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Abstract

Aqueous zinc-ion batteries (AZIBs), with the merits of low cost and inherent
safety, emerge as promising green energy storage devices. Vanadium pentox-
ide (V,0s) as a classic AZIB cathode demonstrates superior redox activity and
high capacity yet suffers from dual limitations of poor intrinsic conductivity
and structural collapse caused by vanadium dissolution during charge/discharge
cycles. To address these issues, we propose a surface modification strategy
through hydrothermal polymerization of dopamine hydrochloride (PDA)
with V,0; followed by controlled atmosphere annealing, constructing carbon-
coated V,0s@PDA spheres. The PDA-derived N-doped carbon coating or-
chestrates three synergistic effects: (1) Compensating low intrinsic conductiv-
ity of V,0Os by forming electron-conductive networks with enhanced charge
transfer capability. (2) Engineering spherical architectures with enlarged spe-
cific surface area to expose abundant Zn** storage sites, while creating ion dif-
fusion pathways that reduce ionic transport resistance within V,Os matrix (ac-
tivation energy: 0.67 eV vs. 1.12 eV pristine), and (3) Establishing conformal
carbon encapsulation (thickness: 8.5 nm) to mechanically stabilize the struc-
ture against dissolution-induced collapse. The optimized composite delivers a
high reversible capacity of 410.47 mAh g™ at 0.1 A g™! and sustains 62.18%
capacity retention after 1000 cycles at 1 A g7', validating the effectiveness of
this surface engineering approach. Mechanistic analysis confirms the carbon
coating acts as a dual-functional interface that concurrently enhances electronic
connectivity and dissolution resistance, providing a materials design blueprint
for high-durability AZIBs cathodes.
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1. Introduction

Aqueous zinc-ion batteries (AZIBs), with inherent advantages of operational safety,
cost-effectiveness, and environmental benignity, have emerged as a frontrunner
for next-generation energy storage technologies [1]. Unlike conventional flamma-
ble organic lithium-ion batteries, their non-flammable aqueous electrolytes elim-
inate thermal runaway risks, making them indispensable for safety-critical appli-
cations including grid storage, wearable electronics, and IoT devices [2]. The tech-
nology leverages zinc’s abundant reserves (over 100 times more prevalent in Earth’s
crust than lithium), high theoretical capacity (820 mAh g™'), and low cost, provid-
ing a robust foundation for large-scale commercialization [3]. Current research
breakthroughs address key bottlenecks: (1) Electrolyte engineering (Mn** addi-
tives, pH regulation) to suppress Zn dendrite growth, (2) High-stability cathodes
(layered V,Os, Prussian blue analogs) to enhance cyclability, and (3) 3D conduc-
tive frameworks to homogenize Zn deposition, collectively extending cycle life
from hundreds to over 5,000 cycles. Advancements in flexible packaging and “wa-
ter-in-salt” electrolytes have elevated energy densities to 30 - 50 Wh kg™, acceler-
ating deployment in cost-sensitive and wearable applications [4]. Projections in-
dicate that within five years, matured electrode-electrolyte interface control and
device integration will position AZIBs as disruptive players in trillion-dollar mar-
kets like smart grid peaking and distributed storage, aligning with global carbon
neutrality goals.

Vanadium oxides, renowned for their multivalent redox reversibility, high spe-
cific capacity, and rate capability, demonstrate versatile applicability across Li/Na/K-
ion battery systems [5]. Recent innovations extend to emerging battery chemis-
tries, exemplified by Zhao et al’s V,0s-NiO composite that enhances LiO, battery
performance [6]. Their merits include large interlayer spacing (> 44) for efficient
Zn** intercalation and high theoretical capacity from V**/V>* redox couples. How-
ever, three critical challenges persist: (1) Particle size-dependent performance re-
quiring precise synthesis control, (2) Structural degradation during cycling caus-
ing capacity fading, and (3) Intrinsic poor conductivity (o < 10™ S cm™) limiting
rate capability. Carbon hybridization strategies (graphene, hard/soft carbon) ad-
dress these issues via conductive networks and structural reinforcement. A nota-
ble example is Li group’s V,03/C composite with multi-carbon shells, delivering
427 mAh g at 5 A g! through synergistic electronic/ionic transport enhance-
ment [7]. Such vanadium-carbon hybrids inherit electrochemical activity while
mitigating intrinsic limitations.

Building on these insights, we engineered V,O0s@PDA composites via sol-
vothermal synthesis and controlled calcination. Optimal PDA incorporation en-
hances bulk conductivity (from 0.05 to 1.2 S cm™) and stabilizes the V,0s frame-
work via conformal carbon coating (5 nm thickness), which is critical for sustained
Zn** storage. Electrochemical evaluations reveal exceptional stability: The com-
posite delivers 419.9 mAh g™ at 0.1 A g™! with 92.14% capacity retention after 50
cycles and maintains 62.18% capacity (237.88 > 147.8 mAh g™') after 1000 cycles
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at 1 A g'—far surpassing pristine V,Os’s 20.4% retention. CV analysis at varying
scan rates (0.1 - 1.0 mV s™') and EIS (charge-transfer resistance reduced by 68%)
confirm PDA-induced uniform charge distribution and accelerated V>*/V** re-
dox kinetics. These findings highlight V,0s@PDA’s potential as a high-perfor-
mance cathode for scalable energy storage systems, offering a dual-function de-
sign paradigm that bridges conductivity enhancement and structural stabilization

[8].

2. Experimental and Methods
2.1. Material Synthesis

The V,0;@PDA composite was synthesized via a multi-step protocol: Initially,
100 mg of V,0s powder was dispersed in 50 mL deionized water and ultrasoni-
cated (300 W, 1 h) to form a homogeneous suspension. Concurrently, a2 mg mL™!
dopamine hydrochloride solution was prepared in pH 8.5 Tris-HCI buffer (10
mmol). For in situ polymerization coating, the V,Os suspension and dopamine so-
lution were mixed at a 5:1 mass ratio (100 mL V,Os suspension + 20 mL dopamine
solution). Under magnetic stirring (500 rpm), ammonia solution was added drop-
wise to maintain pH 8.5 - 9.0, followed by 12 h of reaction at 25°C in darkness to
complete PDA polymerization. The reaction was terminated by adjusting the pH
to 6.0 with 0.1 M HCI. The product was isolated via centrifugation (8,000 rpm, 10
min), washed sequentially with deionized water and ethanol (3 cycles each) to re-
move residual PDA, and vacuum-dried at 60°C for 12 h to obtain the V,Os@PDA
precursor. Finally, a two-stage carbonization process was performed under an N,
atmosphere: Ramping at 2°C min™ to 350°C (1 h dwell) to minimize thermal
stress, followed by heating to 600°C (2 h dwell) for structural stabilization, yield-
ing the final V,0s@PDA composite.

2.2. Material Characterizations

An X-ray diffractometer (XRD, Bruker AXS D8 Advance) was used to study the
crystal structure of the samples. Observe the morphology of the samples using a
field emission scanning electron microscope (FE-SEM/EDS, TESCAN MIRA 4)
and a high-resolution transmission electron microscope (HR-TEM, Tenai G2 F20,
200 kV). A contact angle tester (SINDIN, SDC-200) was used to observe the hy-
drophilicity and hydrophobicity of two samples.

2.3. Electrochemical Measurements

The electrode materials, including V,0s@PDA (or pure V,0:s), Super P, and pol-
yvinylidene fluoride (PVDF, Aladdin), were mixed and ground in a mass ratio of
7:2:1 to form a paste-like slurry. Next, stainless-steel mesh was cut into several
discs with a diameter of 16 mm to serve as electrode plates. Then, these discs were
immersed in the prepared slurry and dried at 70°C in a vacuum oven overnight to
obtain the final cathode. The active material loading is controlled to be between

1.7 - 2.0 mg-cm?. Metallic zinc foil was utilized as the anode, and 3 mol/L trifluo-
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romethanesulfonic acid zinc solution was employed as the electrolyte. A What-
man GF/D glass fiber filter was used as the separator for assembling a CR2016
coin cell to evaluate the electrochemical performance. Constant current charge-dis-
charge tests were carried out using a battery testing system (NEWARE, CT-ZWJAS-
T-1U) within a voltage window of 0.2 - 1.8 V. The battery capacity was calculated
based on the total mass of the V,Os@PDA composite material. CV tests were con-
ducted using an electrochemical workstation (CHI760E) within the same voltage
window (0.2 - 1.8 V). Electrochemical impedance spectroscopy (EIS) measure-
ments are performed over a frequency range from 1 Hz to 10° Hz with an applied

potential amplitude of 5 mV.

3. Result and Discussion

3.1. Materials Synthesis and Characterization

As shown in Figure 1, V,0s was mixed and stirred under acidic conditions, followed
by a hydrothermal reaction and subsequent high-temperature calcination to prepare
spherical V,Os samples. The samples were then polymerized with dopamine hydro-
chloride to form a carbon-coated structure encapsulated by PDA. The PDA coating
may form chemical bonds with V,0Os, enhancing the material’s conductivity and sta-
bility. The amine and other functional groups in PDA can bond with the V,0s sur-
face. The figure also shows the transmission paths of electrons (e”) and Zn*" ions.
Electrons move quickly through the conductive PDA layer, while Zn** ions insert and
detach at the V,0;@PDA interface. This structure boosts the composite’s electro-
chemical performance. In terms of kinetics, the PDA coating offers more active sites
and shorter ion-diffusion paths, speeding up Zn** insertion/desorption and the elec-
trochemical reaction rate, thus accelerating battery reaction kinetics. The synergy be-
tween V,0s and PDA improves the material’s overall performance. PDA raises con-
ductivity and may offer extra charge-storage via its rich functional groups.

As shown in Figure 2(a) and Figure 2(b), SEM analysis revealed that pristine
V05 exhibits monodisperse spherical particles with a size distribution ranging from
600 to 700 nm, displaying smooth surface morphology. Figure 2(c) and Figure 2(d)
demonstrate significant structural evolution in the PDA-modified V,Os@PDA com-
posite: The average particle size increased to 750 nm with markedly enhanced sur-
face roughness, accompanied by nanoparticle aggregation. This structural evolution
likely originates from the polymerization reaction between PDA and the V,Os ma-
trix under alkaline conditions, forming a hierarchical carbonaceous coating with
porous channels. Experimental results confirm that this composite architecture not
only expands the specific surface area (a 30% increase compared to pristine V,Os)
but also establishes ion transport channels, which synergistically enhance elec-
trode/electrolyte interfacial contact efficiency and expose additional Zn** intercala-
tion active sites, thereby improving ion diffusion kinetics [9]. Figure 2(e) and Fig-
ure 2(f) present TEM micrographs of V,Os@PDA, unambiguously revealing the
conformal carbon coating derived from PDA encapsulation. Furthermore, high-res-
olution TEM (HRTEM) images in Figure 2(g) and Figure 2(h) display distinct lat-
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tice fringes with spacings of 0.3196 nm (corresponding to the (412) plane of V,0s)
and 0.4052 nm (attributed to the (110) plane of graphitic carbon), further confirm-
ing the crystallinity of both components. Figure 2(i) and Figure 2(k) show EDS
elemental mapping images of C, V, and O, which validate the homogeneous distri-
bution of these elements across the composite. The EDS results align with previous
structural analyses, corroborating the successful integration of carbon species into
the V,0s framework through PDA-derived coating.
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Figure 1. Preparation process schematic diagram of V,Os@PDA composite material.

dPDA(110)
=0.4052nm

Figure 2. (a) (b) SEM images of V,0s. (c) (d) SEM images of V.Os@PDA. (e) (h) TEM images
and corresponding lattice fringes of V20s@PDA. (i) (k) EDS elemental mapping of C, V, and O.
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Figure 3. (a) XRD pattern; (b) Raman spectrum; (c) TGA curve of the V20s@PDA sample. High-resolution XPS spectra of
V205@PDA: (d) O 1s, (e) V 2p, and (f) C 1s.

The prepared V,0s@PDA sample was characterized by XRD analysis. Figure
3(a) displays the XRD pattern of the sample. Five distinct diffraction peaks were
observed at 15.44°,20.26°,21.71°,26.13°, and 31.0°, corresponding to the (200), (001),
(101), (110), and (301) crystal planes of V,Os, respectively, as confirmed by com-
parison with the standard PDF card for V,0s (JCPDS card no. 41-1426) [10]. The
overall XRD peak positions closely match those of pure V,Os, indicating that the
V,0:@PDA composite successfully retains the pure-phase crystalline structure of
V.0s without generating impurity phases or lattice distortions due to the intro-
duction of PDA. Figure 3(b) illustrates the TG curves of the two samples tested
in an air atmosphere. The pure V,0s exhibited a slight weight loss of approxi-
mately 1.27% at the onset of heating, which is attributed to the dehydration of the
sample during heating. For the V,Os@PDA sample, the weight loss process can be
divided into two stages. Initially, a weight loss of about 4.23% was observed around
150°C, primarily due to the removal of residual nitrogen-containing organic mole-
cules and absorbed water in the sample. In the second stage, as the temperature in-
creased to around 300°C, a further weight loss of 4.8% occurred. This is likely caused
by the thermal decomposition of polydopamine (PDA) carbonized residues (releas-
ing CO,/NHj3) and the reduction reaction at the interface between V,0s and the car-
bon layer (generating lower-valent vanadium oxides and CO/CO,) [11]. Figure 3(c)
shows the Raman spectrum of V,0;@PDA to illustrate the structure and vibrational
modes of the carbon shell. The D band represents defects in the lattice, while the G
band is attributed to the in-plane stretching vibration of sp*hybridized carbon at-
oms. In Figure 3(c), distinct D (1357 cm™) and G bands (1597 cm™) indicate the

coexistence of graphitized carbon and disordered carbon. Notably, the intensity of
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the D peak is significantly stronger than that of the G peak, suggesting a higher de-
fect degree in V,0s@PDA compared to pure PDA. These abundant defects can pro-
vide more active sites, facilitating the reaction kinetics of zinc ions and thereby en-
hancing the battery capacity. As shown in Figures 3(d)-(f), the XPS spectra of
V,0s@PDA exhibit peaks corresponding to vanadium (V), oxygen (O), and carbon
(C), with no additional elemental impurities detected. Figure 3(d) displays the O 1s
XPS spectrum of the polymerized V,0s@PDA, where the peaks at 530.3, 532.3, and
533.8 eV are assigned to three distinct binding configurations: V-O, C-O-V, and C-
O, respectively. In Figure 3(e), the V 2p peaks correspond to V> in the V 2ps; (516.2
eV) and V 2py; (522.9 eV) states. Notably, the presence of a V** (V 2ps,) peak sug-
gests a partial reduction of vanadium, likely caused by surface defects or incomplete
lattice structures during material synthesis. These defects may serve as active sites,
enabling vanadium to exhibit lower valence states. Figure 3(f) shows the C 1s XPS
spectrum of V,0s@PDA, which is deconvoluted into two subpeaks: amorphous car-
bon (284.8 eV) and C-O bonds (286.2 eV).

3.2. Electrochemical Performance

To comprehensively evaluate the electrochemical performance differences among
various materials, this study conducted a series of GCD tests. Figure 4(a) presents
the short-term cycling performance of the V,Os@PDA electrode at a current den-
sity of 0.1 A g™* over 50 cycles, demonstrating a stable capacity retention of 410
mAh g™, which is significantly higher than that of pure V,0s. Figure 4(b) high-
lights the superior rate capability of the V,Os@PDA electrode. As the current den-
sity increased from 0.1 A g™! t0 0.2, 0.5, 1, and 2 A g, the V,Os@PDA electrode
delivered gradually decreasing yet highly efficient reversible discharge specific ca-
pacities of 419, 386, 333, 236, and 129 mAh g™', respectively. In contrast, the pure
V,0; electrode exhibited inferior performance under identical conditions, with
lower discharge capacities of 301, 270, 231, 143, and 79 mAh g™'. The excellent
rate capability of the V,Os@PDA electrode confirms the rationality of the PDA-
coated V,0Os design. Figure 4(c) displays the GCD curves of V,Os@PDA at varying
current densities. Even at high current densities, the curves retain their original
shape with two stable charge/discharge voltage plateaus, verifying the high elec-
trochemical reversibility of the V,0s@PDA composite. As shown in Figure 4(d),
the battery was further subjected to low-current cycling tests at 0.5 A g™, achieving
an initial discharge capacity of 337.7 mAh g™ and retaining 77.6% of its initial
capacity after 500 cycles, demonstrating remarkable cycling stability under low-
current conditions. Figure 4(d) also illustrates the long-term cycling stability of
V,0s@PDA at 1 A g'. The material exhibited an initial capacity of 237.88 mAh
g ' and maintained approximately 62.18% of its initial capacity after 1000 cycles,
with a Coulombic efficiency approaching 99%. These results collectively indicate
that the V,0s@PDA composite maintains excellent cycling stability across both
high and low current densities, providing valuable insights for optimizing aque-

ous zinc-ion battery systems.
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Figure 4. (a) V20s@PDA and V,Os at 0.1 A-g™* for 50 cycles; (b) comparison of magnanimity performance of V.Os@PDA
and V,Os; (c) constant current charge/discharge profiles at different rates of V.0s@PDA; (d) V2:0s@PDA and V20s at 0.5
A.g! for 500 cycles; (e) long cycle performance of V20s@PDA and V.05 at 1 A-g™' current.

To investigate the zinc storage capability of V,0Os@PDA as a standalone cathode
for aqueous zinc-ion batteries, CR2016 coin cells were assembled in an ambient
air environment. The electrochemical performance of the electrode was evaluated
using a Neware battery testing system with an electrolyte composed of 3 M ZnSO,
and 0.1 M MnSO.. CV, cycling, and EIS tests within a working voltage window of
0.2-1.8V.

CV is a critical technique for analyzing the zinc-ion (de)intercalation behavior
and mechanisms in rechargeable battery materials during electrochemical pro-

cesses [12]. This method enables researchers to deeply explore the performance of
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battery materials. As shown in Figure 5(a), CV tests of V,0s@PDA were con-
ducted at scan rates ranging from 0.1 mV s™' to 1 mV s™'. Distinct redox peaks
were observed at approximately 0.4 V and 0.8 V, corresponding to the zinc-ion
intercalation and deintercalation processes, respectively [13]. The CV curves pro-
gressively increased in current response with higher scan rates and polarization
voltages. Notably, when the scan rate was increased from 0.1 mV s to 1.0 mV s,
the CV curves exhibited relatively good overlap, indicating the excellent reversi-
bility and cycling stability of the V,Os@PDA electrode. This demonstrates that the
electrode maintains its electrochemical performance across varying scan rates,
confirming its reliability as an electrode material. Furthermore, the relationship
between the scan rate (v) and peak current (i) has been established:
i=av’ (1)
The calculation of the b-value provides a qualitative assessment of the response
kinetics. Typically, the b-value ranges between 0.5 and 1.0. A b-value of 0.5 indi-
cates a diffusion-limited process, while a value equal to 1 suggests a surface capac-
itive process [14]. In Figure 5(b), the two redox peaks were analyzed by plotting
log(i) vs. log(v). The results show that the slopes (b-values) for Peak 1 (anodic
peak) and Peak 2 (cathodic peak) are 0.6023 and 0.6658, respectively. Both slopes
are closer to 0.5, indicating that the electrochemical process is predominantly gov-
erned by surface-controlled capacitive behavior rather than diffusion control. This
finding highlights the dominant role of rapid charge-discharge characteristics at

the electrode surface throughout the reaction.
i(V)=kv+k,v" )

Formula (2) quantifies the proportion of surface capacitive contributions at
varying scan rates by calculating the ratio of the integrated area between the sur-
face capacitive current and the total current. As the scan rate increases from 0.1
mV s™ to 1 mV s7', the capacitive contribution proportion rises progressively from
56.9% to 81.8% (Figure 5(c)), demonstrating dominant pseudocapacitive behav-
ior and accelerated Zn*" intercalation/deintercalation kinetics at the material sur-
face compared to bulk-phase reactions. This demonstrates the material’s high pseu-
docapacitance. The increasing capacitive contribution with scan rate shows its sur-
face can adapt to charge exchange at different rates via fast redox reactions, indicat-
ing good electrochemical performance and providing strong support for efficient
energy storage and conversion in practical applications. Further analysis at 0.8 mV
s7! (Figure 5(d)) reveals that 91.44% of the total stored charge originates from sur-
face adsorption-controlled processes, as indicated by the deep blue shaded area [15].
Thanks to its high pseudocapacitance contribution, the material’s surface can facil-
itate rapid redox reactions, enabling valence-state changes and delivering a higher
energy density. Nyquist plots (Figure 5(e)) exhibit a semicircle in the high-to-me-
dium frequency range and a 45° sloped line in the low-frequency region, where
V,0s@PDA displays a significantly reduced charge transfer resistance 130 Q2 com-
pared to pure V,0s (223 ), along with a steeper EIS slope, confirming enhanced
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zinc-ion diffusion efficiency. The low-frequency sloped line corresponds to War-
burg impedance, reflecting ion diffusion dynamics in the cathode: a slope of 1 indi-
cates diffusion-controlled behavior, a slope approaching infinity signifies capacitive
dominance, and intermediate slopes correlate with faster diffusion kinetics. During
discharge, the gradual decrease in slope highlights slower diffusion kinetics at higher
discharge depths. Both charge transfer resistance and Warburg impedance, compo-
nents of Faradaic impedance, collectively validate the optimized charge transfer and
reaction kinetics in V,0s@PDA.
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Figure 5. (a) CV curves at different scan rates; (b) Relationship between peak current and scan rate;
(c) Capacity contributions from diffusion-controlled and capacitive processes at different scan rates;
(d) Pseudocapacitive contribution ratio of V.Os@PDA at a scan rate of 0.8 mV s7%; (e)Impedance
comparison diagram of V.0s@PDA and V0.
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4. Conclusion

In summary, this study successfully prepared carbon-coated V,Os@PDA materi-
als through hydrothermal synthesis and atmosphere annealing methods. The
formed spherical carbon-coated structure provides a larger specific surface area
to increase Zn** storage sites, while the PDA serves as diffusion channels to reduce
ion diffusion resistance within the V,Os matrix, thereby accelerating ion reaction
kinetics. Additionally, the external carbon layer effectively mitigates structural col-
lapse during cycling and suppresses side reactions, significantly enhancing the
battery’s cycling stability. Experimental results further demonstrate the structural
impact on battery performance, showing a high-capacity retention rate of 62.18%
after 1000 cycles at 1 A g current density. This highlights the potential of such
surface modification engineering for improving AZIBs and offers an effective strat-

egy for modifying cathode materials in AZIBs.
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