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mistry of a homologous ion
stabilizer and microenvironmental molecular
regulator for high-performance zinc-ion storage

Keyi Chen,a Quan Zong, *a Yuqing Ji,a Helixin Jiao,a Qiaoling Kang, a

Qilong Zhang, b Shuang Zhou,d Qianqian Wang,e Guoying Wei,a Zhihao Loua

and Anqiang Pan *cd

Layered materials have been regarded as ideal electrodes for aqueous zinc-ion batteries (ZIBs) due to their

flexible 2D structures. However, their electrochemical properties remain limited by sluggish Zn2+ transport

and structural instability caused by unsatisfactory interlayer chemistry including small interlayer distances,

strong electrostatic interactions and structure collapse. Herein, we propose an interlayer co-chemistry

strategy that integrates homologous Zn2+ stabilizers with a dipolar molecular regulator, triethylene glycol

(TEG), to construct a compatible and dynamic interlayer environment in hydrate vanadium pentoxide.

Combined theoretical and experimental evidence confirms that pre-intercalated Zn2+ anchors the VO

layers to stabilize the layered structure and forms predefined transport channels through the

homologous ion effect, while TEG regulates the local electric field, lowers Zn2+ desolvation barriers, and

promotes rapid diffusion. In addition, the oxygen-containing groups of TEG further provide reversible

Zn-binding sites, contributing additional storage capacity. As a result, the (TEG, Zn)–VOH cathode

delivers a high specific capacity of 460 mAh g−1 at 0.1 A g−1, excellent rate performance (301 mAh g−1 at

5 A g−1), and outstanding cycling stability (106% capacity retention after 10 000 cycles at 8 A g−1).
Introduction

Aqueous zinc ion batteries (ZIBs) have gained widespread
attention as promising alternatives for next-generation large-
scale energy-storage technologies, beneting from their
intrinsic safety, cost-effectiveness, and environmental friendli-
ness compared with conventional lithium-ion batteries.1–4

Despite these merits, the practical application of ZIBs remains
constrained by the intrinsic limitations of current cathode
materials, such as sluggish reaction kinetics, an unstable
structure during cycling and insufficient active sites.5–8 These
issues lead to inadequate discharge capacity, poor rate capa-
bility, and unsatisfactory cycle life, thereby failing to meet the
requirements of high-energy, long-life aqueous batteries.9,10

Therefore, developing high-performance cathode materials
with fast ion transport, robust structural stability, and
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optimized electrochemical reaction pathways is essential for
advancing practical ZIBs.

Among various cathode materials, vanadium-based oxides
have attracted considerable attention due to their rich redox
activity and open framework capable of accommodating
multivalent ions.11–13 Nevertheless, vanadium-based oxides still
suffer from sluggish Zn2+ diffusion originating from strong
electrostatic interactions, severe structural collapse during
repeated ion insertion/extraction, and side reactions associated
with active water, leading to rapid capacity decay and unsatis-
factory rate performance.14–16 To address these challenges,
previous studies have focused on guest-species pre-
intercalation, either metal ions or organic cations/molecules,
to adjust the interlayer spacing or suppress structural
degradation.17–19 Monovalent ions such as Na+, K+, and NH4

+,
and divalent ions such as Mg2+ or Ca2+ could enhance the initial
structural robustness; however, they introduce ionic lattice
distortion caused by radius/charge mismatch and competition
with Zn2+ during cycling that increase Zn2+ migration barriers
and impede fast ion diffusion.20,21 Compared with hetero-cation
pre-intercalation, homologous Zn2+ pillars could possibly
provide a matched charge density and coordination environ-
ment, create pre-dened diffusion channels and eliminate ion-
competition effects in subsequent cycling.22 Therefore, homol-
ogous Zn2+ pre-intercalation provides a structurally rational and
Chem. Sci., 2026, 17, 9121–9131 | 9121
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electrochemically favorable strategy for achieving durable and
fast zinc-ion storage.

Organic species have also been incorporated into layered
vanadium oxides to enlarge interlayer spacing, extend the
operating voltage window, and regulate the electrode/electrolyte
interface.23–25 Owing to their intrinsic structural diversity and
functional groups, these organic components can improve the
electronic conductivity of the host lattice and introduce addi-
tional redox-active or adsorption sites.26,27 More recently, the
role of organic intercalants has evolved from simple spacers to
microenvironment regulators that create electrostatically
favorable, Zn2+-compatible interlayers capable of directing ion
migration pathways.28 However, compared to metal ion pre-
intercalation, their weak coordination with the VOx lattice
fails to provide sufficient structural reinforcement, leading to
framework collapse, molecular leaching, and ultimately limited
cycling stability.29,30 Therefore, rationally designing an inter-
layer co-chemistry that integrates the complementary benets
of inorganic and organic intercalants has become a key strategy
to bridge the gap between stability and capacity.

In this work, we propose the interlayer co-chemistry engi-
neering strategy via introducing homologous zinc ions and
exible triethylene glycol (TEG) molecules to regulate the lattice
microenvironment (Fig. 1). Homologous Zn2+ functions as an
ionic stabilizer, developing strong interaction with the frame-
work and forming predened transport channels to effectively
suppress irreversible structural collapse during repeated
cycling. The TEGmolecule with dipole has the ability to regulate
the local electric eld within the interlayer region, reducing
Zn2+ desolvation barriers, weakening electrostatic interaction,
and promoting rapid Zn2+ diffusion. Additionally, the oxygen-
containing groups of TEG offer extra Zn-storage sites through
reversible weak coordination, contributing a molecular-level
storage mechanism beyond redox chemistry. Comprehensive
Fig. 1 Illustration of the interlayer co-chemistry.

9122 | Chem. Sci., 2026, 17, 9121–9131
experimental characterization studies combined with theoret-
ical calculations elucidate the role of Zn2+ and TEG inmodifying
the crystal structure, electronic structure and interlayer
electrochemical behavior of the hybrid cathode. As a result, the
cathode exhibits outstanding electrochemical performance,
delivering high capacities of 460 mAh g−1 and 301 mAh g−1 at
0.1 A g−1 and 5 A g−1, as well as stable cycling performance
(106% capacity retention aer 10 000 cycles at 10 A g−1).
Results and discussion

The crystal structures of the prepared VOH, Zn–VOH, TEG–
VOH, and (TEG, Zn)–VOH samples were rst characterized by X-
ray diffraction (XRD), as shown in Fig. 2a. The diffraction peaks
of pristine VOH are well indexed with the V2O5$1.6H2O phase
(JCPDS no. 40-1296), where lattice water molecules are located
in the bilayered vanadium oxide framework.31 The characteristic
(001) diffraction peak is located at approximately 7.6°, corre-
sponding to an interlayer spacing of 11.6 Å. Upon the interca-
lation of either Zn2+ ions or TEG molecules into the VOH host
structure, the (001) diffraction peak exhibits a shi toward
lower angles, indicating an expansion of the lattice spacing to
13.2 Å and 13.9 Å, respectively. The incorporation of TEG not
only induces larger interlayer spacing, possibly ascribed to its
larger molecular volume compared with Zn2+ ions, but also
leads to a signicant attenuation of the (001) peak intensity
originating from the changed growth direction. Notably, when
Zn2+ and TEG are co-intercalated, the (001) diffraction peak
appears between the positions observed for the Zn–VOH and
TEG–VOH samples, indicating that the interlayer spacing falls
between the two samples. This intermediate value suggests
a synergistic intercalation effect, wherein Zn2+ provides elec-
trostatic anchoring to stabilize the layered host while TEG
introduces steric spacing, yielding a balanced and structurally
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structure and chemical environment of VOH and (TEG, Zn)–VOH. (a) XRD patterns. (b) FTIR spectra. (c) TG curves. High-resolution XPS
spectra of (d) O 1s and (e) V 2p3/2. (f) EPR spectra. (g) SEM image of (TEG, Zn)–VOH. (h) TEM images of (TEG, Zn)–VOH. (i) HRTEM image and
corresponding IFFT pattern of (TEG, Zn)–VOH.
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moderated expansion relative to either species alone. Fourier-
transform infrared (FT-IR) spectroscopy was employed to
identify the functional groups present in VOH and (TEG, Zn)–
VOH materials (Fig. 2b). The spectrum of (TEG, Zn)–VOH
displays characteristic absorption bands at approximately
1100 cm−1 and 2900 cm−1, which are assigned to the C–O–C
stretching vibration and C–H stretching vibration of TEG
molecules, respectively.32,33 These characteristic peaks are
absent in the spectrum of pristine VOH, providing direct
evidence for the successful intercalation of TEG. Compared
with VOH, (TEG, Zn)–VOH shows a blue shi in the peaks of V–
O–V and O–H stretching vibrations, which is attributed to the
strong interaction between TEG/Zn2+ and the VOH framework.
The decreased peak intensity in (TEG, Zn)–VOHmay result from
the disruption of partial V–O bonds and the formation of oxygen
defects with the introduction of TEG and Zn2+. Thermogravi-
metric analysis (TGA) curves (Fig. 2c) reveal that the mass loss
© 2026 The Author(s). Published by the Royal Society of Chemistry
observed below 100 °C is attributed to the removal of physically
adsorbed water, with weight losses of 8.5% for VOH and 7.3%
for (TEG, Zn)–VOH. The mass loss in the temperature range of
100–350 °C primarily originates from the elimination of lattice
water and the decomposition of TEGmolecules. It is noteworthy
that the total mass loss of (TEG, Zn)–VOH in this stage reaches
10.7%, higher than the 4.8% observed for VOH. Combined with
inductively coupled plasma-optical emission spectroscopy (ICP-
OES, Table S1), the chemical formulae of VOH and (TEG, Zn)–
VOH are determined to be V2O5$0.56H2O and TEG0.18Zn0.27V2-
O4.96$0.37H2O, respectively.

As illustrated in Fig. 2d, the O 1s XPS spectrum of pristine
VOH can be deconvoluted into two characteristic peaks
assigned to lattice oxygen (V–O) and coordinated water mole-
cules. In contrast, the spectrum of (TEG, Zn)–VOH exhibits
a new peak component ascribed to oxygen vacancies (Ov). The
high-resolution V 2p3/2 XPS spectra reveal the presence of mixed
Chem. Sci., 2026, 17, 9121–9131 | 9123
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valence states of V5+ and V4+ in both VOH and (TEG, Zn)–VOH.34

The V5+/V4+ ratio decreases from 5.4 for VOH to 2.2 for (TEG,
Zn)–VOH, indicating the reduction of V5+ during the co-
intercalation process. This phenomenon is commonly associ-
ated with the formation of oxygen vacancies, which is benecial
for enhancing electronic conductivity and increasing active
sites for ion storage. Electron paramagnetic resonance (EPR)
spectra further provide direct evidence that this co-intercalation
process effectively induces the formation of oxygen vacancies
(Fig. 2f).35 (TEG, Zn)–VOH exhibits a strong symmetric signal at
g = 2.002, which is the characteristic response of unpaired
electrons associated with oxygen vacancies. In contrast, the
pristine VOH shows only a very weak signal. Scanning electron
microscopy (SEM) images (Fig. S1) reveal the nanosheet
morphology of VOH and TEG–VOH. When incorporated with
Zn2+, the nanobelt clusters self-assemble into a three-
dimensional interconnected network, which is homoge-
neously grown on the carbon cloth substrate (Fig. 2g and S2).
Compared to the two-dimensional membrane structure of
pristine VOH, this 3D morphology induced by the co-
intercalation of ions and molecules may offer an increased
contact area for electrolyte penetration and ion transport.
Energy dispersive spectroscopy (EDS) elemental mappings
(Fig. S3) reveal that the elements of C, V, O and Zn are also
homogeneously distributed within the whole (TEG, Zn)–VOH
sample, providing further evidence of successful TEG and Zn2+

insertion into the VOH framework. High-resolution trans-
mission electron microscopy (HRTEM) characterization
(Fig. 2h) shows the ultrathin nanobelt structure of (TEG, Zn)–
VOH. Themeasured (001) interplanar spacing is 13.4 Å, which is
highly consistent with the XRD analysis results. The corre-
sponding selected area electron diffraction (SAED) pattern
(Fig. S4) displays the nanocrystalline structure. Furthermore,
a lattice spacing of 0.198 nm is observed in Fig. 2i, corre-
sponding to the (020) crystal plane of (TEG, Zn)–VOH. The
corresponding Inverse Fast Fourier Transform (IFFT) analysis
displays various lattice dislocations, which are caused by oxygen
vacancies.

Fig. 3a compares the third cyclic voltammetry (CV) proles of
all samples at a scan rate of 0.1 mV s−1 within a voltage window
of 0.2–1.6 V. All samples exhibit two pairs of distinct redox
peaks, corresponding to the redox reactions of V5+/V4+ and V4+/
V3+, respectively. Compared with VOH, the (TEG, Zn)–VOH
sample shows an enhanced peak intensity, indicating an
improved charge storage capability and accelerated electro-
chemical reaction kinetics. In comparison with other elec-
trodes, the (TEG, Zn)–VOH electrode has a smaller voltage gap
between the anodic and cathodic peaks (Fig. S5), indicating
suppressed polarization. In addition, the discharge peaks shi
to higher voltages in subsequent cycles, possibly due to changes
in the local chemical environment following Zn2+ insertion.
Fig. 3b displays the galvanostatic charge–discharge (GCD)
curves of each electrode at a current density of 0.1 A g−1. The
curves show two voltage plateaus at ∼1.0 V and ∼0.6 V, which
are consistent with the positions of the redox peaks in the CV
curves, indicating the two-step ion storage mechanism. The
(TEG, Zn)–VOH electrode delivers a discharge capacity of 460
9124 | Chem. Sci., 2026, 17, 9121–9131
mAh g−1, which is higher than that of VOH (260 mAh g−1), Zn–
VOH (355 mAh g−1), and TEG–VOH (399 mAh g−1). In addition,
the overlapped CV and GCD curves in the rst three cycles
(Fig. S6 and S7) mean a reversible reaction of the (TEG, Zn)–
VOH cathode in the aqueous Zn-ion battery. The rate capabil-
ities of the four electrodes at various current densities from
0.5 A g−1 to 5 A g−1 are shown in Fig. 3c. The average discharge
capacities of (TEG, Zn)–VOH at current densities of 0.5, 1, 2, 4,
and 5 A g−1 are the highest among all electrodes, which are 417,
388, 359, 320, and 301 mAh g−1, respectively. When the current
density is restored to 0.1 A g−1, its capacity can recover to 390
mAh g−1, conrming excellent kinetic reversibility. The corre-
sponding voltage proles at various current densities (Fig. S8)
indicate that (TEG, Zn)–VOH exhibits a distinct charging voltage
plateau and reduced voltage polarization. In addition, (TEG,
Zn)–VOH displays an average capacity of 196 mAh g−1 at −20 °C
and 0.5 A g−1, indicating good tolerance to low temperature
(Fig. S9). The enhanced capacity and high reversibility originate
from the increased active sites and strong Zn2+ capture ability of
TEG molecules.

Fig. 3d compares the long-term cycling stability of all elec-
trodes at a low current density of 0.5 A g−1. Aer 200 cycles, the
(TEG, Zn)–VOH electrode maintains a high capacity retention
rate of 92%, which outperforms VOH (54%), Zn–VOH (73%),
and TEG–VOH (61%). The (TEG, Zn)–VOH cathode also
exhibited excellent cycling stability and reversibility at high
current densities (4.0 A g−1 and 8.0 A g−1) (Fig. S10 and 2e). At
8 A g−1, the VOH electrode exhibits a disappointing capacity
retention rate of only 33% aer 10 000 cycles. The Zn–VOH
electrode has an initial discharge capacity of 79 mAh g−1, which
increases to 95 mAh g−1 aer 10 000 cycles, indicating that Zn2+

can stabilize the overall structure. Although TEG–VOH delivers
a high initial capacity of 120 mAh g−1, its retention drops to
63% aer 10 000 cycles. This capacity fading may be attributed
to the large ion size of TEG and its weak interaction with the
[VOn] layers. In contrast, (TEG, Zn)–VOH exhibits an enhanced
initial capacity of 204 mAh g−1 and maintains 106% capacity
retention aer 10 000 cycles, underscoring the synergistic effect
of dual TEG/Zn2+ intercalation in stabilizing the layered
framework and facilitating reversible Zn2+ storage. The slight
increase in capacity in the initial several cycles could be
attributed to the activation process or electrolyte penetration.
Additionally, the SEM image of (TEG, Zn)–VOH aer 10 000
cycles (Fig. S11) shows that its structure still maintains the
interconnected morphology, which proves its excellent struc-
tural stability. Self-discharge behavior was examined in full cells
to evaluate the reliability of the TEG/Zn2+ co-intercalation
strategy (Fig. S12). Aer resting for 48 h at the fully charged
state, the Zn‖(TEG, Zn)–VOH cell maintained an open-circuit
voltage (OCV) of 1.46 V and a high capacity retention of
85.3%, superior to the Zn‖VOH cell (1.25 V, 81.1%). Moreover,
the electrolyte containing the (TEG, Zn)–VOH electrode shows
no noticeable color change compared to that with the VOH
electrode aer immersion, indicating effectively suppressed
vanadium dissolution (Fig. S13). These results conrm that the
(TEG, Zn)–VOH cathode effectively suppresses side reactions
and stabilizes the electrode/electrolyte interface.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical properties of all electrodes. (a) CV curves at 0.1 mV s−1. (b) Voltage profiles at 0.1 A g−1. (c) Rate performance. Cycle
stability at (d) 0.5 A g−1 and (e) 8 A g−1. (f) Comparison of capacity and cycle life of all samples. (g) Ragone plots. (h) Cycling performance of
Zn‖(TEG, Zn)–VOH pouch cells at flat and folded states.
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Fig. 3f provides a comprehensive comparison of the struc-
tural and electrochemical properties of all electrodes. The
homologous Zn2+ pillars within the interlayers effectively rein-
force the host structure, mitigating lattice collapse during
repeated ion insertion and extraction. The TEG molecule with
inherent high conductivity and functional groups accelerates
ion/electron mobility and provides storage sites, contributing to
the high capacity and rate capability. Consequently, the (TEG,
Zn)–VOH electrode demonstrates a well-balanced integration of
high reversible capacity, outstanding rate capability, and
exceptional cycling durability, outperforming many previously
reported cathode materials (Table S1). The (TEG, Zn)–VOH
electrode also delivers a high energy density of 322 Wh kg−1 at
a power density of 388W kg−1 and retains 208Wh kg−1 at a high
power output of 3477 W kg−1. As shown in Fig. 3g, the energy-
power characteristics of (TEG, Zn)–VOH surpass those of most
recently reported vanadium-based oxide cathodes.36–44 To
© 2026 The Author(s). Published by the Royal Society of Chemistry
further assess its practical applicability, a exible pouch cell was
assembled using metallic Zn as the anode, (TEG, Zn)–VOH as
the cathode, and a Zn(OTf)2 electrolyte. As shown in Fig. 3h, the
pouch cell exhibits a good capacity retention rate at a current
density of 1 A g−1, and no signicant capacity degradation is
observed when the battery is bent. This result demonstrates that
the obtained pouch battery has excellent exibility and
feasibility.

Fig. 4a and S14 display the CV curves of (TEG, Zn)–VOH and
VOH at scan rates ranging from 0.2 to 1.2 mV s−1. With
increasing scan rate, the cathodic peaks gradually shi toward
higher potentials, while the anodic peaks move to lower
potentials, indicating the increased electrochemical polariza-
tion during Zn2+ insertion/extraction. To quantitatively analyze
the charge-storage mechanisms, the b-values were obtained by
tting the relationship between peak current density and scan
rate.45,46 For the (TEG, Zn)–VOH electrode, the calculated b-
Chem. Sci., 2026, 17, 9121–9131 | 9125
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Fig. 4 Electrochemical kinetics of VOH and (TEG, Zn)–VOH. (a) CV contour plots of (TEG, Zn)–VOH. (b) Corresponding log(i) vs. log(v) plots. (c)
Capacitive contributions of (TEG, Zn)–VOH at various scan rates. (d) DZn2+ calculated from GITT curves. (e) EIS spectra before and after the CV
test. (f) Z0 vs. u−1/2 plots. (g) ln(1/Rct) vs. 1000/T plots. In situ DRT curves during (h) discharge and (i) charge.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

:5
0:

01
 P

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
values for peaks A, B, C, and D are 0.89, 0.52, 0.59, and 0.78,
respectively (Fig. 4b). These results indicate that the V5+/V4+

redox process is largely dominated by surface-controlled
capacitive behavior, whereas the V4+/V3+ transition is mainly
governed by the diffusion process. Moreover, the CV prole at
0.5 mV s−1 reveals a high capacitive contribution of 74% for
(TEG, Zn)–VOH (Fig. S15).47,48 As the scan rate increases from 0.2
to 1.2 mV s−1, the capacitive contribution progressively
increases from 65% to 91% (Fig. 4c), demonstrating an
increasingly capacitive-dominated charge-storage mechanism
at high rates, which contributes to the superior rate perfor-
mance. In comparison with VOH, (TEG, Zn)–VOH exhibits
higher b-values and surface-capacitive contributions (Fig. S16
and S17), highlighting the accelerated Zn2+ reaction kinetics
enabled by the dual intercalation of TEG and Zn2+.
9126 | Chem. Sci., 2026, 17, 9121–9131
The Zn2+ diffusion behavior in the bulk electrodes of VOH
and (TEG, Zn)–VOH was quantitatively assessed using the gal-
vanostatic intermittent titration technique (GITT) (Fig. S18). As
shown in Fig. 4d, (TEG, Zn)–VOH exhibits Zn2+ diffusion coef-
cient (DZn2+) values approximately in the range of 10−8 to 10−10

cm2 s−1 during the charge/discharge process, which are higher
than those of VOH (z10−10 to 10−13 cm2 s−1). This indicates
improved ion diffusion kinetics, attributable to the expanded
interlayer spacing and weak electrostatic interaction induced by
Zn2+ and TEG incorporation. Electrochemical impedance
spectroscopy (EIS) plots before and aer the CV tests and the
corresponding equivalent circuit are depicted in Fig. 4e and
S19. Prior to the CV tests, the charge transfer resistance (Rct) of
(TEG, Zn)–VOH is about 40 U, signicantly lower than the 567 U
for VOH, indicating enhanced charge transfer kinetics. Aer the
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc01140c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

:5
0:

01
 P

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
CV tests, the Rct values decrease for both electrodes, reaching 7
U for (TEG, Zn)–VOH and 58 U for VOH, primarily due to the
electrochemical activation. The Zn2+ diffusion characteristics
are further evaluated via the relationship between the real part
of impedance (Z0) and u−1/2. The slope of this line corresponds
to the Warburg factor (su), where a smaller value indicates
faster ion diffusion.49,50 As shown in Fig. 4f, the (TEG, Zn)–VOH
electrode presents smaller su compared to VOH before and aer
CV, suggesting accelerated ion transport kinetics within the
electrode. The desolvation behavior at the electrode/electrolyte
interface was investigated via EIS plots at different tempera-
tures.51,52 The (TEG, Zn)–VOH electrode exhibits smaller Rct than
VOH in the temperature range of 30–60 °C (Fig. S20), indicating
enhanced interfacial charge-transfer kinetics. Based on Arrhe-
nius analysis derived from plots of ln(1/Rct) versus 1000/T, the
activation energy (Ea) is calculated to be 38.36 kJ mol−1 for VOH
and reduced to 23.33 kJ mol−1 for (TEG, Zn)–VOH (Fig. 4g). The
lower Ea for (TEG, Zn)–VOH suggests a facilitated Zn2+ des-
olvation process at the electrode/electrolyte interface, which can
be attributed to the abundant –OH functionalities in TEG that
regulate the interfacial solvation environment and lower the
energy barrier for ion transfer. The in situ distribution of
relaxation times (DRT) analysis originating from EIS plots
during the charge/discharge process (Fig. S21) further reveals
the time constant of the electrochemical process of the (TEG,
Zn)–VOH electrode.53–55 As shown in Fig. 4h, during the
discharge process, the characteristic peaks continuously shi
toward shorter relaxation times (s), indicating an acceleration of
charge transfer kinetics and Zn2+ diffusion as Zn2+ insertion
proceeds. In contrast, the gradual reduction of the DRT inten-
sity (g(s)) means the acceleration of Zn2+ transport within the
electrode following the continue extraction/desorption of Zn2+

during the charge process (Fig. 4i). The magnitude of the g(s)
for (TEG, Zn)–VOH is lower than that of VOH across all
frequency ranges, indicating the enhancements in both inter-
facial charge transfer and bulk ionic diffusion properties
(Fig. S22). These results reveal that (TEG, Zn)–VOH exhibits
faster Zn2+ transport, enhanced pseudocapacitive behavior, and
superior electrochemical kinetics compared to VOH.

To elucidate the electrochemical reaction mechanism of the
(TEG, Zn)–VOH cathode, comprehensive ex situ characterization
studies were carried out to monitor structural evolution and
chemical-state transitions at various charge–discharge stages.
Ex situ XRD patterns at different electrochemical states in
Fig. 5a show that a shi of the (001) diffraction peak toward
higher angles with a decreased intensity is observed during the
discharge process, indicating the contraction of the interlayer
spacing and the reduced crystallinity due to Zn2+ intercalation.
Upon charging, this peak partially recovers to its initial state,
suggesting a reversible structural evolution. Moreover, the
appearance and disappearance of the characteristic peaks
belonging to the Zn3(OH)2V2O7$2H2O (ZVO) by-product further
demonstrate a reversible formation–dissolution process that is
attributed to the reversible Zn2+ and H+ co-insertion/extraction
behaviors.56,57 Fig. 5b presents the ex situ FTIR spectra of the
(TEG, Zn)–VOH electrode in the fully charged and discharged
states. When discharged to 0.2 V, the intensity of characteristic
© 2026 The Author(s). Published by the Royal Society of Chemistry
peaks related to TEG is weakened, which may be attributed to
the chelating effects between the Zn2+ and TEG. Upon charging
to 1.6 V, the peak intensities are strengthened, indicating that
TEG undergoes a reversible binding/release process and
participates in the storage of Zn2+. In the ex situ high-resolution
XPS spectra of C 1s (Fig. 5c), the peak intensities of C–O–C and
C–OH decrease during discharging and recover in the fully di-
scharged state due to the reversible reaction between Zn2+ and
TEG, indicating that TEG can act as energy storage sites. The ex
situ V 2p3/2 spectra (Fig. 5d) reveal dynamic and reversible
changes among V3+, V4+, and V5+ oxidation states. The reversible
changes in their relative intensities during charge and
discharge conrm the involvement of multi-valent vanadium
redox reactions in the electrochemical reaction process. During
the discharging process, the decreased peak of V–O in the O 1s
spectra (Fig. 5e) suggests the reduced crystallinity and gener-
ated ZVO caused by the proton insertion. The persistent oxygen
vacancy signal suggests that defect sites remain structurally
stable throughout cycling. The Zn 2p spectra exhibit two peaks
at 1046.0 eV (Zn 2p1/2) and 1022.9 eV (Zn 2p3/2) aer discharging
to 0.2 V, with an intensity reduction upon charging to 1.6 V
(Fig. 5f), conrming the reversible insertion and extraction of
Zn2+ ions.

The corresponding HRTEM images show that the interlayer
distances of the fully discharged and charged (TEG, Zn)–VOH
electrodes are 11.9 Å and 13.4 Å (Fig. 5g), respectively, coin-
ciding well with the ex situ XRD results. In addition, the ex situ
SEM images reveal the generation/decomposition of the ZVO
microsheets on the fully discharged/charged electrode surface
caused by the reversible proton intercalation/deintercalation
(Fig. 5h). EDS elemental mappings (Fig. 5i) show homoge-
neous distributions of V, O, C, and Zn elements. The intensied
Zn signal aer discharge and its partial removal aer charging
provide further evidence for the reversible storage behavior of
Zn2+.

The molecular electrostatic potential (ESP) map of the TEG
molecule is illustrated in Fig. 6a, in which regions with positive
potential correspond to electrophilic sites, while regions with
negative potential indicate nucleophilic domains.58 The oxygen
atoms exhibit high electronegativity, resulting in negative
electrostatic potentials in these regions. Conversely, the
hydrogen atoms bonded to these atoms display positive
potentials. This distribution enables the TEG molecule to
effectively attract and stabilize Zn2+ when interacting with them,
thereby enhancing reaction kinetics and storage capacity.
Fig. 5b and c display the density of states (DOS) calculation for
VOH and (TEG, Zn)–VOH, respectively. Compared to VOH,
(TEG, Zn)–VOH exhibits a signicantly increased DOS near the
Fermi level and the conduction band crosses the Fermi level,
indicating enhanced metallic conductive behavior.59 This
modulation of the electronic structure, originating from orbital
hybridization induced by the co-intercalated species, signi-
cantly improves the intrinsic electronic conductivity of the
material. The comparison of the charge density difference for
VOH and (TEG, Zn)–VOH is shown in Fig. 6d and S23. Zn2+

develops a strong chemical bond with O2− in the framework,
which ensures the structural stability. In addition, the charge
Chem. Sci., 2026, 17, 9121–9131 | 9127
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Fig. 5 Energy storagemechanism of (TEG, Zn)–VOH. (a) Ex situ XRD patterns. (b) Ex situ FTIR spectra. Ex situ XPS spectra of (c) C 1s, (d) V 2p3/2, (e)
O 1s, and (f) Zn 2p. (g) Ex situ HRTEM images. (h) Ex situ SEM images. (i) Ex situ EDS mappings.
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redistribution is clearly observed with the insertion of TEG
molecules, resulting in the weaker electrostatic interaction
between TEG and the [VOn] layer, which is more conducive to
the improvement of diffusion kinetics and electrochemical
properties. The possible Zn2+ migration pathways within the
VOH and (TEG, Zn)–VOH framework are shown in Fig. 6e and
S24. As shown in Fig. 6f, the ion diffusion energy barrier
calculated for (TEG, Zn)–VOH is 0.34 eV, which is lower than
0.91 eV in VOH. This indicates that the interplanar spacing is
expanded by TEG and Zn2+, and the electrostatic interactions
between the VOH framework and Zn2+ are mitigated by TEG,
thereby promoting ion diffusion within the VOH structure.

Fig. 6g summarizes the synergistic mechanism of TEG and
Zn2+ co-intercalation. The pre-intercalated Zn2+ act as “pillars”
9128 | Chem. Sci., 2026, 17, 9121–9131
to stabilize the layered structure and expand the ion diffusion
channels, while the TEG molecules further reduce electrostatic
reactions and act as extra energy storage sites to accelerate the
reaction kinetics. Their synergistic work ultimately enables
rapid and stable zinc-ion storage. The energy storage mecha-
nism of (TEG, Zn)–VOH is schematically summarized in Fig. 6h.
During the discharge process, hydrated Zn2+ undergo rapid
desolvation and migrate into the layered framework, leading to
a contraction of the interlayer spacing. The intercalated TEG
molecules modulate the interlayer chemical environment and
act as additional reversible storage sites, effectively lowering the
Zn2+ migration barrier and accelerating solid-state diffusion,
thereby enhancing both capacity and reaction kinetics. Upon
charging, Zn2+ and H+ are extracted from the host lattice, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Theoretical calculation results. (a) ESP mapping of the TEG molecule. DOS of (b) VOH and (c) (TEG, Zn)–VOH. (d) Charge density
difference of VOH and (TEG, Zn)–VOH. (e) Possible Zn2+ migration pathway in (TEG, Zn)–VOH. (f) Diffusion barriers of Zn2+ for VOH and (TEG,
Zn)–VOH. (g) Effects of Zn2+ and TEG on the VOH framework. (h) Schematic diagram of the Zn2+ storage mechanism in (TEG, Zn)–VOH.
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the interlayer structure returns to its initial state, demon-
strating a highly reversible structural evolution throughout the
electrochemical cycle.
Conclusion

In summary, homologous zinc ions and exible TEG molecules
were introduced into the interlayers of VOH as a structural
stabilizer and microenvironmental molecular regulator. The
incorporation of Zn2+ appears to develop interaction with the
adjacent vanadium-oxide layer, suppress structural dissolution
and preserve lattice integrity, thus ensuring the stability of the
whole structure. On the other hand, TEGmolecules increase the
interlayer spacing of the crystal structure, disrupt the solvation
structure of hydrated Zn2+ and weaken the electrostatic inter-
action, thereby accelerating the desolvation and diffusion
process of Zn2+. Additionally, the polar groups provide
© 2026 The Author(s). Published by the Royal Society of Chemistry
supplementary active sites that act as electron donors to bind
Zn2+, forming a dual energy storage mechanism that enhances
overall electrochemical performance. Both theoretical calcula-
tion and experimental tests demonstrate the promoting effect of
Zn2+ and TEG, including decreased desolvation energy, a fast
ion transfer/diffusion rate, and enhanced electronic conduc-
tivity. As a result, the (TEG, Zn)–VOH electrode exhibits superior
electrochemical performance, including high capacity (460
mAh g−1 at 0.1 A g−1), outstanding rate capability, and a long
cycle life of 10 000 cycles at 8 A g−1, surpassing most reported
vanadium-based cathodes.
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