p spectra revert to their pristine state, demonstrating that
© 2025 The Author(s). Published by the Royal Society of Chemistry
the vanadium-based material is reversible aer the discharge/
charge cycle.

Fig. 4e shows the N 1s spectrum of PBVO, in which the peaks
located at 401.8 eV, 400.1 eV, 399.2 eV and 398.1 eV correspond
to –N+, C–N, C]N and Zn–N bonds, respectively. In the pristine
state, nitrogen in the PBpyA polymer is oxidized. Upon dis-
charging to 0.25 V, the polymer undergoes reduction, leading to
a decreased nitrogen oxidation state. Concurrently, Zn2+/H+

coordinated with nitrogen, enhancing the Zn2+/H+ storage and
overall battery capacity. Upon charging to 1.6 V, the polymer
reverts to its oxidized state as electrons ow out of the electrode.

The ex situ results of XRD, SEM, elemental mapping and XPS
clearly reveal that PBVO enables reversible Zn2+/H+ co-
intercalation and extraction. The unique structure and chem-
ical properties of PBVO, including its polymer-hosted conduc-
tive network, enable efficient energy storage and redox
reversibility during cycling.

Conclusions

In summary, we successfully synthesized a poly-[2,20-bipyridin]-
5-amine (PBpyA)-intercalated V2O5$nH2O (PBVO) xerogel,
demonstrating its remarkable potential as an innovative
cathode material for ZIBs. The PBVO cathode exhibited
outstanding electrochemical performance, including a high
specic capacity of 454.6 mA h g−1 at 0.1 A g−1 and exceptional
cycling stability, with 97% capacity retention aer 150 cycles at
0.2 A g−1 and 84% capacity retention aer 2000 cycles at 5 A g−1.
The excellent performances of PBVO are attributed to the
following three key factors:

(1) Expanded interlayer spacing. The intercalation of PBpyA
signicantly increases the interlayer spacing of bilayer V2O5

from 11.7 Å to 14.1 Å, enabling fast and reversible Zn2+/H+

intercalation/extraction.
(2) Enhanced structural stability. The larger p-conjugated

structure of the conductive polymer strongly interacts with the
V2O5 host, reinforcing the crystal structure and improving the
cycling stability.

(3) Extra Zn2+/H+ storage from PBpyA. The coordination
between Zn2+/H+ and nitrogen atoms in the PBpyA polymer
facilitates ion storage, leading to an enhancement in the
capacity of the cathode.

Furthermore, this work offers a high-performance cathode
material and introduces a novel design strategy for cathode
materials, advancing the development of aqueous zinc-ion
batteries.
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