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E L E C T R O C H E M I S T R Y

Alcohol molecule coupling: A universal approach to 
modulating amorphousness in vanadium-based 
cathodes for high-rate and durable aqueous 
zinc-ion batteries
Haobin Song1†, Yang-feng Cui1†, Yifan Li1, Xueliang Li1, Yixiang Li1, Nan Zhao1, Wenjing Li1,  
Chao Wu2, Shibo Xi2, Shaozhuan Huang3, Hui Ying Yang1*

Vanadium oxides (VOs) are promising cathode materials for aqueous batteries due to their high theoretical capac-
ity, but they face challenges such as sluggish kinetics and V dissolution. To overcome these issues, we introduce a 
universal alcohol-based molecule coupling (AMC) method to regulate amorphousness and inhibit V dissolution in 
VOs (VO2, V2O5, and V6O13), resulting in high-performance cathodes. The strategy enables alcohol molecules with 
different chain lengths (ethanol, isopropanol, and isobutanol) to couple with VOs by forming V─OH bonds under 
Lewis acid–based interactions, inducing controlled amorphization. Among these, isopropanol coupling stands 
out by enabling the formation of short-range ordered amorphous structure (SOA-VO/Ipr). This structure enhances 
the reaction kinetics and suppresses V dissolution. As a result, the SOA-VO/Ipr cathode achieves 219.4 mAh g−1 at 
100 A g−1, retains 92.6% capacity over 10,000 cycles, and delivers 228.8 mAh g−1 at 9.1 A g−1 under high loading 
(21.9 mg cm−2) over 3500 cycles, demonstrating a promising method for durable zinc-ion batteries.

INTRODUCTION
Aqueous zinc-ion batteries (AZIBs) are emerging as a highly promis-
ing system for next-generation large-scale energy storage applica-
tions due to their enhanced safety, cost-effectiveness, and impressive 
specific capacity of zinc metal (820 mAh g−1) (1). However, the larger 
ion radius of Zn2+ (0.74 Å) and the involvement of two electrons in 
the reaction result in suboptimal kinetics of the cathode, hindering 
fast charging and extended cycle life (2). Therefore, identifying suit-
able cathode materials is crucial to overcoming these challenges (3). 
Commonly considered options include manganese-based oxides (4), 
vanadium-based oxides (VOs) (5), Prussian blue (6), and organic 
materials (7). Among them, VOs are garnering increasing attention 
due to their high theoretical specific capacity (typically >300 mAh g−1) 
and abundant resource. However, the sluggish reaction kinetics of 
crystalline VOs and the dissolution of V in aqueous electrolytes se-
verely hinder the development of V-based cathodes (8).

Recently, various strategies, including amorphous structure de-
sign (9), guest species incorporation (10), defect engineering (11), 
and surface modification (12), have been proposed to address the 
challenges faced by V-based cathodes. Among them, amorphous 
structure engineering has proven to be effective in enhancing the 
reaction kinetics of V-based cathodes because the disordered atom 
arrangement of amorphous structures could shorten the zinc-ion 
transport pathways and mitigate the lattice expansion upon the 
zinc-ion intercalation/deintercalation (9,  13). However, the amor-
phous VOs are prone to more serious V dissolution in comparison 

to crystalline VOs due to the less stable structure and higher entropy 
of amorphous VOs (14–16). To thermodynamically inhibit the V 
dissolution, introducing guest species into V2O5 layers is an effective 
method because guest species incorporation could stabilize the bulk 
structure (17) by forming coordinate bonds, thereby resisting H2O 
attack and reducing V solubility. For instance, Xia and colleagues 
(18) reported a layered NH4V3O8 aqueous cathode intercalated with 
a polymer (PEDOT), which achieved an exceptional capacity reten-
tion of 94.1% after 5000 cycles. This molecule-level coupling within 
layered V-based cathodes effectively maximizes the protection of V 
atoms from H2O-induced degradation, thus enabling stable long-
term cycling performance. Nevertheless, the guest species incorpo-
ration is usually based on the crystalline V2O5, which still suffers 
from sluggish reaction kinetics (19, 20). Therefore, combining the 
amorphous structure engineering and guest species incorporation 
could yield a synergistic effect, which may simultaneously inhibit 
the V dissolution and enhance the reaction kinetics. However, to 
date, there have been few reports on this specific structure.

In this study, we introduce a universal alcohol-based molecule 
coupling (AMC) method that can precisely regulate the amorphous 
degree of various VOs, including VO2, V2O5, and V6O13. Taking 
V2O5 (theoretical specific capacity, ~589.4 mAh g−1) as a model sys-
tem, we demonstrate that alcohol molecules of varying chain lengths 
[ethanol (Et), isopropanol (Ipr), and isobutanol (Ibu)] can well tune 
the crystal structure and couple with V2O5 at the atomic scale. The 
reductive properties of these alcohol molecules facilitate the break-
age of original V─O bonds, while the varying chain lengths of the 
molecules enable precise tuning of the V2O5 structure from crystal-
line to short-range ordered amorphous to fully disordered amor-
phous. Initially, the V atoms in V2O5 are reduced by these reductive 
agents and subsequently coupled with the alcohol molecules through 
a Lewis acid–based hydroxy-V (─OH─V) interaction. During this 
coupling process, the medium chain length of Ipr distorts the V2O5 
crystal planes and partially disrupts the crystalline structure, result-
ing in a moderately short-range ordered amorphous structure 
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(SOA-VO/Ipr). The Ipr coupling effectively stabilizes the amorphous 
structure and suppresses the hydrolysis reaction of V2O5, thereby 
slowing the spontaneous V dissolution process. Density functional 
theory (DFT) calculations present a positive bonding energy be-
tween H2O and SOA-VO/Ipr, confirming the great difficulty of 
chemical bonding between SOA-VO/Ipr and H2O molecule. This 
result demonstrates that SOA-VO/Ipr exhibits excellent resistance to 
hydrolysis, effectively preventing the degradation of V2O5 and subse-
quent V dissolution. Furthermore, the Ipr-induced short-range or-
dered amorphous structure reinforces the amorphous network, 
providing more channels for Zn2+ transport, thereby enhancing the 
reaction kinetics. Consequently, the SOA-VO/Ipr cathode exhibits 
remarkable performance in zinc-ion batteries, achieving a high 
specific capacity of 219.4 mAh g−1 at an ultrahigh current density of 
100 A g−1 and ultralong cycle life over 10,000 cycles at 30 A g−1. Simi-
larly, the AMC method is well suited for other types of VOs (VO2, 
V6O13, etc.), enabling the controllable regulation of amorphousness 
and the realization of high-performance AZIB. Furthermore, the 
proposed SOA-VO/Ipr cathode demonstrated outstanding practical 
performance, meeting the requirements of high-loading cathodes. 
Even at the loadings exceeding 20 mg cm−2, the cathode still exhibits 
stable cycling under both low current density (0.2 A g−1 for 100 cy-
cles with an impressive discharge specific capacity of 395 mAh g−1) 
and high current density conditions (9.1 A g−1 for 3500 cycles with a 
notable discharge specific capacity of 228.8 mAh g−1). These compel-
ling results underscore the practicability of the universal AMC method 
in advancing high-energy, durable AZIB.

RESULTS
Synthetic routine and mechanism analysis
Organic molecules containing hydroxyl groups (alcohol-based mol-
ecules) exhibit reducibility because the oxygen atom in ─OH serves 
as an electron donor (21, 22), participating in redox reactions with 
electron acceptor materials (EAMs) such as manganese oxides (23), 
iron oxides (24), and VOs (25). In this process, alcohol molecules 
tightly coupled with the EAMs at the atomic scale, influencing their 
crystalline structure through the length of their molecular chains. 
Specifically, alcohol-based molecules initially reduce the EAMs, 
leading to an imbalance in the electron state of the EAMs. Subse-
quently, the electron-donating ─OH group in these molecules inter-
acts with the EAMs through Lewis acid–based interactions. This 
interaction leads to the formation of bonds between alcohol-based 
molecules and EAMs. Because of their varying molecular chain 
lengths, the EAMs exhibit distinct atomic arrangements with vary-
ing degrees of amorphousness. Taking V2O5 as an example, three 
types of alcohol molecules, Et, Ipr, and Ibu, were used as electron 
donors to modulate the degree of amorphousness (Fig. 1). These al-
cohol molecules donate electrons to the V atoms, partially filling the 
vacant outer orbitals of V5+, thereby enabling V to couple with 
the ─OH groups (Fig. 1A). The coupling strength correlates with 
the electron-donating capability of the ─OH group, while the crys-
talline structure adapts to the chain length of the alcohol molecules 
(Fig. 1B). The small Et molecules merely insert into the layers of 
V2O5 without noticeable changes in the crystal structure (VO/Et; 
theoretical specific capacity, ~509.8 mAh g−1) (26). In contrast, the 
Ipr molecules with moderate chain length cause crystal plane distor-
tion and partially destruct the crystal structure, forming a short-
range ordered amorphous structure (SOA-VO/Ipr: theoretical specific 

capacity, ~512.9 mAh g−1). Furthermore, the Ibu molecules with 
longer chain length induce severe crystal disruption, resulting in a 
fully disordered amorphous structure (FDA-VO/Ibu; theoretical 
specific capacity, ~501 mAh g−1).

To further elucidate the coupling process and directly observe 
the modulation mechanisms described above, we used a series of 
characterization techniques. First, under ultrasonication, the V2O5 
layers were exfoliated into smaller fragments (fig. S1). Second, ther-
mal treatment facilitated the reaction between V2O5 and the alcohol 
solvent, leading to the partial reduction of V5+ to V4+ in V2O5 (fig. 
S2) and oxidation of ─OH groups to ─C═O (27, 28). Subsequently, 
Et, Ipr, and Ibu molecules are coupled with V2O5 through ─OH in-
teracting with V atoms (27), which disrupt the original V─O bonds 
and form new V─OH coordinate bonds. During solvent evapora-
tion, lower-boiling aldehyde, ketone, and unreacted alcohol mole-
cules are evaporated, while the coupled alcohol molecules remain 
within V2O5 due to the bonding effect. The representative color 
change during the synthesis of SOA-VO/Ipr is illustrated in fig. S3. 
Upon heating, the solution color shifts to pale yellow (fig. S3, A to 
C), corresponding to the reduction of V5+ to V4+ by Ipr. After cou-
pling with Ipr, the color of V2O5 changes to black (fig. S3D). Similar 
transformations were observed in the Et and Ibu coupling reactions 
(fig. S4). To observe the modulation process, we used x-ray diffraction 
(XRD), transmission electron microscopy (TEM), high-resolution 
TEM (HRTEM), and selected-area electron diffraction (SAED) to 
study the morphology and structure of V2O5. As shown in Fig. 2 (A 
to E) and fig. S5, the commercial V2O5 shows a typical crystalline 
structure with a single-layered structure (PDF#01-085-0601; Fig. 2, 
A and E, and fig. S5A). After coupling with Et molecules, the crystal-
linity of V2O5 is notably weakened because of the structural disor-
dering, while part of VO/Et still maintains the crystalline structure, 
as confirmed by the SAED and XRD patterns (Fig. 2, B and E). The 
appearance of broad peaks at 26.2° and 50.4° suggests the formation 
of amorphous domain. The HRTEM image further reveals the dis-
ordered lattice fringes, confirming the poor degree of crystallinity. 
When coupled with Ipr, the peaks representing the crystalline V2O5 
nearly disappear, suggesting the amorphous structure of SOA-VO/
Ipr (Fig. 2E). The HRTEM image displays very weak lattice fringes, 
confirming the enhanced amorphous degree of SOA-VO/Ipr in 
comparison to the VO/Et (Fig. 2C). As for Ibu molecules coupling, 
the FDA-VO/Ibu shows the same XRD pattern as SOA-VO/Ipr, but 
the HRTEM image does not show any lattice fringe, revealing a full 
degree of amorphization (Fig. 2, D and E). These results reveal that 
the amorphous degree of V2O5 is positively correlated with the 
chain length of the coupled alcohol molecules. Specifically, short-
chain length Et leads to slight lattice distortions and weakens the 
crystallinity of V2O5, while moderate chain length Ipr induces a 
quasi-amorphous structure of V2O5, and longer chain length Ibu 
completely disrupts the crystal structure and results in the forma-
tion of a full amorphous structure.

Chemical environment and structural analysis of V2O5 
modified with AMC
The hydroxyl oxygen atom, with two lone pairs of electrons, readily 
forms coordination bonds with electron-deficient centers of metal 
(26, 29–31). In V2O5, V, as a five-electron–deficient acceptor, strong-
ly interacts with the lone pairs on O atoms, inducing notable changes 
in its chemical environment upon bonding. Therefore, to confirm 
this bonding interaction, we performed Fourier transform infrared 
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spectroscopy (FTIR), Raman spectroscopy, x-ray photoelectron 
spectroscopy (XPS), ab initio molecular dynamics (AIMD) simula-
tions, and DFT to systematically investigate the chemical environ-
ment of V after coupling. In FTIR spectrum, the peaks at 3414.8 and 
1605 cm−1 correspond to the stretching and bending vibration 
modes of ─OH, respectively, which are related to the presence of ad-
sorbed water in the air and ─OH in Et, Ipr, and Ibu (Fig. 2F) 
(26, 32, 33). The peaks at 2925.3, 1383.1, and 1129.2 cm−1 belong to 
the vibrations of ─CH3 and C─O bonds (31, 32), originating from 
the Et, Ipr, and Ibu molecules. In addition, the peaks at 985.1, 
815.5, and 546.9 cm−1 are attributed to the V═O, V─O─V, and V─O 
bonds, respectively. Compared with pristine V2O5, the three bonds 
shift to lower wave numbers, indicating that the coupling effect 
weakens these bond strengths due to the structural distortion of the 
V2O5 lattice (31,  34). In addition, the V─O─V bonds are notably 
weakened because of the coupling between the electron-deficient V 
and the electron-donating O, which disrupts the ordered V─O─V 
arrangement (26). Furthermore, the Raman spectra of VO/Et, SOA-
VO/Ipr, and FDA-VO/Ibu exhibit multiple V─O, V═O, and V─O─V 
vibrational modes similar to the pristine V2O5 crystal (fig. S6A). This 
indicates that some intact bonds still remain, although the Et, Ipr, 
and Ibu molecules disrupt the crystal structure of V2O5. However, 
two new peaks emerge at 840.2 and 876.4 cm−1 in the coupled 

system, especially for SOA-VO/Ipr and FDA-VO/Ibu (fig. S6, B to E), 
corresponding to the vibrations of the C─O/C─C bonds and the 
─CH3 group (35–37). This result confirms the successful coupling of 
the Et, Ipr, and Ibu molecules with V2O5. Notably, the splitting of the 
O─V─O vibration peak at 288.8 cm−1 is due to the coupling of ─OH 
with V, which alters the symmetry of the crystal structure, causing 
peak splitting. Meanwhile, the V─OH interaction changes the charge 
distribution around V, resulting in a red shift of the vibration peaks at 
290.6, 700, and 1000 cm−1 (38). The successful coupling of alcohol 
molecules with V2O5 was further confirmed by the energy-dispersive 
x-ray spectroscopy (EDS) elemental mapping (fig. S7), where the C 
signal originates from the alcohol molecules. The effective bonding 
between ─OH groups and V is supported by AIMD. As shown in Fig. 
2G and fig. S8, after 80 ps of simulation, the charge-imbalanced V 
tightly bonds with the electron-donating ─OH, maintaining a stable 
structure. It demonstrates that the coupling between alcohol mole-
cules and V2O5 can occur through V─OH coordinate bonds. Fur-
thermore, the charge density difference and Bader charges are used 
to directly visualize the formation of V─OH bonds and charge trans-
fer between V2O5 and alcohol molecules, as shown in fig. S9. The 
differential charge density reveals electron donation from O atoms in 
the ─OH groups to V atoms, resulting in electron accumulation at V 
sites and depletion at ─OH groups. Bader charge analysis quantifies 

Fig. 1. Synthetic routine and mechanism schematic diagram. (A) Coupling mechanism of V2O5 with Et, Ipr, and Ibu. (B) The mechanism of alcohol molecules modulates V2O5.
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Fig. 2. Modulate mechanism, chemical environment, and structural analysis. (A to D) HRTEM images of V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu. Scale bars, 5 nm. 
Insets: Electron diffraction patterns. Scale bars, 5 nm−1. (E) XRD pattern of V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu. (F) FTIR spectra of V2O5, VO/Et, SOA-VO/Ipr, and FDA-
VO/Ibu. (G) AIMD molecular simulations of V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu. (H) V 2p XPS spectra of V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu. (I) XANES of V foil, 
V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu. (J) EXAFS spectra of V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu. (K) WTs of V K-edge EXAFS of V2O5, VO/Et, SOA-VO/Ipr, and FDA-
VO/Ibu. a.u., arbitrary units.
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this electron transfer, yielding ΔQ values of 0.51, 0.86, and 0.67 e for 
systems coupled with Et, Ipr, and Ibu molecules, confirming electron 
gain in all three systems upon coupling and providing evidence for 
V─OH bond formation. Therefore, they confirm that alcohol mole-
cules coupled with V2O5 via V─OH bonding, wherein ─OH donates 
lone-pair electrons and V serves as an electron acceptor to form ro-
bust interaction driven by Lewis acid–base interactions. The charge 
transfer between ─OH and V atoms was further confirmed by XPS 
(Fig. 2H). The XPS analysis of V exhibited lower average valence for 
VO/Et (~+4.73), SOA-VO/Ipr (~+4.74), and FDA-VO/Ibu (~+4.7) 
compared to pristine V2O5 (~+4.9), indicating electron transfer from 
─OH to V through V─OH bond formation. The successful coupling 
of alcohol molecules is further supported by the XPS analysis of O 1s 
and C 1s, thermogravimetric analysis, and nuclear magnetic reso-
nance (NMR), as shown in the additional results in figs. S10 to S13.

X-ray absorption spectroscopy techniques further confirm the 
coordination environment of V2O5 and its interaction with ─OH 
groups. As presented in Fig. 2I, the chemical states of the VOs were 
investigated through V K-edge x-ray absorption near-edge structure 
(XANES) spectroscopy. The distinct pre-edge peak observed at ap-
proximately 5470 eV corresponds to the dipole-forbidden (1s → 3d) 
electronic transition, which becomes dipole-allowed because of hy-
bridization between the metal 3d and ligand 2p orbitals as the local 
symmetry around V decreases (31, 39). Relative to metallic V foil, 
the pronounced pre-edge peak in V2O5 is attributed to the intrinsic 
asymmetry of its VO5 coordination units (40). Notably, VO/Et, 
SOA-VO/Ipr, and FDA-VO/Ibu exhibit even more intense pre-edge 
features compared to pristine V2O5, underscoring the further dis-
ruption of symmetry in the VO5 units induced by ─OH group coor-
dination. Furthermore, the leftward shift of the V K-edge positions 
for VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu compared to pristine 
V2O5 indicates a reduction in the oxidation state of V. This shift re-
sults from the donation of lone-pair electrons by the ─OH groups to 
the electron-deficient V centers, thereby filling the partially vacant 
electronic orbitals. We further conducted extended x-ray absorption 
fine structure (EXAFS) to study the coordination environment of 
alcohol molecule–coupled V2O5 (Fig. 2J, fig. S14, and table S1). As 
shown in the fitting curves in fig. S14, the typical peaks at 1.53 and 
2.64 Å correspond to V─O and V─V (V─O─V) scattering paths, 
respectively. Compared to the V─O bond length in V2O5 (R = 1.47), 
the V─O bonds in the other three samples are slightly longer 
(R = 1.54 for SOA-VO/Ipr) because of the formation of coordinate 
bonds between V and ─OH (Fig. 2J). On the basis of the fitting data 
from EXAFS results, the detailed V coordination numbers were pre-
sented in table S1, where the coordination number of V is approxi-
mately 3.1 in VO/Et, 3.4 in SOA-VO/Ipr, and 3.0 in FDA-VO/Ibu. 
Compared to crystalline V2O5 with a high coordination number of 
5 for V, the lower coordination number of coupled V2O5 results 
from the destruction of the V2O5 crystal structure, which breaks the 
VO5 units. This leads to an overall decrease in the average coordina-
tion number. Figure 2K shows the wavelet transformation (WT) of 
V K-edge EXAFS oscillations for the four samples. The k value cor-
responding to V─O increases because of the bonding between ─OH 
and V, which changes the chemical environment around V─O.

Therefore, the aforementioned results demonstrate the cou-
pling of V2O5 with alcohol molecules via Lewis acid–based inter-
actions between V and ─OH. This coupling induced a reduction in 
the valence state of V and a reconstruction of the crystalline struc-
ture in V2O5. In detail, alcohol molecules with varying chain 

lengths disrupt the crystalline structure of V2O5 to achieve differ-
ent degrees of amorphization, with their ─OH specifically used for 
coupling with V2O5. The coupling strength is determined by the 
electron-donating ability of ─OH (41, 42), which is influenced by 
the electron-donating effects of attached methyl/ethyl groups 
(43, 44). Symmetric methyl groups exhibit stronger and more uni-
form electron donation, while asymmetric structures weaken this 
effect (45–47). Consequently, Ipr, with the strongest electron-
donating ─OH, achieves the highest coupling strength with V2O5. 
Theoretical calculations of V─OH bond energies (fig. S15) for VO/
Et (43.27 kJ mol−1), SOA-VO/Ipr (72.14 kJ mol−1), and FDA-VO/
Ibu (58.03 kJ mol−1) confirm the superior coupling strength be-
tween Ipr and V2O5 due to its robust electron-donating capability. 
This enhanced coupling notably contributes to improved struc-
tural stability.

Analysis of V solubility and kinetics of V2O5
To establish the structure-performance relationship, we further eval-
uated the stability and Zn2+ storage kinetics of V2O5, VO/Et, SOA-
VO/Ipr, and FDA-VO/Ibu. DFT studies (Fig. 3A) first confirmed that 
the pristine V2O5 shows a negative binding energy (−0.32 eV) to-
ward H2O, suggesting the good hydrophily of V2O5 that could facili-
tate the V2O5 hydrolysis and dissolution (48,  49) based on the 
spontaneous reaction of V2O5 + 3H2O = 2VO2(OH)2

− + 2H+ (fig. 
S16). In contrast, the binding energy of VO/Et slightly increases to 
−0.22 eV, leading to slight tolerance against V dissolution. Notably, 
the binding energy of FDA-VO/Ibu greatly enlarges to 0.38 eV, which 
was further improved to 1.00 eV after coupling V2O5 with Ipr mole-
cules. This result indicates that SOA-VO/Ipr is difficult to bond with 
H2O, thereby exhibiting the lowest solubility in aqueous solution. 
These theoretical analyses align closely with the dissolution experi-
ments, where pristine V2O5 exhibits substantial V dissolution after 
30 days of soaking in the electrolyte. In contrast, the dissolution of 
AMC-treated VOs is substantially suppressed (fig. S17). Compared 
to VO/Et and FDA-VO/Ibu, SOA-VO/Ipr exhibits better transpar-
ency in the electrolyte, confirming that the Ipr molecule has the best 
coupling ability to prevent V dissolution. In addition, a static electro-
chemical assessment of V dissolution was performed through open-
circuit voltage (OCV) resting tests (17). Fully charged batteries were 
rested for 72 hours to analyze the relationship between recoverable 
capacity and structural stability, reflecting V solubility in the electro-
lyte. As illustrated in Fig. 3B, SOA-VO/Ipr exhibits charge and dis-
charge capacity retention ratios (CCR and DCR) of 99.7 and 91.8% 
after resting, notably surpassing the ratios observed for V2O5 (90.4 
and 83%), VO/Et (92.2 and 84.8%), and FDA-VO/Ibu (94 and 
87.1%). This comparison demonstrates the high feasibility of SOA-
VO/Ipr in suppressing V dissolution. Moreover, it was observed that 
SOA-VO/Ipr exhibits the highest cycling stability over 250 cycles at a 
low current density of 0.5 A g−1, with a capacity decay rate of only 
0.08% per cycle, which is substantially lower than those of V2O5 
(0.43%), VO/Et (0.21%), and FDA-VO/Ibu (0.17%), as shown in Fig. 
3C. It confirmed that Ipr molecules reinforce the stability of the SOA 
structure and thus effectively suppress V dissolution. This was fur-
ther confirmed by the V dissolution content in the electrolyte after 
cycling, as determined by inductively coupled plasma (ICP) analysis 
(table S2). Notably, the SOA-VO/Ipr cathode exhibited the lowest 
dissolution content of 1.73 μg ml−1. In addition, further data on the 
dissolution of V and evidence supporting the critical role of Ipr mol-
ecules are provided in figs. S18 to S23.



Song et al., Sci. Adv. 11, eadt7502 (2025)     23 May 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

6 of 14

On the other hand, to explore the relationship between structure 
and kinetics, we first perform DFT calculations to simulate the inser-
tion energies of Zn2+ in V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/
Ibu with optimized structures after Zn2+ insertion, as shown in Fig. 
3D. The theoretical results indicated that SOA-VO/Ipr has the lowest 
Zn2+ insertion energy of −4.29 eV in comparison to V2O5 (−1.69 eV), 
VO/Et (−2.45 eV), and FDA-VO/Ibu (−3.92 eV), indicating fastest 
Zn2+ insertion/extraction kinetics in SOA-VO/Ipr. Furthermore, the 

galvanostatic intermittent titration technique (GITT) analyses fur-
ther highlighted the kinetic behavior and diffusion characteristics, 
as shown in Fig. 3E. On the basis of GITT, it was observed that SOA-
VO/Ipr shows the highest Zn2+ diffusion coefficient, ranging from 
4.78 × 10−11 to 2.19 × 10−10 cm2 s−1 during discharging and 1.61 × 
10−11 to 1.38 × 10−10 cm2 s−1 during charging. However, note that 
FDA-VO/Ibu demonstrates a diffusion coefficient comparable to 
that of SOA-VO/Ipr, which can be attributed to the enhanced 

Fig. 3. Analysis of solubility and kinetics. (A) Binding energies of V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu with water molecules. (B) OCV resting experiments of V2O5, 
VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu. (C) Cycling performance and capacity decay rate of V2O5, SOA-VO/Ipr, VO/Et, and FDA-VO/Ibu at 0.5 A g−1. (D) Insertion energies of 
Zn2+ in V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu. (E) Ion diffusion coefficient of V2O5, VO/Et, SOA-VO/Ipr, and FDA-VO/Ibu. (F) Diffusion energy barriers of Zn2+ in the four 
materials. (G) Diffusion pathways of Zn2+ in the four materials.
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reaction kinetics of its amorphous structure (9, 13). In addition, Fig. 
3 (F and G) shows the Zn2+ diffusion energy barriers along the op-
timal Zn2+ diffusion pathways, wherein Zn2+ exhibits the lowest dif-
fusion energy barrier (0.69 eV) and the most unimpeded diffusion 
pathways in SOA-VO/Ipr (~9.65 Å), indicating that SOA-VO/Ipr 
offers a facile transport channel for Zn2+. Overall, we conclude that 
short-range ordered amorphous structure effectively shortens the 
Zn2+ diffusion path and broadens the transport channels, thereby 
enhancing the reaction kinetics.

Electrochemical performance and reaction 
mechanism of V2O5
The above analysis demonstrates that the close combination be-
tween V2O5 and Ipr molecules generates a highly stable structure 
that resists V dissolution, as well as an optimal amorphous structure 
that facilitates fast Zn2+ diffusion within the bulk structure. Conse-
quently, SOA-VO/Ipr exhibits highly favorable reaction kinetics.

To further understand the charge storage mechanism, pseudoca-
pacitive analysis was conducted on the basis of cyclic voltammetry 
(CV) curves at different scan rates (Fig. 4, A and B). The CV curves 
of SOA-VO/Ipr, recorded between 0.5 and 100 mV s−1, reveal two 
pairs of reduction peaks (peak 3 and peak 4), corresponding to the 
conversion processes of V5+ to V4+ and V4+ to V3+, respectively. 

Peak 1 and peak 2 correspond to the oxidation process of V3+ to 
V5+. In comparison to the CV curves of V2O5 at various scan rates 
(Fig. 4A), SOA-VO/Ipr exhibits a higher response current and larger 
peak area, indicating superior reaction kinetics and an increased 
Zn2+ storage capacity. To determine whether zinc-ion transfer is 
governed by capacitive control or diffusion control, we performed a 
linear fitting of the CV curves. The b values of SOA-VO/Ipr for 
peaks 1 to 4 were calculated to be 0.84, 0.92, 0.87, and 0.87, respec-
tively (Fig. 4D). These values are close to 1 and higher than those of 
V2O5 (Fig. 4C), indicating a capacitive-controlled process, which 
explains the excellent reaction kinetics of SOA-VO/Ipr. The capacitance 
contribution is depicted in fig. S24, where an increase in scan rate 
leads to a higher capacitance contribution. At a scan rate of 10 mV s−1, 
the capacitance contribution reaches 96.8%, indicating that SOA-
VO/Ipr has extremely fast ion diffusion rates and outstanding rate 
performance. Figure 4E compares the rate performance of SOA-
VO/Ipr and V2O5. SOA-VO/Ipr exhibits the best rate capability, 
achieving a remarkable discharge specific capacity of 219.4 mAh g−1 
even at 100 A g−1, substantially outperforming V2O5. When the cur-
rent returns to 0.5 A g−1, SOA-VO/Ipr maintains a specific capacity 
of 410 mAh g−1, demonstrating a capacity retention ratio of 98.3% 
compared to the initial specific capacity of 417 mAh g−1. Figure 4 (F 
and G) presents the charge-discharge curves at different rates for 

Fig. 4. The electrochemical performance and reaction mechanism. CV curves at different scan speeds of (A) V2O5 and (B) SOA-VO/Ipr. The fitted b value is based on the 
CV curves of (C) V2O5 and (D) SOA-VO/Ipr. (E) Rate performance of SOA-VO/Ipr and V2O5. Rate performance charge-discharge curves of (F) V2O5 and (G) SOA-VO/Ipr. 
(H) Long-term cycling performance at current density of 30 A g−1 of SOA-VO/Ipr and V2O5. (I) In situ XRD pattern of SOA-VO/Ipr.
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V2O5 and SOA-VO/Ipr, respectively. Compared to V2O5, SOA-VO/
Ipr exhibits a higher specific capacity at all current densities and dis-
plays well-defined charge-discharge plateaus even at a current den-
sity of 100 A g−1, indicating faster Zn2+ transport within the 
SOA-VO/Ipr cathode. With a 200-fold current density increase 
(from 0.5 to 100 A g−1), SOA-VO/Ipr retains 52.6% of its initial ca-
pacity. This outstanding rate performance surpasses that of most 
reported AZIB cathode materials (table S3), particularly consider-
ing that it is achieved without the addition of conductive carbon 
materials such as graphene or carbon nanotubes. In addition, SOA-
VO/Ipr shows an exceptionally long cycling life, maintaining a high-
capacity retention of 92.6% over 10,000 cycles at 30 A g−1 (Fig. 4H). 
After 10,000 cycles, SOA-VO/Ipr still retains an acceptable discharge 
capacity of 208 mAh g−1, which is notably higher than that of V2O5. 
This indicates that SOA-VO/Ipr with durable short-range ordered 
amorphous structure provides efficient Zn2+ transport channels and 
abundant active sites (fig. S25), enabling excellent fast charge/discharge 
specific capacity. In contrast, V2O5 exhibits low specific capacity and 
sluggish reaction kinetics, necessitating an activation process ex-
ceeding 1000 cycles at 30 A g−1. Kinetic performance is further 
evidenced by the electrochemical impedance spectroscopy (EIS) 
shown in fig. S26. After 30 cycles, SOA-VO/Ipr exhibits the lowest 
impedance value of 1.1 ohms, indicating that the amorphous struc-
ture and close coupling between SOA-VO and Ipr effectively en-
hance charge transfer kinetics, which accounts for the ultrahigh-rate 
performance of SOA-VO/Ipr. The more electrochemical results pre-
sented in figs. S27 to S30 further demonstrate that SOA-VO/Ipr ex-
hibits the highest specific capacity and the fastest reaction kinetics.

We subsequently investigated the storage mechanism of the SOA-
VO/Ipr cathode in AZIB using in situ XRD, ex situ XPS, and ex situ 
TEM tests. As shown in Fig. 4I and fig. S31, during discharge, the 
broad diffraction peaks (26.2° and 50.4°) shift to lower diffraction 
angles, indicating the zinc-ion intercalation into the SOA-VO/Ipr 
cathode. Meanwhile, distinct diffraction peaks at 13.1°, 19.6°, 33.1°, 
and 58.9° appear, corresponding to Znx(CF3SO3)y(OH)2x−y·nH2O 
(50, 51). Znx(CF3SO3)y(OH)2x−y·nH2O serves as the solid electrolyte 
interphase film on the cathode, which can continually self-optimize 
during cycling (50), ultimately enhancing the transport of zinc ions. 
The formation of Znx(CF3SO3)y(OH)2x−y·nH2O also generates an 
equivalent number of protons (H+), which tend to intercalate into 
the SOA-VO/Ipr electrode to maintain electrochemical neutrality 
during the discharge process (50). Therefore, the entire discharge 
process involves the co-intercalation of Zn2+ and H+ (3, 50). During 
charging, the diffraction peaks of Znx(CF3SO3)y(OH)2x−y·nH2O grad-
ually disappear, and the amorphous characteristic peak returns to its 
initial position, demonstrating the highly reversible deintercalation 
process of Zn2+/H+. Throughout the entire discharge-charge pro-
cess, the amorphous characteristic peaks exhibit the following lattice 
parameter changes:

26.2°  →  25.65°  →  26.2° (interlayer spacing, 3.41 Å  →  3.46 
Å → 3.41 Å) and

50.4°  →  47.4°  →  50.4° (interlayer spacing, 1.81 Å  →  1.92 
Å → 1.81 Å).

TEM analysis supports this dynamic process, showing that the 
initial lattice spacings of SOA-VO/Ipr at 0.34 and 0.181 nm, corre-
sponding to the 26.2° and 50.4° peaks of the XRD pattern, expand 
to 0.347 and 0.191 nm during discharge and return to 0.341 and 
0.181 nm upon recharging to 1.6 V (fig. S32). In comparison, pris-
tine V2O5 also undergoes co-intercalation of Zn2+ and H+, forming 

HxZny−xV2O5 during the discharge process (51–53). However, be-
cause of its crystalline structure, pristine V2O5 exhibits substantially 
larger lattice spacing expansions, as shown in fig. S33. During dis-
charge, the peak at 21° shifts to 19.27°, the peak at 26° shifts to 24.5°, 
and the peak at 30.65° shifts to 29.5°, corresponding to interlayer 
spacing expansions of 0.38, 0.21, and 0.11 Å, respectively. These ex-
pansions are notably greater than those observed for SOA-VO/Ipr, 
highlighting the superior buffering effect of the amorphous struc-
ture in mitigating lattice expansion. To further investigate the reac-
tion mechanism of SOA-VO/Ipr, we performed ex situ XPS analysis 
(fig. S34). Using the sample after the first discharge-charge cycle as 
the initial state, the V 2p XPS spectrum can be deconvoluted into 
two peaks, corresponding to V5+ and V4+ (fig. S34A). During the 
discharge process, the proportion of the V5+ peak gradually decreases, 
while the V4+ peak increases. At a discharge potential of 0.2 V, the 
V5+ peak disappears completely, and a new V3+ peak emerges. Con-
versely, during the charging process, the V3+ peak gradually vanishes, 
accompanied by the reappearance and increase in the proportion of 
the V5+ peak. This demonstrates that the valence state of V under-
goes dynamic changes during discharge and charge, consistent with 
the earlier electrochemical analysis. Throughout the process, the O 1s 
peak initially shifts toward higher binding energy and subsequently 
returns to its original position (fig. S34B). This phenomenon can be 
attributed to electron acquisition and subsequent electron loss by 
the V atom, leading to a redistribution of the O atomic electron 
cloud. The Zn 2p XPS demonstrates an initial increase in peak in-
tensity, followed by a subsequent decline during both discharge and 
charge cycle, reflecting the intercalation and deintercalation mecha-
nism of Zn2+ ions (fig. S34C). Therefore, the above results confirm 
the co-intercalation mechanism of Zn2+/H+, which is further vali-
dated by ex situ scanning electron microscopy (SEM), TEM, and 
EDS analyses, as shown in figs. S35 and S36.

We further observed that the SOA-VO/Ipr cathode has durable 
structural and chemical stability within repeated discharge/charge 
processes, as confirmed by various characterization techniques. As 
shown in fig. S37, the SOA-VO/Ipr cathode after the 50th discharge 
shows the representative amorphous diffraction peaks at 26.2° and 
50.4° and the diffraction peaks of Znx(CF3SO3)y(OH)2x−y·nH2O, 
which disappear during the 50th charge and return to the amor-
phous peaks, confirming the reversible discharge/charge process. 
TEM analysis reveals that SOA-VO/Ipr retains its short-range or-
dered amorphous structure in both charged and discharged states 
after 50 cycles, which is further reflected in the broad diffraction 
rings observed in the SAED pattern (fig. S38). Furthermore, the XPS 
analysis of V 2p reveals the valence transition of SOA-VO/Ipr from 
+5/+4 in the charged state to +4/+3 in the discharged state (fig. 
S39A). Upon full discharge, a V3+ signal emerges, accounting for 
approximately 45%. After full charge, the V3+ signal disappears, and 
the proportion of V5+ increases to 61.7%. This observation clearly 
illustrates the dynamic valence changes of V during the charge-
discharge process. The Zn 2p XPS results align with the previous 
analysis, confirming the intercalation and deintercalation of Zn2+ 
during the discharge/charge processes (fig. S39B). This conclusion is 
further supported by the EDS analysis (fig. S40). The atomic Zn/V 
ratio is around 1.66:1 after discharging to 0.2 V and 0.23:1 after a full 
charge to 1.6 V, demonstrating the reversible Zn2+/H+ intercalation 
and deintercalation in SOA-VO/Ipr. In addition, postcycling V K-
edge XANES spectra of SOA-VO/Ipr demonstrate valence state 
variations of V during charge and discharge processes (fig. S41). The 
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edge shifts to lower energy in the discharge state and reverts to its 
original position upon charging, corroborating the reversible redox 
mechanism of V. Therefore, the above results confirm the co-
intercalation mechanism of Zn2+/H+ and the structural stability of 
SOA-VO/Ipr, which provides a long cycle life for zinc-ion batteries.

Universal and practical application of AMC method
To explore the broad applicability of the AMC method, we extended 
our investigation beyond V2O5, such as VO2, V2O3, and V6O13. As 
shown in the XRD patterns (fig. S42), all three VOs are initially 
in crystalline states, corresponding to monoclinic VO2 (P21/c, PDF# 
03-065-7960), hexagonal V2O3 (R3c, PDF#01-076-1043), and 
monoclinic V6O13 (C2/m, PDF#01-089-0100). After coupling with 
alcohol molecules (Et, Ipr, or Ibu), XRD diffraction peaks are still 

observed for V2O3, attributed to the poor oxidation ability of V3+, 
which resists alcohol-induced reduction. In contrast, for VO2 and 
V6O13, the XRD peaks gradually weaken, leaving only two broad 
peaks at 26.2° and 50.4° after coupling with Ipr and Ibu. This phase 
transition from crystalline to amorphous states follows a pattern 
similar to that of V2O5. The HRTEM images and corresponding 
SAED patterns further corroborate these findings. As shown in fig. 
S43, HRTEM and SAED images of V2O3 coupled with various 
alcohol-based organic molecules reveal no notable structural chang-
es. However, for VO2 and V6O13, sequential coupling with Et, Ipr, 
and Ibu molecules leads to progressive crystal lattice distortion 
(Fig. 5, B to I). Similar to V2O5, coupling with Et preserves the crys-
talline structure (Fig. 5, C and G), whereas coupling with Ipr and 
Ibu induces amorphous structures in VO2 and V6O13. Specifically, 

Fig. 5. Application of the universal AMC method. (A) Schematic diagram of crystal coupling alcohol-based molecules. (B to I) TEM images of VO2, VO2/Et, VO2/Ipr, VO2/
Ibu, V6O13, V6O13/Et, V6O13/Ipr, and V6O13/Ibu. Scale bars, 5 nm. Insets: Electron diffraction patterns. Scale bars, 5 nm−1. (J) Rate performance of VO2 and VO2/Ipr. (K) Rate 
performance of V6O13 and V6O13/Ipr. (L) Long cycling performance of VO2 and VO2/Ipr. (M) Long cycling performance of V6O13 and V6O13/Ipr.
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VO2/Ipr and V6O13/Ipr exhibit short-range ordered amorphous 
structures (Fig. 5, D and H), while VO2/Ibu and V6O13/Ibu transi-
tion into fully disordered amorphous states (Fig. 5, E and I). The 
SAED patterns in the insets further validate this gradual transition. 
These results demonstrate that AMC is a universal method for mod-
ulating the amorphousness of VOs. The electrochemical perfor-
mance of VO2 (theoretical specific capacities, ~323.1 mAh g−1) and 
V6O13 (theoretical specific capacities, ~417.4 mAh g−1) (54, 55) was 
subsequently evaluated (Fig. 5, J to M). The rate performance of VO2 
and V6O13 before and after Ipr coupling is shown in Fig. 5 (J and K). 
Both VO2/Ipr and V6O13/Ipr exhibit superior rate performance com-
pared to their pristine counterparts, delivering specific capacities 
exceeding 200 mAh g−1 at an ultrahigh current density of 100 A g−1. 
It confirms that short-range ordered amorphous structure is also 
well suited for enabling rapid and efficient Zn2+ transport pathways 
in VO2/Ipr and V6O13/Ipr. The GITT results in fig. S44 reveal higher 
Zn2+ diffusion coefficients in VO2/Ipr and V6O13/Ipr compared to 
their crystalline counterparts, VO2 and V6O13, further validating the 
kinetic enhancement conferred by the unique structure facilitated by 

Ipr molecules. In addition, long-term cycling tests (Fig. 5, L and M) 
demonstrate the remarkable stability of VO2/Ipr and V6O13/Ipr, 
achieving durable cycling performances of 5000 and 10,000 cycles, 
respectively, at an ultrahigh current density of 100 A g−1, notably out-
performing their crystalline counterparts.

To address practical application requirements, we further as-
sessed the performance of the AMC method under high-loading 
conditions and low electrolyte–to–active material (E/A) ratio (56). 
First, the SOA-VO/Ipr cathode in AZIB at a high-loading cathode of 
20 mg cm−2 and a low E/A ratio of 7.5 μl mg−1 performed the du-
rable repeated discharge/charge of 100 cycles at a low current den-
sity of 0.2 A g−1, showing consistently high discharge specific 
capacities of above 350 mAh g−1, with 91.2% retention after cycling 
and Coulombic efficiency of nearly 100% (Fig. 6A). It confirmed 
that the Ipr-coupled strategy enables the cathode with the high resis-
tance to dissolution and thus realizes the stable cycling even at the 
challenging low current density (57, 58); in sharp contrast, sluggish 
reaction kinetics of V2O5 become more pronounced under high-
loading conditions, thus requiring an extended activation period of 

Fig. 6. The electrochemical performance under high loading. (A) Cycling performance of SOA-VO/Ipr and V2O5 at a current density of 0.2 A g−1. The slight capacity 
fluctuation is attributed to room temperature variation caused by air conditioning system. (B) Rate performance comparison of SOA-VO/Ipr and V2O5. (C) Long-term cy-
cling performance of SOA-VO/Ipr and V2O5 at a current density of 9.1 A g−1. (D) Charge-discharge curves during long-term cycling of SOA-VO/Ipr and V2O5. (E) Cycling 
performance of the scale-up Zn//SOA-VO/Ipr battery. (F) Optical image of the scale-up battery powering an LED panel.
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approximately 55 cycles. Even worse, its maximum discharge spe-
cific capacity is limited to 280 mAh g−1 at 90 cycles, beyond which 
the specific capacity rapidly declines because of consistent V disso-
lution and progressive structural collapse of V2O5 in aqueous elec-
trolyte (Fig. 6A). The rate performance of high-loading cathodes 
further highlights the outstanding kinetics and reversibility of SOA-
VO/Ipr compared to the V2O5 conditions, as shown in Fig. 6B. It 
was confirmed that the SOA-VO/Ipr cathode with a high loading of 
21.9 mg cm−2 still delivers an acceptable discharge specific capacity 
of 183.1 mAh g−1 at a high current density of 10 A g−1 (areal current 
density, 219.1 mA cm−2). It still exhibits a high discharge specific 
capacity of 381.1 mAh g−1 when returning to a low current density 
of 0.5 A g−1. This remarkable rate performance is clearly beyond the 
capability of crystalline V2O5 (Fig. 6B). This difference, rooted in 
structural variations, becomes especially prominent for long-term 
cycling at high current densities (Fig. 6C). It was observed that the 
high-loading SOA-VO/Ipr of 21.9 mg cm−2 in AZIB demonstrated 
outstanding high-power performance at a high current density of 
9.1 A g−1 (areal current density, 199.2 mA cm−2), achieving stable 
cycling over 3500 cycles with a high discharge specific capacity of 
228.8 mAh g−1 at 150 cycles and a minimal capacity decay rate of 
0.0057% per cycle. This stands in stark contrast to the low discharge 
specific capacity of approximately 70 mAh g−1 observed in the high-
loading V2O5 cathode under the high current density. Therefore, 
through a series of direct comparisons of high-loading performance, 
we confirm that the Ipr-coupled strategy effectively mitigates common 
issues of V dissolution in VOs. Moreover, the resulting short-range 
ordered amorphous structure fulfills the high-power requirements 
for practical battery applications. Accordingly, an ampere-hour–level 
scaled-up Zn//SOA-VO/Ipr battery with an electrode area of 7 × 7 cm2, 
an SOA-VO/Ipr cathode of 20 mg cm−2, and an E/A ratio of 5 μl mg−1 
was assembled (Fig. 6E and fig. S45). It delivered reversible average 
discharge specific capacities of 1.18 Ah and powered the light-emitting 
diode (LED) light (Fig. 6F), showcasing its potential for practical en-
ergy storage applications.

DISCUSSION
In this work, we introduce a universal AMC method to regulate the 
amorphous degree and defect concentration in VO cathodes, there-
by enhancing their performance. The process begins with alcohol 
molecules breaking the V─O bonds through their reducibility, sub-
sequently by strong polar ─OH─V interactions that induce cou-
pling. Simultaneously, the degree of amorphousness is modulated 
by altering the chain length of the alcohol molecules. The use of al-
cohol molecules with varying chain lengths (Et, Ipr, and Ibu) allows 
for tailored modifications of the crystal structure, enabling precise 
control over the amorphousness of the VOs. In particular, the ap-
plication of Ipr to V2O5 disrupts its layered crystalline structure, 
resulting in a moderate short-range ordered amorphous state (SOA-
VO/Ipr). This coupling strategy effectively suppresses V dissolution 
and enhances reaction kinetics. As a result, the SOA-VO/Ipr cath-
ode in AZIB achieves an impressive specific capacity of 219.4 mAh g−1 
at super high 100 A g−1 and maintains an exceptional capacity reten-
tion of 92.6% over 10,000 cycles at 30 A g−1. The assembled battery 
at a high-loading SOA-VO/Ipr cathode of 21.9 mg cm−2 for practical 
application still enables durable cycling for up to 3500 cycles at a 
high 9.1 A g−1 (199.2 mA cm−2), with an impressive discharge ca-
pacity of 228.8 mAh g−1. In addition, the universality of the AMC 

method was confirmed with VO2 and V6O13, all of which demon-
strated modulated amorphous characteristics and superior reac-
tion kinetics, maintaining stable cycling for 10,000 cycles at 100 A 
g−1. Therefore, we propose a groundbreaking and universal ap-
proach to regulate the amorphousness of V-based cathodes, enabling 
notable improvements in ion dynamics and effectively mitigating 
V dissolution. This strategy unlocks exciting opportunities for 
ultrafast battery technologies and paves the way for the develop-
ment of advanced energy storage materials with superior capacity 
and performance.

MATERIALS AND METHODS
Materials
The following materials were used: V2O5 (99.6%; Sigma-Aldrich), Et 
(99.5%; Sigma-Aldrich), Ipr (99.5%; Sigma-Aldrich), Ibu (99.5%; 
Sigma-Aldrich), glucose (99.5%; Sigma-Aldrich), ammonium per-
sulfate (98%; Sigma-Aldrich), oxalic acid (99%; Sigma-Aldrich), 
and zinc trifluoromethanesulfonate (98%; Sigma-Aldrich). Ketjen-
black EC300J, zinc foil, titanium mesh, poly(tetrafluoroethylene), 
and sulfonated hydrophilic membrane were purchased from Canrd 
Technology Co. Ltd. The diameter of the zinc metal foil is 150 mm, 
and its thickness is 0.1 mm. The thickness of the titanium mesh is 
0.1 mm (100 mesh).

Preparation of VO2, V2O3,V2O5, and V6O13
For the preparation of VO2, 100 mg of V2O5 and 100 mg of glucose 
were mixed with 20 ml of deionized water, sonicated for 20 min, and 
stirred for 30 min. The mixture was then transferred to a hydrother-
mal reactor and heated at 190°C for 15 hours. After heating, the 
product was washed three times with deionized water and dried at 
80°C to obtain VO2 (59).

For the preparation of V2O3, 500 mg of V2O5 was placed in a 
ceramic boat and reduced in a tube furnace under a hydrogen atmo-
sphere at 700°C for 4 hours, with a heating rate of 5°C/min, to ob-
tain V2O3.

For the preparation of V2O5, a specific amount of V2O5 powder 
(15.8 g) and ammonium persulfate (1.3 g) were dissolved in 720 ml 
of water and stirred at 55°C for 48 hours. The mixture was then 
washed three times with deionized water and Et, followed by freeze-
drying for 24 hours. The resulting yellow powder was heated in a 
tube furnace at 350°C for 1 hour with a ramp rate of 5°C/min. After 
cooling, V2O5 plate samples were obtained (60).

For the preparation of V6O13, 1.2 g of V2O5 and 1.26 g of oxalic 
acid were mixed with 40 ml of deionized water, stirred for 120 min, 
and then transferred to a hydrothermal reactor. The mixture was 
heated at 180°C for 3 hours. After cooling to room temperature, the 
product was washed three times with deionized water and dried at 
80°C to obtain V6O13 (61).

Preparation of VO/Et, SOA-VO/Ipr, SOA-VO, and FDA-VO/Ibu
For the preparation of SOA-VO/Ipr, 100 mg of the V2O5 plate was 
dissolved in 10 ml of Ipr, sonicated for 2 hours, and then sealed and 
heated at 80°C for 15 hours. After evaporating the solvent in a con-
vection oven, SOA-VO/Ipr samples were obtained. VO/Et and 
FDA-VO/Ibu were prepared by replacing the Ipr with Et and Ibu, 
respectively, following the same procedure. SOA-VO was prepared 
by calcining the SOA-VO/Ipr sample at 280°C under an Ar atmo-
sphere for 2 hours.
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Characterization
Phase and structural analyses were conducted using an Empyrean 
XRD instrument. The sample morphology was observed with an 
SEM (S-3400N). High-resolution morphology was examined with a 
TEM (JEOL, JEM-F200, Japan), which was also equipped with EDS 
(X-Max80) for elemental composition and distribution analysis. 
Chemical state analysis was performed using an XPS spectrometer 
(Thermo Fisher Scientific, K-Alpha, USA). Raman spectroscopy to 
analyze chemical bond vibration modes was carried out using a 
HORIBA LabRAM HR Evolution instrument (Japan). Infrared anal-
ysis for organic functional groups was conducted using a Thermo 
Fisher Scientific Nicolet iS20 FTIR spectrometer (USA). The NMR 1H 
spectra were measured using a Bruker Avance 400 instrument, with 
the samples dissolved in deuterated dimethyl sulfoxide. Content 
analysis was performed using a NETZSCH TG 209 F3 Tarsus ther-
mogravimetric analyzer (Germany). V K-edge XANES was conducted 
at the Singapore Synchrotron Light Source. XAFS data were analyzed 
using ATHENA software (v.0.9.26) (62). WT-EXAFS analyses were 
performed using HAMA Fortran software (63). The Morlet func-
tion was selected as the mother wavelet, with parameters set to 
kappaMorlet = 3 and sigmaMorlet = 1, to enhance the resolution 
in k-space near the radial distance of interest (R ≈ 1.5 Å). ICP spec-
troscopy (instrument: SHMADZU, ICPE-9820) was used to measure 
dissolved V content after 50 charge/discharge cycles. Separators were 
immersed in 2% dilute nitric acid for 24 hours, and the extracted 
solution was analyzed against standard solutions for accurate quanti-
fication of V dissolution.

Electrochemical characterization
For conventional electrode preparation, the cathode active material, 
conductive agent (Ketjenblack EC300J), and binder (PTFE) were 
mixed in a 7:2:1 mass ratio to form a homogeneous slurry. After 
grinding for 30 min, the mixture was rolled onto a titanium mesh 
cut into small discs with a diameter of 1.2 cm and dried. Each disc 
contained 1 to 1.2 mg of active material. For high active material 
loading electrodes, the cathode active material, conductive agent, 
and binder were mixed in a 7:2:0.5 mass ratio. The electrode diam-
eters were 0.8 and 1.0 cm. The batteries were assembled using 
CR2025 coin cells, with zinc foil as the anode, glass fiber as the sepa-
rator, and 2 M Zn(CF3SO3)2 aqueous solution as the electrolyte. For 
scale-up assembly, 7 × 7 cm2 electrodes with a loading of 20 mg cm−2 
were used, and the electrolyte was added at 5 μl mg−1. A composite 
separator composed of a sulfonated hydrophilic membrane and a 
glass fiber separator was applied to inhibit dendrite-induced cell 
shorting. Electrochemical performance tests, including EIS and CV, 
were conducted using a VMP3 multichannel potentiostat (BioLogic). 
GITT, cycling, and rate performance tests were performed using a 
Neware battery testing system.

GITT conditions involved 2 hours of rest, followed by 30 min of 
discharge/charge. Corresponding to the GITT curves, the diffusion 
coefficient of Zn2+ ions upon intercalation and extraction can be 
accurately evaluated by the following equation

where τ is the constant current pulse duration (in seconds), mB is 
the mass loading, MB is the molecular weight (in grams per mole), 
and VM is the molar volume (in cubic centimeters per mole) of the 

active materials on the cathode. S corresponds to the contact area 
of the electrode-electrolyte interface. ΔEτ is the total change of 
battery voltage during constant current pulse duration (τ) without 
considering voltage drop. ΔES corresponds to the change of steady-
state voltage.

The calculation of the b value and the capacitive/diffusion-
controlled process follows the equations below: The b value repre-
sents the slope of the logarithm of the peak current (i) versus the 
logarithm of the scan rate (v), reflecting whether the electrochemi-
cal process is diffusion controlled or capacitive controlled. A b value 
close to 1 indicates a capacitive-controlled process, while a b value of 
0.5 indicates a diffusion-controlled process. The formula for calcu-
lating b is as follows

The formula for calculating capacitive control and diffusion control 
is as follows

wherek1v is the capacitive control process and k2v1∕2 is the diffu-
sion control process. EIS testing was performed over a frequency 
range of 0.01 Hz to 100 kHz. The CV testing window was set from 
0.2 to 1.6 V.

Computational methods
We conducted all DFT calculations using the Vienna Ab initio Sim-
ulation Package (64,  65) within the framework of the generalized 
gradient approximation, as formulated by PBE (66) formulation. 
The ionic cores were represented using projected augmented wave 
potentials (67, 68), while the valence electrons were treated with a 
plane wave basis set using a kinetic energy cutoff of 450 eV. We used 
Gaussian smearing with a width of 0.05 eV to allow for partial oc-
cupancies of the Kohn-Sham orbitals. Self-consistency of the elec-
tronic energy was achieved when the energy variation was less than 
10−5 eV. Geometry optimization was deemed convergent when the 
force change was below 0.05 eV Å−1. To account for dispersion inter-
actions, we applied Grimme et al. ’s DFT-D3 correction (69). Struc-
tural optimizations were performed using gamma-point sampling 
for the k-points in the Brillouin zone. Adsorption energies (Eads) 
were determined using the relation Eads = Ead/sub – Ead – Esub, where 
Ead/sub, Ead, and Esub represent the total energies of the optimized 
adsorbate/substrate system, the isolated adsorbate, and the clean 
substrate, respectively. The transition states for elementary reaction 
steps were identified using the nudged elastic band method, wherein 
the reaction pathway between reactants and products was dis-
cretized into five intermediate images. These images were relaxed 
until the perpendicular forces were reduced to less than 0.05 eV 
Å−1. The charge density difference of the system is as follows: 
∆ρ = ρtotal − ρA − ρB, where ρtotal is the charge density of binding 
systems, while ρA and ρB are the subcharge densities.

Simulation methods
AIMD simulations were performed to investigate disordered struc-
tures. During the geometry optimization process, a cutoff energy 
of 450 eV was used. The Brillouin zone was sampled using a 

DZn2+ =
4

πτ

(

mBVM

MBS

)2(
ΔES

ΔEτ

)2

(1)

i=a∗ vb (2)

log(i)=b∗ log(v)+ log∗ (a) (3)

i=k1v+k2v
1

2 (4)
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Monkhorst-Pack k-point grid of 2 × 2 × 2. To account for van der 
Waals interactions (70), the PBE-D3 dispersion correction was 
applied. The geometry optimization was carried out using the 
conjugate gradient method, with a smearing width of 0.1 eV. The 
convergence criteria for the total energy and forces were set at 
10−5 eV per cell and 0.05 eV Å−1, respectively. AIMD simulations 
were conducted over 80 ps for equilibration, with a time step of 1 fs, 
maintaining a constant temperature of 300 K in the Nosé-Hoover 
isokinetic ensemble.
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Figs. S1 to S45
Tables S1 to S3
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