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Enhanced Working Voltage in Hydrated Vanadate Cathodes:
Insights into [VO] Octahedral Distortion and V 3d Orbital

Splitting

Huanhuan Niu, Heng Liu, Wei-Hsiang Huang, Ting Shen, Menghao Yang, Min-Hsin Yeh,

Long Yang,* and Chaofeng Liu*

The bi-layered hydrated vanadate is anticipated as a promising next-generation
cathode material for high-energy zinc-ion batteries. However, the practical
application has been impeded by undesirable voltage fade, which originates
from local structure distortion induced by zinc ion (de)intercalation. Herein,
V,0;-nH, O pre-intercalated with various organic cations is investigated to
elucidate the relationship between electronic structure modulation and voltage
variations during local structure evolution. Microscopic scale observations—
using ex situ X-ray diffraction, synchrotron X-ray pair distribution

function along with X-ray absorption fine structure spectroscopy—reveal that
the electronic structure perturbation is governed by the distortion of [VO,]
octahedra, which leads to V 3d orbitals splitting. Specifically, the structural
distortion induces variations in vanadium-oxygen bond lengths and alters the
ligand-field electronic structure, boosting the operating voltage (44 mV higher

1. Introduction

Developing safe, cost-effective, and sustain-
able energy storage systems is crucial to
meet grid-scale energy storage demands,
particularly for integrating intermittent re-
newables like solar and wind energy.'-3
Rechargeable batteries, which store energy
through redox reactions of electrode materi-
als that accommodate working ions within
their crystal lattice and electrons in orbitals,
offer high energy density, efficiency, and en-
vironmental sustainability.**] The increas-
ing demands for high-energy-density batter-
ies have driven the exploration of advanced
cathode materials featuring both high volt-

midpoint voltage) and cycling stability (91.3% retention after 3000 cycles).
These findings reveal a fundamental correlation for the development of high-
energy-density batteries with superior stability through local structural design.
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age output and large specific capacity.[®7]
Among various candidates, bi-layered hy-
drated vanadate, such as V,0,-nH,0O (de-
noted as VOH), has attracted significant
attention as a promising cathode for sec-
ondary batteries, because of its unique lay-
ered structure that can host a variety of
working ions.*'"l Moreover, due to its
variable chemical valence of vanadium (V) from 3* to 5%,
hydrated vanadate offers high theoretical capacity exceeding
580 mA h g=1.12l However, practical applications of this material
are still hindered by its low electrochemical kinetics and signifi-
cant capacity fading upon long-term cycling.['3!

For boosting the electrochemical kinetics and stability, pre-
intercalation of guest species into the interlayer space has
emerged as a feasible and effective approach.®1*'7] For exam-
ple, interlayer water molecules enhance ion diffusion kinetics
and cycling stability by expanding interlayer spacing and form-
ing hydrogen bonds within the host framework.['®] The intercala-
tion of inorganic cations can form rigid chemical bonds with oxy-
gen atoms and suppress structural collapse during cycling.1*2]
The intercalated electroneutral flexible organic molecule miti-
gates lattice strain during charge/discharge and shields the posi-
tive charge of working ions.[!] Recently, the incorporation of or-
ganic cations, which combine the properties of inorganic cations
and organic molecules,??] exhibits strong electrostatic interac-
tions with the [VO] skeleton and alleviates lattice strain due to
the flexibility of organics, enabling a robust crystal structure.[2324]
However, the fundamental mechanisms underlying the pre-
intercalation-induced structural perturbations in the V 3d
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orbitals and electronic structure of hydrated vanadate remain
poorly understood. In particular, the specific contributions to en-
hance the working voltage and cycling stability require further
investigation.

In this study, we demonstrate that the distinct coordination
environments of V cations can trigger a realignment of the elec-
tronic structure at redox-active sites, thereby achieving enhanced
working voltage and cycling stability. The detailed structural dis-
tortions of [VO,] octahedra were investigated through X-ray ab-
sorption fine structure (XAFS) spectroscopy and synchrotron X-
ray atomic pair distribution function (PDF) analysis. Compared
to the sample (denoted as ChVOH) with pre-inserted choline
cation (CsH,;NTOH), the expanded [VO,] octahedra units in the
sample (denoted as fVOH) of pre-inserted by p-choline cation
(C¢H,5sN*OH) lead to reduced energy levels of redox V 3d or-
bitals. f/VOH demonstrates elevated midpoint and working volt-
ages along with superior cycling stability. Furthermore, density
functional theory (DFT) calculations were conducted to system-
atically investigate its d-band and crystal structure evolution.
This study not only provides theoretical guidance for the rational
design of electrode materials but also establishes fundamental
mechanistic insights into atomic-scale strategies for optimizing
electronic structure in functional materials.

2. Results and Discussion

2.1. Structural Information and Chemical States

The samples were synthesized via pre-intercalation of
C,H;N*OH and C(HN*OH, with experimental details
provided in the Supporting Information. Fourier transform
infrared (FTIR) spectra in Figure 1la and its enlarged part in
Figure 1b reveal the peaks near 740 and 1005 cm™' represent
the characteristic bands of the vanadium oxide framework.[?’!
The peaks ~740 cm™! associate with the stretching vibration
of V—0—V bonds, while the peaks ~1005 cm~! correspond to
V=0 stretching vibrations.?**’] The in-plane bending vibration
of C—H is detected at 1463 cm™! in both samples (Figure 1c),
which is attributed to the methyl and methylene C—H bonds
from pre-intercalated organic cations.[?®! The peaks are located
near 1622 cm™! of both samples corresponds to the bending
vibration of H—O—H,[?°! indicating both samples contain a small
amount of interlayer or adsorbed water molecules. The X-ray
diffraction (XRD) patterns in Figure 1d and the high-resolution
transmission electron microscopy (HR-TEM) analysis (Figure
S1, Supporting Information) collectively reveal that both ChVOH
and PVOH exhibit distinct (001) interplanar distances of 12.9
and 12.7 A, respectively. The Raman spectra in Figure 1e exhibit
four characteristic vibrational modes at ~700, 516, 400, and 280
cm~! in both samples. These spectral features can be attributed
to distinct V—O bonding. The higher frequency modes at 516
and 700 cm™! correspond to the symmetric and asymmetric
stretching vibrations of V—O bonds, respectively. The lower fre-
quency bands at 400 and 280 cm™! originate from the bending
vibrational modes of the V=0 functional groups.[**! The X-ray
photoelectron spectroscopy (XPS) spectra in Figure 1f exhibit
five distinct characteristic peaks corresponding to the V 2s, O 1s,
V 2p, N 1s, and C 1s, respectively. In the V 2p high-resolution
spectra (Figure 1g), two pairs of spin-orbit splitting peaks
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are observed within the binding energy range of 513-527 eV,
which correspond to the V#* and V°* oxidation states.’"32] The
emergence of the V** component predominantly originates
from the charge compensation mechanism induced by pre-
intercalated cations, which effectively reduces the proportion
of V°* for electroneutrality. The peak area of V** in ChVOH
is marginally greater compared to that in JVOH, indicative of
a marginally higher concentration of pre-intercalated cations
within the ChVOH structure. This observation aligns with
the enhanced paramagnetic signal intensity detected through
electron paramagnetic resonance (EPR) spectroscopy (Figure
S2, Supporting Information). In the high-resolution N 1s XPS
spectra (Figure 1h), two distinct peaks at 399.2 and 399.3 eV are
assigned to the C—N bonding in pre-intercalated organic cations.
A prominent peak observed at 401.5 or 401.1 eV can be attributed
to N—O bonding interactions formed through coordination be-
tween C;H;;N*OH or C.H;sN*OH and oxygen atoms within
the host lattices.[**] The corresponding O 1s spectra (Figure 1i)
reveal three characteristic components in the 526-534 eV range
for both samples, corresponding to V—O, C—O bonds, and
intercalated water molecules.[?!] Thermogravimetric analysis
coupled with differential scanning calorimetry (TG-DSC, Figure
S3, Supporting Information) quantitatively determined the or-
ganic cation content as 5.8 and 6.4 wt.% for fVOH and ChVOH,
respectively. Both samples exhibit significant interlayer water
content, with fVOH and ChVOH showing 8.1 and 7.6 wt.%
weight loss, respectively, during the removal of lattice water
processes.

2.2. Coordination Structure of Vanadium Cation

Synchrotron X-ray atomic PDF analysis was conducted to inves-
tigate detailed bond length characteristics.3**! The PDF local
structure analysis confirms the presence of local structural dis-
tortions in ChVOH and fVOH, as evidenced by local structural
refinements presented in Figure 2a,b. The detailed PDF results
are listed in Tables S1-S3 (Supporting Information). The PDF
profiles reveal distinct differences in the local coordination envi-
ronments between the two samples. The refined structure model
(Figure S4, Supporting Information) features four oxygen atoms,
located at distances ranging from 1.79 to 2.10 A, that form a
plane with the V atom, while oxygen atoms are positioned ~1.60
A above and ~2.50 A below this plane. The positions of PDF
peaks correspond directly to the real-space bond lengths. Details
of atomic X-ray PDF data processing and local structural analy-
sis can be found in previous work.[2236%] Through quantitative
local structural modeling against the experimental PDF data, the
distinct effects of bond-length variations on characteristic PDF
features can be systematically resolved. The peaks at 1.8 and 2.4
A (Figure 2c) are assigned to the V—O bonds. The peak at 3.0 A is
mainly from the nearest V—V bonds, with a minor contribution
from O—O bonds. The 3.6 A peak mostly originates from V—V
pairs along the a and b crystallographic axes. These V cations
form the motif of the octahedra layer. Notably, the PDF analy-
sis reveals that the position of the 3.6 A peak remains nearly
unchanged, suggesting the interlayer structural skeleton is pre-
served in both materials. Therefore, PDF analysis indicates that
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Figure 1. Structure information and chemical states of ChVOH and fVOH. a) FTIR spectra. b) Enlarged image of region 1 from FTIR spectra exhibits
V4 =0 and V>* = O vibration. c) Enlarged image of region 2 from FTIR spectra. It exhibits the vibrations of -C—H and H—O—H. d) XRD patterns. Both

samples have the same crystal structure but different spacing distances. e)
Intercalated organics introduce V4* in both lattices for electroneutrality, co

Raman spectra. f) XPS survey spectra. g) High resolution V 2p XPS spectra.
nfirming the successful pre-intercalation. h) High-resolution XPS spectra of

N 1s. The presence of C—N bonds originates from the skeletons of organic cations, and the formation of N—O bonds suggests the chemical interaction
between the intercalants and the lattice oxygen. i) High resolution O 1s XPS spectra.

the changes on the O atom sites are the primary cause of the
structural distortions in ChVOH and fVOH.

XAFS spectroscopy was performed to further analyze the co-
ordination environment!*’l and structural geometry of both sam-
ples (Figure 2d,e). The V K-pre-edge peak at ~5471 eV con-
sists of weak transitions that are electric dipole-forbidden but
quadrupole-allowed, involving 1s core electrons transitioning
into valence 3d orbitals, demonstrating high sensitivity to crys-
tal field symmetry and electron occupancy of V 3d orbitals.*!]
According to the selection rules governing electric dipole transi-
tions, the electronic transitions of 1s—3d should theoretically be
prohibited. Nevertheless, the pronounced pre-edge features are
experimentally observed in both samples, providing direct spec-
troscopic evidence for significant orbital hybridization occurring
between O 2p and V 3d orbitals.*?] The enhanced pre-edge peak
intensity observed in fVOH relative to ChVOH implies an in-
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creased population of unoccupied V 3d orbitals.[*}] Notably, the
near-edge region of ChVOH demonstrates a characteristic low-
energy shift compared to fVOH, suggesting a marginally re-
duced vanadium oxidation state in the former material. Figure 2b
presents the K?-weighted Fourier transforms derived from V K-
edge extended X-ray absorption fine structure (EXAFS) spec-
tra, along with their corresponding Artemis simulated fitting
curves for both samples.[**] The radial distribution function as-
sociated with the absorption features of V atoms demonstrates
significant variations in local structure. Both samples were an-
alyzed in R-space using identical crystalline structural param-
eters for fitting (Figure S4, Supporting Information), without
phase correction in the refinement process. Pre-inserted organic
cations induce lattice distortion through increased interlayer
spacing, consequently altering the distance between V and O co-
ordination shells. This structural modification accounts for the

(3 of 9) © 2025 Wiley-VCH GmbH
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Figure 2. Coordination structure of the V atom. The experimental X-ray PDF data of a) ChVOH and b) pVOH fitted by the V,05-nH,O model over the
range of 1.2 < r < 10.3 A. The simulated partial PDF of the refined structural model is shown in the offset for each atomic pair. ¢) The comparison of
X-ray PDF data for both samples. d) V K-edge XAFS spectra. The pre-edge peak reflects the octahedra distortion and the 1s—3d electron hopping, and
the near-edge presents the chemical state of V in the different chemical surroundings. e) R-space spectra of ChVOH and fVOH from the K2-weighted
Fourier transform of the V K-edge EXAFS. f) O 1s X-ray absorption spectra of ChVOH and fVOH. Wavelet transform diagrams of g) ChVOH and

h) BVOH.

prominent scattering peaks observed at ~1.7 and 2.2 A in both
samples, which originate from single-scattering contributions of
O atoms within the first coordination shell. Peaks ~2.7 A origi-
nate from the scattering contributions of V—V between adjacent
octahedra. Detailed quantitative analysis of O coordination geom-
etry and V—O bond length parameters is comprehensively docu-
mented in Figures S4-S6 and Tables S4 and S5 (Supporting In-
formation). The pre-intercalated cations induce structural con-
traction of V—O bonds along the c-axis, subjecting the d,., d,,,
and d,, orbitals to enhanced electronic repulsion from ligand O
that elevates their energy levels. Conversely, the d,,_, and d, or-
bitals exhibit reduced energy levels due to diminished repulsive
interactions along their respective spatial orientations. This sub-
tle difference in energy level alignment drives secondary splitting
of the V 3d orbitals. Furthermore, comparative structural analysis
reveals a moderate expansion of [VO,] octahedra in fVOH rela-
tive to ChVOH, consequently lowering the energy levels of the
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V 3d orbitals — a phenomenon that will be quantitatively exam-
ined in subsequent electronic structure analysis. The O K-edge
in soft X-ray X-ray absorption spectra (XAS) (Figure 2f) originates
from dipole-allowed transitions between O 1s core levels and un-
occupied states with significant O 2p orbitals hybridization in
the conduction band. The prominent doublets ~530-537 eV arise
from crystal field splitting of V 3d orbitals into distinct electronic
structures. The higher-energy component corresponds to the ¢,
orbitals oriented along the octahedral axes, which form strong
directional o-antibonding states through enhanced overlap with
ligand O atoms. The lower-energy component arises from the
t, orbitals exhibiting weaker z-antibonding character due to re-
duced orbital overlapping with ligand O atoms.[*] Notably, the
t,, states undergo secondary splitting induced by axial compres-
sion of [VO,] octahedra along the c-axis direction.[*] The energy
position of the d, -derived spectral feature is governed by the en-
ergy difference between O 1s core levels and hybridized O 2p/V

© 2025 Wiley-VCH GmbH
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Figure 3. Electrochemical performances of fVOH and ChVOH cathodes in rechargeable batteries. a) The GCD curves at 0.5 A g~'. b) OCV statistics.
¢) Mid-point voltages and d) Energy densities of both samples collected at different current densities. e) Rate performance. The enhanced rate per-
formance of fVOH is offered by the improved structural flexibility under high current density. f) Ragone plot on the active material level. The higher
mid-point voltages benefit to offer higher energy densities in fVOH. g) Cycling stability at 8 A g~' of both samples in the Zn-ion battery.

3d unoccupied states in the conduction band.*’] Notably, this
characteristic exhibits a marked low-energy shift (AE = 0.11 eV)
in fVOH compared to ChVOH, providing electronic-level vali-
dation for the structural distortion patterns revealed through R-
space Fourier-transform analysis. In the corresponding wavelet
transform spectra (Figure 2g,h), the predominant spectral fea-
tures originate from V—O single-scattering contributions within
the primary coordination sphere, which manifest at lower energy
regimes due to the characteristic vibrational modes of O atoms.
Subsequent spectral components are systematically assigned to
V—V (secondary coordination sphere) and V—O (tertiary coordi-
nation sphere) multiple-scattering pathways, respectively.

2.3. Structure and Performance Correlation

The electrochemical performance of ChVOH and fVOH cath-
odes was assessed against zinc foil as the anode. Galvanostatic
charge/discharge (GCD) measurements conducted at a current
density of 0.5 A g™' (Figure 3a) reveal that ChVOH exhibits dis-
tinct discharge plateaus in the voltage ranges of 1.1-0.8 V and
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0.8-0.3 V, which correspond to the multistage Zn?* intercala-
tion processes. Notably, the elevated discharge voltage of fVOH
compared to ChVOH can be attributed to the lower energy levels
of 3d orbitals, as shown in Figure S7 (Supporting Information)
and supported by EXAFS and soft XAS. As mentioned above,
the [VO,] octahedral units in fVOH undergo a slight expansion
relative to those in ChVOH in EXAFS analysis. This structural
modification induces a downward shift in the overall 3d orbital
energy levels of fVOH, as evidenced by soft XAS data, which fa-
cilitates more energetically favorable redox reactions during elec-
trochemical processes. At various current densities of 1, 2, 4,
and 8 A g~! (Figure S8, Supporting Information), fVOH demon-
strates higher working voltages compared to ChVOH. This ob-
servation confirms the enhanced electrochemical performance of
PVOH in terms of voltage elevation during discharge processes.
Figure S9 (Supporting Information) presents a comparative anal-
ysis of the cyclic voltammetry (CV) profiles for both fVOH and
ChVOH electrodes. Both materials exhibit a narrow potential in-
terval between the anodic and cathodic peaks, which makes the
redox more reversible.[*®] EIS before and after three cycles of
CV testing at 0.1 mV s7! is shown in Figure S10 (Supporting

© 2025 Wiley-VCH GmbH
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Information). Compared with ChVOH, fVOH exhibits a lower
charge transfer resistance (R,), indicating a higher charge trans-
fer rate in SVOH. The significant decrease in the R value after
the CV test can be attributed to the activation of the electrodes,
including the formation of lattice-trapped Zn?* enhancing the
electrical conductivity and the penetration of electrolyte, boosting
mass transfer.*”] The open-circuit voltage (OCV) of a recharge-
able battery is generally defined as V. = (u, — uc)/e, where u,
and p. represent the electrochemical potentials of the anode and
cathode, respectively. For cathode materials, u. is intrinsically
linked to the redox-active transition metal orbitals. XPS analy-
sis reveals that ChVOH contains a higher concentration of V**+
species compared to fVOH, leading to increased electron occu-
pancy in lower-energy d,, orbitals. This electronic structure ele-
vates p1 in ChVOH, resulting in a reduced Voc relative to fVOH
(Figure 3b). Consistent with this mechanism, fVOH demon-
strates higher mid-point voltages than ChVOH (Figure 3c), a di-
rect consequence of its reduced d-orbital energy levels as evi-
denced by spectroscopic and structural analyses. In Figure 3d,
PVOH demonstrates a significantly higher energy density com-
pared to ChVOH. This performance enhancement primarily
originates from the elevated average working voltage and specific
capacity of fVOH, achieved through modulation of local chemi-
cal coordination environments. Figure 3e demonstrates the rate
performance comparison between fVOH and ChVOH through
a stepwise current density variation protocol (0.5 > 8 Ag™' — 0.5
A g™1). BVOH maintains 71.3% of its initial capacity (measured
at 0.5 A g7!) when cycled at 8 A g1, significantly outperform-
ing ChVOH, which retains merely 60.8% capacity under iden-
tical high-current conditions. Remarkably, fVOH exhibits supe-
rior capacity recovery with 414.6 mA h g~! restored upon return-
ing to 0.5 A g™, demonstrating exceptional structural reversibil-
ity. This contributes to the higher energy efficiency of JVOH,
as shown in Figure S11b (Supporting Information). The Ragone
plot in Figure 3f provides a comprehensive comparison of spe-
cific energy versus specific power between our Zn//fVOH bat-
tery system and current aqueous zinc-ion batteries (ZIBs) re-
ported in the literature. Notably, the Zn//fVOH battery exhibits
exceptional energy storage capabilities, delivering a specific en-
ergy of 354.3 Wh kg™! at a specific power of 423.7 W kg~!, while
maintaining 305.8 Wh kg~ energy density even under ultrahigh
power density at 8277.3 W kg~! — all values calculated based on
active material mass. These performances surpass those of pre-
viously reported cathode materials for ZIBs, including TMPA-
VOH, %! Ca, ,,V,0s,151 Na, 5, V, 05,5 NVMP@GN, 5 VHO, 130!
V,0,,5* and MgV,0,-1.7H,0.*] The fVOH cathode demon-
strates exceptional cycling stability in a Zn-ion battery at 8 A g7,
as evidenced in Figure 3g. Electrochemical evaluation reveals a
remarkable capacity retention of 91.3% after 3000 continuous
charge—discharge cycles for fVOH, significantly outperforming
the ChVOH counterpart, which shows 79.5% retention under
identical testing conditions. This performance divergence can
be attributed to superior electrochemical kinetics and enhanced
structural integrity of fVOH during high-rate cycling. Galvanos-
tatic intermittent titration technique (GITT) was employed to de-
termine the Zn?* diffusion coefficients in zinc-ion batteries for
both samples (Figure S10a, Supporting Information). The calcu-
lated Zn** diffusion coefficients in fSVOH demonstrate higher
values than those in ChVOH, which accounts for the superior
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rate performance. These findings demonstrate that modulation
of the local coordination environment effectively enhances elec-
trochemical performance.®®! Figure S12a (Supporting Informa-
tion) presents the GCD profiles of lithium-ion batteries employ-
ing pVOH and ChVOH as cathode materials at a current den-
sity of 0.01 A g~!. The discharge voltage plateau corresponding
to the V>*—=V** redox transition in fVOH exhibits a substantial
elevation compared to that observed in ChVOH. This voltage en-
hancement phenomenon persists in sodium-ion battery systems,
where pVOH demonstrates superior discharge voltage relative
to ChVOH at 0.02 A g™! (Figure S12b, Supporting Information).
These findings collectively confirm the feasibility of optimizing
working voltage through regulation oflocal atomic structures and
crystal field effects in vanadium oxide-based electrode materials.

DFT calculations are performed to further investigate the de-
tailed crystal structures and density of states (DOS) of both sam-
ples. DOS in Figure 4a,b suggest that the conduction bands
are attributed to V 3d, while O 2p highly contributes to the va-
lence bands. For both samples, the Fermi levels sit across the
conduction bands, contributing to high electrical conductivities.
Compared with ChVOH, an additional electronic state of fVOH
more to the Fermi level, which is conducive to electron trans-
fer, benefiting to improve the comprehensive electrochemical
performance.l’”%818] The orbital hybridization diagram of both
samples is displayed in Figure 4c.I*”! The elongated V—O bond
lengths within the [VOq] octahedral units of fVOH, as exper-
imentally confirmed by EXAFS and PDF analyses in contrast
to ChVOH, effectively mitigate electron—electron repulsion be-
tween O 2p and V 3d orbitals,!®) inducing a downward energy
shift in the hybrid molecular orbitals formed through V 3d and O
2p orbital interactions within the fVOH relative to ChVOH. This
electronic stabilization is predominantly evidenced by two dis-
tinctive features in the SVOH electronic structure: the V d-band
center in fVOH undergoes a downward shift in energy relative to
ChVOH, and fVOH possesses a greater number of unoccupied
3d orbitals. The synergistic interaction of these factors collectively
enhances the stabilization energy of hybrid orbitals in the fVOH,
thereby accounting for the higher working voltage and enhanced
structural stability observed in fVOH compared to ChVOH. Ex
situ XRD characterization (Figure 4d,e) provides a mechanis-
tic understanding of Zn?* intercalation/deintercalation dynam-
ics and associated structural evolutions in both samples. The
structural reversibility is evidenced by systematic variations in
(001) and (002) diffraction features during electrochemical cy-
cling. In the full discharge state, fVOH demonstrates superior
structural retention compared to ChVOH, as manifested by re-
duced peak shift of the (001) diffraction peak (A26 = 0.71° vs
0.84° for ChVOH), and the (001) diffraction peak of fVOH per-
sists under the fully discharge state, whereas that of ChVOH is
not observed under identical conditions. These observations di-
rectly correlate with enhanced cycling stability and rate perfor-
mance of fVOH, particularly indicating the robust structural in-
tegrity during repeated ion insertion/extraction cycles. This phe-
nomenon can be attributed to the lower-energy hybrid molecular
orbital structures of fVOH, enhanced stability of electron occu-
pancy, and the shielding effects of the more stable N—O bonds on
the Zn?* and O?~ interactions.**] As shown in Figure 4f, the in-
terplanar spacing of pre-intercalated ChVOH is 12.9 A, exceeding
the 12.6 A observed in fVOH. During the discharge process, the
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Figure 4. Structures and energy levels of ChVOH and JVOH. DOS of a) fVOH and d) ChVOH. The energy level of the d-band center in fVOH shifts to a

lower energy position compared to that in ChVOH. c) The orbitals hybridization diagram of f/VOH and ChVOH, the hybridized molecular orbital energy

levels formed by the interaction between V 3d and O 2p orbitals exhibit a lower energy level in fVOH compared to ChVOH. d,e) Structural evolution
characterized by ex situ XRD. Ex situ XRD measurements accompanied by GCD profiles at the current density of 0.5A g~ for the first cycle between 0.2
and 1.6 V for (d) fVOH and (e) ChVOH. f) The calculated crystal structural evolution of fVOH and ChVOH during Zn?* (de)intercalation processes.
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ChVOH lattice undergoes a contraction of 1.0 A, in contrast to the
0.3 A contraction observed in fVOH. These structural changes
align well with the corresponding ex situ XRD analysis results,
thereby confirming the superior structural stability of fVOH.

3. Conclusion

The integration of electronic structure evolution analysis and
electrochemical energy storage performance evaluation in sam-
ples with local structural distortions provides valuable insights
for achieving enhanced working voltage and improved cycling
stability. By controlling the distortions of [VO,] octahedra, it is
possible to precisely modulate the crystal field environment, ef-
fectively lowering the energy states of V 3d orbitals. This op-
timization yields a substantial elevation in mid-point working
voltage alongside improved cyclability in the locally-engineered
PVOH. These results demonstrate a universal strategy of crystal
field engineering through geometric distortion control in tran-
sition metal oxide electrodes. In addition, the fVOH cathode ex-
hibits remarkably high energy density and superior cycling stabil-
ity, demonstrating a capacity retention rate of 91.3% after 3000 cy-
cles in zinc-ion batteries. These results not only reveal the struc-
tural origins of energy level evolution but also provide funda-
mental design principles for enhancing both working voltage and
crystal stability through precise modulation of local coordination
environments for next-generation rechargeable batteries.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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