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Abstract

Aqueous zinc-ion batteries offer a safe and economical platform for large-scale energy
storage, yet vanadium oxide cathodes remain hindered by sluggish Zn2+ migration, poor
electronic conductivity, and structural degradation during cycling. Herein, a PEDOT reg-
ulated interfacial engineering strategy is proposed to construct surface modified sodium
vanadium oxide nanostructures with coordinated ion and electron transport. The 1P-NaVO
cathode retains the layered framework while introducing a PEDOT-derived surface compo-
nent that strengthens interfacial charge transfer and preserves accessible Zn2+ diffusion
pathways, delivering 655 mAh g−1 at 0.1 A g−1. Kinetic analyses further reveal acceler-
ated charge storage behavior, including an increased pseudocapacitive contribution, a low
charge transfer activation energy of 20.6 kJ mol−1, and improved Zn2+ diffusion, with
DZn

2+ values of approximately 10−10.8 to 10−9.8 cm2 s−1. Ex situ XRD and SEM disclose a
reversible structural response during Zn2+ insertion and extraction, involving interlayer
perturbation, local framework relaxation, transient electrolyte-derived surface species, and
partial morphology recovery after recharge. These findings show that controlled PEDOT-
derived surface regulation promotes efficient coupling between interfacial electron transfer
and Zn2+ diffusion, offering a practical design principle for durable vanadium-based
cathodes in aqueous zinc-ion batteries.

Keywords: aqueous zinc-ion batteries; sodium vanadium oxide; EDOT surface
modification; interfacial engineering; cathode materials

1. Introduction
The transition toward low-carbon energy systems has intensified the need for elec-

trochemical storage technologies that are safe, affordable, and durable for stationary and
mobile applications. Lithium-ion batteries have achieved remarkable success in portable
electronics and electric vehicles, yet their wider use in grid scale storage is still limited by
resource scarcity, high cost, and safety concerns. In this context, aqueous zinc-ion batteries
(ZIBs) have emerged as promising alternatives, in which metallic zinc acts as the anode
and a water-based electrolyte enables ion transport. The natural abundance, low cost, and
compatibility of zinc with aqueous electrolytes make these systems attractive for large-scale
storage, while the high ionic conductivity of the electrolyte improves operational safety [1].
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In addition, the high theoretical capacity of Zn metal, 820 mAh g−1, further supports the
potential of aqueous ZIBs for practical energy storage [2].

Among the main components of aqueous ZIBs, the cathode largely determines the
attainable capacity, rate capability, and cycling stability. Considerable effort has therefore
been directed toward developing suitable cathode hosts, including manganese oxides [3,4],
Prussian blue analogues [5,6], vanadium-based compounds [7–9], and conductive polymers
such as polyaniline [10,11]. Vanadium-based oxides are especially attractive because their
open structural frameworks and multivalent vanadium redox chemistry provide accessible
Zn2+ storage sites and enable high reversible capacities [12]. The redox flexibility among
V5+, V4+, and V3+ offers abundant charge compensation during Zn2+ insertion and extrac-
tion, while layered vanadium oxide structures provide channels for ion accommodation.
Despite these merits, vanadium oxide cathodes still experience sluggish Zn2+ transport and
progressive structural degradation during cycling [13]. The strong electrostatic interaction
between divalent Zn2+ and the vanadium oxygen framework increases the migration bar-
rier, and partial dissolution of vanadium species accelerates capacity decay and weakens
rate performance [14]. These issues indicate that efficient ion transport and structural
stabilization must be addressed together to advance vanadium-based cathodes for practical
aqueous ZIBs.

Interlayer engineering is widely used to mitigate slow Zn2+ migration and structural
instability in vanadium-based cathodes. In this approach, guest species such as Na+ [15],
K+ [16], Mg2+ [17], and Mn related species [18], together with interlayer water molecules,
are introduced into the vanadium oxide framework to regulate the interlayer environment.
These pre-inserted species enlarge the spacing between adjacent layers, stabilize the host
structure, and weaken the strong electrostatic interaction between Zn2+ and the vanadium
oxygen framework. As a result, the Zn2+ migration barrier is reduced, leading to faster
diffusion and improved charge discharge kinetics [19]. However, interlayer regulation
alone cannot fully overcome the intrinsically poor electronic conductivity of vanadium
oxides, which still limits rate performance and active material utilization at high current
density. Conductive polymer modification provides a complementary route to address
this electronic limitation. Among conducting polymers such as polyaniline, polypyrrole,
and poly(3,4 ethylenedioxythiophene), PEDOT is particularly attractive because of its high
electronic conductivity, electrochemical stability, and favorable interfacial compatibility
with oxide cathodes. When introduced as a surface layer or interfacial conductive network,
PEDOT provides additional electron transport pathways, improves electrical contact within
the electrode, and limits direct exposure of the vanadium oxide surface to the aqueous
electrolyte. This interfacial protection can reduce vanadium dissolution and support more
stable cycling during repeated Zn2+ insertion and extraction [1,20,21].

Although interlayer engineering and conductive polymer modification have substan-
tially improved vanadium-based cathodes for aqueous ZIBs, previous studies also show
that their combined effect depends strongly on the amount and distribution of the poly-
mer component [22]. A well distributed PEDOT layer can enhance electronic transport,
strengthen interfacial contact, and help suppress direct dissolution of vanadium species
in aqueous electrolytes [23]. However, excessive polymer coverage may form a dense
surface barrier that limits electrolyte penetration, extends the Zn2+ migration pathway,
and restricts access to internal redox active sites. Such behavior can generate a strongly
surface-dominated electrochemical response without full utilization of the vanadium ox-
ide framework [1,22]. Conversely, insufficient polymer coverage may provide limited
interfacial protection and weak electronic regulation [24]. Thus, the central challenge is
to optimize the polymer modification so that it improves charge transfer and interface
stability while maintaining open Zn2+ diffusion pathways. This balance between electronic
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conductivity and ion transport motivates the design of PEDOT-regulated NaVO cathodes
with controlled surface structure.

In this work, PEDOT-regulated sodium doped vanadium oxide was synthesized
through a sonochemical route. This is different from previously reported PEDOT/vanadium
oxide systems, which generally rely on hydrothermal/autoclave synthesis, or other rela-
tively high-temperature processing routes [24–26]. To clarify the influence of EDOT content
on this structural and interfacial balance, three samples denoted as NaVO, 1P-NaVO, and
5P-NaVO were prepared by changing the EDOT amount during synthesis. Among them,
1P-NaVO shows the most favorable electrochemical performance, demonstrating that mod-
erate PEDOT-derived surface modification is more effective than excessive polymer loading.
Structural and electrochemical analyses reveal that the hydrated Na-containing vanadium
oxide framework provides accessible pathways for Zn2+ storage, while the PEDOT-derived
surface layer improves electronic contact and interfacial kinetics. The 1P-NaVO electrode
with moderate EDOT exhibits an enhanced capacitive contribution, low activation energy,
improved Zn2+ diffusion behavior, and partial structural recovery during discharge and
charge. These results indicate that the improved behavior arises from improved electronic
transport while preserving Zn2+ diffusion pathways, offering a practical design strategy
for durable vanadium-based cathodes in aqueous ZIBs.

2. Materials and Methods
2.1. Materials

All reagents used in this work were of analytical grade and used without further
purification. Commercial V2O5 powder (99%) was purchased from RHAWN (Shanghai,
China). Hydrogen peroxide (H2O2, 7%), sodium chloride (NaCl, 99%), and 3,4 ethylene-
dioxythiophene monomer were obtained from KESHI (Shanghai, China).

2.2. Synthesis of Na-Doped V2O5 (NaVO)

NaVO was synthesized through an ultrasonication-assisted chemical process, in which
commercial V2O5 and NaCl were used as the vanadium and sodium sources, respectively.
First, 1.0 g of V2O5 powder was added into 25 mL of H2O2 solution and stirred magnetically
for 35 min. During this step, the V2O5 gradually dissolved and produced a homogeneous
dark brown vanadium precursor solution. Afterward, 275 mL of 0.1 M NaCl aqueous
solution was introduced into the precursor solution, adjusting the total reaction volume to
300 mL. The mixed solution was then treated in a water bath ultrasonic cleaner at 60 ◦C for
6 h, with the instrument operating at 100 W and 80 kHz. As the ultrasonication proceeded,
the color of the precursor solution changed from dark brown to red, indicating the formation
of sodium-incorporated vanadium oxide species. The resulting red suspension was named
Suspension A. Finally, the solid product was recovered by vacuum filtration and dried at
60 ◦C for 12 h. The product obtained without the addition of EDOT was labeled as NaVO.

2.3. Synthesis of PEDOT-Regulated NaVO Composites

PEDOT-regulated NaVO composites were prepared using Suspension A as the pre-
cursor suspension. Before EDOT addition, Suspension A was transferred to an ice water
bath and stirred for 20 min. EDOT monomer was then added dropwise under continuous
stirring to avoid local aggregation. Two EDOT volumes, 1 mL and 5 mL, were used to
control the degree of surface modification. After complete addition, the mixtures were
stirred for another 30 min and then maintained in an ice water bath for 24 h to promote uni-
form EDOT-derived surface modification on the NaVO particles. No additional oxidizing
agent was introduced. EDOT polymerization was initiated in situ by the V5+-containing
vanadium species present in Suspension A. The resulting products were washed thor-
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oughly with deionized water and anhydrous ethanol, collected by vacuum filtration, and
dried under the same conditions. The samples prepared using 1 mL and 5 mL EDOT were
denoted as 1P-NaVO and 5P-NaVO, respectively.

2.4. Material Characterizations

The phase structure and crystallographic features of the synthesized samples were
investigated by X-ray diffraction using a Rigaku SmartLab SE diffractometer (Rigaku
Corporation, Tokyo, Japan) at a scanning rate of 4◦ min−1. Surface morphology and mi-
crostructural characteristics were examined by field emission scanning electron microscopy
(MIRA4, TESCAN, Brno, Czech Republic) and transmission electron microscopy (Talos
F200X, Thermo Fisher Scientific, Waltham, MA, USA), respectively. Energy dispersive
X-ray spectroscopy was used to analyze elemental distribution and composition. Fourier
transform infrared spectroscopy was performed to identify the chemical bonding environ-
ment and structural characteristics of NaVO, 1P-NaVO, and 5P-NaVO. Thermogravimetric
analysis was conducted to evaluate water content and estimate the PEDOT-derived organic
fraction in the composites. X-ray photoelectron spectroscopy was employed to examine the
surface elemental composition and chemical valence states of the prepared samples.

2.5. Electrochemical Measurements

The electrochemical properties of the prepared cathodes were examined in CR2032
coin cells. For cell assembly, NaVO, 1P-NaVO, or 5P-NaVO was used as the cathode
material, while Zn foil was used as both the counter and reference electrode. Whatman
filter paper and 2 mol L−1 Zn(CF3SO3)2 aqueous solution was employed as the separator
and electrolyte, respectively. The working electrodes were fabricated by preparing a slurry
containing active material, carbon black, and polyvinylidene fluoride at a mass ratio of 7:2:1.
The electrode constituents were dispersed in 9 mL of N methyl 2 pyrrolidone to obtain a
homogeneous slurry, which was subsequently coated onto stainless steel foil. The coated
electrodes were dried under vacuum at 60 ◦C for 12 h, and the final active material loading
was maintained between 1.2 and 1.5 mg cm−2, corresponding to an average film thickness
of ~35 µm. During cell assembly, 70 µL of the electrolyte was added to each coin cell, which
was subsequently sealed using a coin cell crimping machine under a hydraulic force of
~800 kg. Galvanostatic charge–discharge measurements and galvanostatic intermittent
titration technique analysis were conducted using a Neware CT4008T battery testing
system (NEWARE, Shenzhen, China). Cyclic voltammetry and electrochemical impedance
spectroscopy were recorded on a CHI660E electrochemical workstation (CH Instruments,
Inc., Austin, TX, USA). Details can be found in the Supporting Information.

3. Results
The synthesis route for the PEDOT-regulated NaVO composites is shown in Figure 1.

First, commercial V2O5 was activated in H2O2 to form a soluble vanadium precursor.
During this step, H2O2 interacts with vanadium centers and converts the poorly soluble
V2O5 into reactive peroxovanadate species [27]. The gas release observed during stirring
indicates the decomposition of peroxide-containing intermediates and the gradual disso-
lution of V2O5. After a homogeneous precursor solution was obtained, NaCl was added
as the Na+ source. Subsequent ultrasonication improved local mixing and mass transport,
allowing Na+ to interact effectively with vanadium oxygen species and promoting the
formation of the Na containing hydrated vanadium oxide framework. Meanwhile, Na+

helped balance charge and stabilize the interlayer structure of NaVO. Overall, Figure 1
summarizes a stepwise synthesis process involving peroxide-assisted V2O5 activation,
Na+-directed NaVO formation, and PEDOT-mediated surface modification.
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Figure 1. Schematic diagram of the synthesis route for PEDOT-regulated NaVO composites.

X-ray diffraction was first used to examine the phase structure of NaVO, 1P-NaVO,
and 5P-NaVO. As shown in Figure 2a, the main diffraction peaks of all three samples match
layered NaV6O16·4H2O (PDF No. 49-0996), confirming the successful formation of the
hydrated sodium vanadium oxide phase. The characteristic low-angle reflection at about
2θ = 8.20◦ is retained after EDOT treatment, which indicates that the layered framework
remains preserved in both modified samples [28]. Notably, this reflection does not show
an obvious shift for 1P-NaVO or 5P-NaVO, suggesting that PEDOT modification does
not significantly expand the interlayer spacing. This observation implies that PEDOT is
mainly located on the external surface of the NaVO nanobelts rather than inserted into the
interlayer galleries [29]. Compared with pristine NaVO, 1P-NaVO and 5P-NaVO display
lower diffraction intensity and slightly broadened features, indicating reduced crystallinity
or partial suppression of long-range structural order after PEDOT formation. The weak
reflection near 11◦ may be associated with changes in hydration state or interlayer water
content. Therefore, XRD confirms that PEDOT modification preserves the primary NaVO
phase while moderately affecting structural ordering within the layered host.

The morphology and microstructure of NaVO, 1P-NaVO, and 5P-NaVO were fur-
ther examined by SEM and TEM. As shown in Figures 2b and S1a, pristine NaVO con-
sists of densely interconnected nanobelts with relatively smooth surfaces and clear edges.
After EDOT treatment, the belt-like morphology is largely retained in both 5P-NaVO
(Figures 2c and S1b) and 1P-NaVO (Figures 2d and S1c,d), indicating that the modification
process does not destroy the primary one-dimensional layered morphology. Compared
with NaVO, the modified samples show slightly rougher surfaces and less sharply defined
edges, which is consistent with the introduction of a thin surface layer. The nanobelt net-
work also appears more open after EDOT treatment, suggesting that the PEDOT component
may reduce compact stacking between adjacent belts.

The local structure of 1P-NaVO was analyzed in more detail by TEM. As shown in
Figure 2e,f 1P-NaVO maintains the nanobelt morphology, while a clear contrast difference
appears between the crystalline inner region and the outer surface. The external region
is lighter and more diffuse, without distinct lattice fringes, suggesting the presence of an
amorphous coating. The measured lattice spacing of 1.092 nm can be assigned to the (100)
plane of layered sodium vanadium oxide [30], which is consistent with the low-angle XRD
reflection discussed above. Importantly, this spacing supports preservation of the layered
framework rather than a clear PEDOT-induced expansion of the interlayer region. The
amorphous surface layer shows slight thickness variation across different areas, with a local
thickness estimated at approximately 1 nm to 3 nm. This result supports the formation of
a thin PEDOT layer on NaVO nanobelts without major reconstruction of the bulk lattice.
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Elemental mapping in Figure 2g,h further shows uniform distributions of Na, V, and O,
while the presence of S confirms successful introduction of PEDOT on the NaVO surface.
These structural observations indicate that EDOT modification maintains the layered NaVO
phase and nanobelt architecture while introducing a thin amorphous PEDOT-rich surface
layer, which provides the structural basis for later interfacial kinetic improvement.

Figure 2. (a) XRD patterns of NaVO, 1P-NaVO, and 5P-NaVO. SEM images of (b) NaVO, (c) 5P-
NaVO, and (d) 1P-NaVO. (e,f) TEM images of 1P-NaVO, (g) TEM-EDS dark-field image of 1P-NaVO
and (h) corresponding elemental mappings of Na, S, V, and O.

Fourier transform infrared spectroscopy was conducted to clarify the bonding con-
figurations and chemical functionalities of NaVO, 1P-NaVO, and 5P-NaVO. As shown in
Figure 3a, pristine NaVO exhibits characteristic vanadate-related bands at approximately
530, 760, and 994 cm−1, which can be assigned to O-V-O bending, V-O stretching, and
terminal V=O stretching vibrations, respectively. The band near 1634 cm−1 is associated
with the bending vibration of O-H groups from adsorbed or structural water. After EDOT
treatment, these vanadate-related vibrations remain visible in 1P-NaVO and 5P-NaVO, in-
dicating that the main vanadium oxide bonding framework is largely retained. Meanwhile,
additional absorption bands appear in the modified samples, verifying the incorporation of
PEDOT. The bands at 1084 and 1137 cm−1 correspond to C-O and C-S stretching vibrations,
respectively [31], while the signal at 1220 cm−1 is attributed to C-O-C stretching. The peaks
at 1332 and 1386 cm−1 are related to C-C vibrational modes, and the band at 1520 cm−1

arises from C=C stretching of the conjugated PEDOT backbone [28,29]. The weak band near
3590 cm−1 can be assigned to free or weakly hydrogen bonded O-H groups on the sample
surface [32]. The PEDOT-related signals become stronger from 1P-NaVO to 5P-NaVO,
indicating increased polymer content or more extensive surface coverage with higher EDOT
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dosage. Thus, FTIR confirms PEDOT modification while showing that the main vanadate
bonding environment remains intact.

Figure 3. (a) FTIR spectra of NaVO, 1P-NaVO, and 5P-NaVO. (b) TGA curves. XPS spectra, including
(c) survey spectra, (d) V 2p, (e) O 1s, and (f) S 2p.

Thermogravimetric analysis provides further evidence of changes in hydration be-
havior and polymer content. As shown in Figure 3b, NaVO, 1P-NaVO, and 5P-NaVO
display stepwise thermal decomposition. The initial mass loss below approximately 120 ◦C
is assigned to physically adsorbed water and decreases from 4.6% for NaVO to 4.3% and
3.2% for 1P-NaVO and 5P-NaVO, respectively. This decline suggests that PEDOT modifi-
cation lowers the moisture affinity of the NaVO surface, likely because the polymer layer
partially shields the hydrated oxide surface from ambient water [20,33]. The second loss
near 170 ◦C, mainly related to more strongly bound or interlayer water, with possible
contribution from residual organic species, is 2.8% for NaVO, 1.8% for 1P-NaVO, and 2.1%
for 5P-NaVO. The lower value for 1P-NaVO suggests fewer loosely retained water or labile
species, whereas the higher loss in 5P-NaVO is consistent with a larger amount of polymer
related components. At higher temperature, the modified samples show pronounced
mass losses of 15.70 wt% for 1P-NaVO and 25.2 wt% for 5P-NaVO between approximately
170 and 600 ◦C, mainly arising from PEDOT decomposition [33,34]. These values were
obtained after subtracting the mass loss of pristine NaVO over the same temperature range,
allowing a more accurate estimation of the polymer-related contribution. The larger loss of
5P-NaVO confirms its higher PEDOT content, corresponding approximately to the nominal
compositions of NaV6O16·2H2O·0.8EDOT for 1P-NaVO and NaV6O16·2H2O·1.5EDOT for
5P-NaVO. These results show that EDOT treatment changes the hydration and surface
chemistry of NaVO while introducing a measurable polymer fraction.

X-ray photoelectron spectroscopy was used to investigate the surface composition
and valence states of NaVO, 1P-NaVO, and 5P-NaVO. As shown in Figure 3c, the survey
spectrum of pristine NaVO mainly contains V 2p and O 1s signals, together with a C 1s peak
near 284 eV that is commonly associated with adventitious carbon. After EDOT treatment,
sulfur-related signals appear at approximately 226 eV and 162 eV, corresponding to S 2s [35]
and S 2p, respectively, confirming the successful introduction of PEDOT [36,37]. These
signals are stronger in 5P-NaVO than in 1P-NaVO, which agrees with the larger amount
of EDOT. Therefore, the survey spectra verify PEDOT incorporation and support tunable
polymer loading in the NaVO composites. High-resolution spectra further clarify the local
surface chemistry. As shown in Figure 3d, the V 2p spectra can be fitted into two spin orbit
doublets corresponding to V4+ at 516.0 and 523.4 eV and V5+ at 517.4 and 524.7 eV [38,39].
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Compared with NaVO, the PEDOT-regulated samples show a higher relative contribution
of V4+, indicating partial reduction of V5+ during EDOT polymerization. This change is
likely related to redox interaction between EDOT and the vanadium oxide surface during
oxidative polymerization [20]. The O 1s spectra in Figure 3e can be divided into lattice V−O
species at 530.2 eV, defect-related oxygen species at 531.1 eV, hybrid surface-organic oxygen
at 531.7 eV (Os) [40], and a higher binding energy component near 533.0 eV associated
with adsorbed water and oxygen-containing surface groups (O-H) [41,42]. The relative
defect oxygen content increases from 19.07% for NaVO to 26.23% for 1P-NaVO and then
decreases to 21.43% for 5P-NaVO, suggesting that moderate EDOT modification generates
the most evident change in the surface oxygen environment. The 531.7 eV peak is assigned
to a combined surface- and organic-oxygen-related signal, encapsulating overlapping
contributions from surface hydroxyls and polymer-associated functional groups (such
as C=O, O-C, and S=O configurations) [43,44]. This result indicates that 1P-NaVO may
provide more electrochemically active surface sites and improved interfacial charge transfer.
The S 2p spectra of 1P-NaVO and 5P-NaVO in Figure 3f show peaks at 163.7, 164.8, and
168.2 eV, corresponding to S 2p3/2, S 2p1/2, and oxidized S-O bonding, respectively. The C
1s spectrum in Figure S2a contains peaks at 284.8, 286.3, and 288.0 eV, which can be assigned
to C-C or C=C bonding, C-S or C-O bonding, and oxygenated carbon species from the
PEDOT component [20,37,45,46]. This surface chemical modification suggests that EDOT
treatment not only introduces PEDOT-related species but also adjusts the valence and defect
environment of NaVO, which is expected to support improved electrochemical kinetics.

Electrochemical Performance

The electrochemical behavior of NaVO, 1P-NaVO, and 5P-NaVO was first evaluated
by cyclic voltammetry in CR2032 coin cells using Zn foil as the anode and 2 mol L−1

Zn(CF3SO3)2 as the electrolyte. As shown in Figure 4a, the third-cycle CV curves recorded
at 0.5 mV s−1 display two pairs of distinct redox peaks within 0.3 to 1.6 V, indicating
a multistep and reversible charge storage process. These redox features are associated
with stepwise H+ and Zn2+ insertion and extraction in the layered vanadium oxide host,
accompanied by reversible vanadium redox reactions [47]. Although all electrodes show
similar profiles, 1P-NaVO exhibits the largest integrated CV area and the highest redox
peak current, demonstrating enhanced electrochemical activity and a larger charge storage
contribution. More importantly, the peak separation of 1P-NaVO is 278 mV, smaller
than that of 5P-NaVO (335 mV) and NaVO (461 mV), indicating lower electrochemical
polarization and faster redox kinetics after moderate PEDOT modification. In contrast, the
broader peak separation and weaker current response of 5P-NaVO suggest that excessive
PEDOT loading may restrict ion accessibility or partially shield active sites. These results
show that 1P-NaVO provides the most favorable balance between electronic enhancement
and Zn2+ transport accessibility.

The cycling behavior at low current density further supports this conclusion. As
shown in Figure 4b, 1P-NaVO delivers a high discharge capacity of 655.86 mAh g−1

at 0.1 A g−1 and retains 610.36 mAh g−1 after 30 cycles, remaining clearly higher than
NaVO and 5P-NaVO. This enhanced capacity is consistent with the larger CV response
and reduced polarization discussed above, indicating that moderate PEDOT modification
improves electrochemical utilization of the layered NaVO host. The initial five charge–
discharge profiles of 1P-NaVO in Figure 4c show similar curve shapes with well-defined
voltage plateaus, suggesting a reversible multistep Zn2+ and H+ storage process during
the early cycles. The rate performance in Figure 4d further confirms the advantage of
1P-NaVO. The electrode delivers capacities of 672.30, 645.44, 594.99, 529.01, 462.94, and
289.35 mAh g−1 at 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g−1, respectively. These values exceed
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those of NaVO, which provides 474.86, 443.52, 371.67, 314.58, 280.37, and 172.45 mAh g−1,
consistent with the theoretical capacity value, and 5P-NaVO, which delivers 324.07, 319.46,
304.22, 281.17, 214.30, and 101.53 mAh g−1 at the same current densities. When the current
density returns to 1.0 A g−1, 1P-NaVO recovers a capacity of 491 mAh g−1, confirming good
rate reversibility. The theoretical capacity of the NVO host is ~550 mAh g−1. The 1P-NaVO
capacity of 672 mAh g−1 exceeds the theoretical value due to synergistic contributions from
PEDOT pseudocapacitance, interfacial/surface defect storage, and enhanced electronic
contact, enabling fuller active-site utilization [48,49]. The corresponding charge discharge
profiles in Figure 4e retain distinguishable voltage features at different current densities,
further indicating that the electrode with moderate PEDOT maintains active redox behavior
under faster cycling conditions.

Figure 4. (a) CV curves of NaVO, 1P-NaVO, and 5P-NaVO at 0.5 mV s−1. (b) Cycling performance
at 0.1 A g−1. (c) First five charge–discharge curves of 1P-NaVO at 0.1 A g−1. (d) Rate performance
comparison. (e) Charge–discharge profiles of 1P-NaVO at different current densities. (f) Ragone plot.
(g) Long-term cycling performance of the three electrodes and corresponding Coulombic efficiency of
the three electrodes at 1 A g−1.

The practical energy output of 1P-NaVO was compared with reported vanadium-
based cathodes, including PVOH-M, NaCa0.6V6O16·3H2O, VO2, bilayer V2O5, NaV3O8,
and V2O5 [15,50–53]. As shown in the Ragone plot in Figure 4f, 1P-NaVO achieves an
energy density of 163.39 Wh kg−1 at a power density of 1650.40 W kg−1, indicating com-
petitive energy storage performance among aqueous zinc-ion battery cathodes. Long-
term cycling at 1.0 A g−1 is shown in Figure 4g. 1P-NaVO delivers an initial capacity of
587.31 mAh g−1 and retains 248.94 mAh g−1 after 1000 cycles, corresponding to a reten-
tion of approximately 42.4%. Under the same conditions, NaVO decreases from 410.16
to 198.02 mAh g−1, while 5P-NaVO decreases from 290.10 to 82.29 mAh g−1. Although
1P-NaVO still undergoes capacity fading during prolonged cycling, it maintains the highest
reversible capacity among the three electrodes. From a literature-supported interpretation
of layered vanadium oxide electrodes, the gradual decay may arise from structural fatigue
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of the layered vanadium oxide host, partial vanadium dissolution in aqueous electrolytes,
and incomplete suppression of active material loss during repeated ion insertion and ex-
traction. For 5P-NaVO, the poorer cycling behavior is likely caused by excessive PEDOT
loading, which can hinder ion diffusion, restrict electrolyte access, and reduce the fraction
of active vanadium oxide per unit electrode mass [22]. The distinction between moderate
and excessive PEDOT modification was evaluated from the combined TGA, SEM, and
electrochemical results, indicating that an appropriate amount of PEDOT modification
provides a better balance of capacity retention, rate capability, and long-term stability
compared with unmodified NaVO and over-coated PEDOT samples.

A systematic kinetic analysis was performed to clarify the charge storage behavior
of NaVO, 1P-NaVO, and 5P-NaVO. Cyclic voltammetry was first recorded at scan rates
from 0.1 to 1.0 mV s−1. As shown in Figures 5a, S3a and S4a, all electrodes display multiple
redox peaks, confirming multistep Zn2+ insertion and extraction within the vanadium oxide
framework [54]. With increasing scan rate, 1P-NaVO maintains clearer and more defined
redox peaks than NaVO and 5P-NaVO, indicating improved electrochemical reversibil-
ity and faster reaction kinetics after moderate EDOT modification. This improvement
is attributed to enhanced interfacial contact and electronic transport, while the NaVO
framework remains accessible for Zn2+ diffusion.

Figure 5. (a) CV curves of 1P-NaVO at various scan rates. (b) The b values calculated from log v versus
log i plots for four redox peaks. (c) Capacitive and diffusion-controlled contribution percentages at
different scan rates. (d) Capacitive contribution at 0.5 mV s−1. (e) Temperature-dependent Nyquist
plots for 1P-NaVO. (f) Arrhenius plot with calculated activation energy for the Zn//1P-NaVO cell.
(g) GITT voltage profile of 1P-NaVO. (h) Calculated DZn

2+ values during discharge at different
temperatures. (i) Calculated DZn

2+ values during charge at different temperatures.
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To further distinguish the kinetic contribution, the relationship i = avb was applied,
where b values close to 0.5 and 1.0 correspond to diffusion-controlled and surface-controlled
capacitive processes, respectively [55]. The b values of 1P-NaVO are 0.70, 0.75, 0.90, and
0.90 for the four redox peaks (Figure 5b), revealing a mixed charge storage mechanism
with a strong pseudocapacitive contribution [56]. In comparison, NaVO shows lower
b values of 0.30, 0.70, 0.80, and 0.60 (Figure S3b), suggesting stronger dependence on
diffusion-controlled reactions. Although 5P-NaVO exhibits higher b values of 0.83, 0.89,
0.96, and 0.98 (Figure S4b), its broader and less-resolved CV peaks at higher scan rates
indicate that excessive EDOT modification promotes surface-dominated charge storage,
without efficient utilization of the inner NaVO framework. This behavior is likely related
to a thicker PEDOT-derived layer, which can partially cover electroactive sites and increase
the transport distance for Zn2+ migration from the electrolyte to the vanadium oxide host.

The capacitive and diffusion-controlled contributions were then quantified using
i(V) = k1v + k2v1/2, where k1v represents the surface-controlled capacitive current and k2v1/2

corresponds to the diffusion-controlled current [50]. As shown in Figures 5c, S3c and S4c, the
capacitive contribution increases with scan rate for all electrodes, indicating that surface-
controlled kinetics become more prominent at higher polarization rates. For NaVO, the
capacitive contribution increases from 50.14% at 0.1 mV s−1 to 77.26% at 1.0 mV s−1.
After moderate EDOT modification, 1P-NaVO shows capacitive contributions of 54.4%,
56.5%, 68.8%, 73.3%, and 91.9% from 0.1 to 1.0 mV s−1, confirming enhanced surface
reaction kinetics compared with pristine NaVO. In contrast, 5P-NaVO exhibits the highest
capacitive fractions of 59.32%, 59.82%, 75.55%, 81.96%, and 93.25%, suggesting a stronger
surface-dominated response after excessive EDOT addition. At 0.5 mV s−1, the capacitive
contribution follows the order NaVO (70.46%) < 1P-NaVO (76.8%) < 5P-NaVO (81.96%), as
shown in Figures 5d, S3d and S4d. This trend agrees with the b value analysis and confirms
that EDOT modification gradually shifts the storage mechanism from diffusion-influenced
behavior toward faster surface-controlled kinetics.

Temperature-dependent EIS was further performed to evaluate interfacial charge
transfer kinetics. As shown in Figures 5e and S5, the charge transfer resistance decreases
gradually with increasing temperature for all electrodes, demonstrating a thermally ac-
tivated interfacial reaction process. The corresponding activation energy was calculated
from the Arrhenius relationship between charge transfer resistance and temperature [50].
As shown in Figure 5f, 1P-NaVO delivers a low activation energy of 20.6 kJ mol−1, indi-
cating a reduced kinetic barrier for interfacial charge transfer and Zn2+ transport across
the electrode electrolyte interface [57]. In comparison, NaVO shows a slightly higher value
of 21.28 kJ mol−1 (Figure S5b), consistent with less favorable charge transfer in the bare
framework. A different trend appears for 5P-NaVO. Although its apparent charge transfer
resistance is lower than that of NaVO, the calculated activation energy increases markedly
to 52.37 kJ mol−1 (Figure S5d). This result suggests that excessive EDOT modification does
not simply improve the overall interfacial kinetics. Instead, a thick PEDOT-derived surface
layer may lower apparent electronic resistance while increasing the energetic barrier for
Zn2+ migration from the electrolyte into the vanadium oxide host. This interpretation
agrees with the CV analysis, where 5P-NaVO shows a highly surface-dominated response
but less well-resolved redox behavior at higher scan rates [19,47].

The Zn2+ diffusion behavior of NaVO, 1P-NaVO, and 5P-NaVO was further evaluated
by GITT. The voltage profiles and corresponding DZn

2+ values provide insight into both
apparent diffusion kinetics and accessibility of the NaVO host framework [21]. Pristine
NaVO shows DZn

2+ values mainly in the range of 10−11 to 10−10 cm2 s−1, indicating that
Zn2+ insertion and extraction can proceed within the layered structure but remain limited
by relatively slow ion and electron transport. After moderate EDOT modification, 1P-NaVO
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exhibits higher DZn
2+ values of approximately 10−10.8 to 10−9.8 cm2 s−1, together with a

more stable GITT voltage response. This result indicates that the moderate PEDOT-derived
surface modification facilitates Zn2+ transport while maintaining accessible diffusion path-
ways within the NaVO framework [24]. In contrast, 5P-NaVO delivers lower DZn

2+ values,
mainly around 10−11.5 to 10−10.8 cm2 s−1, and displays more evident polarization in the
GITT voltage profile. This behavior suggests that excessive EDOT modification limits
effective utilization of the internal NaVO framework, most likely because a thicker surface
layer increases resistance for Zn2+ migration from the electrolyte to the active vanadium
oxide sites [19,21]. Temperature-dependent GITT further shows that DZn

2+ increases with
increasing temperature for all electrodes, confirming the thermally activated nature of Zn2+

diffusion. Crucially, the continuous DZn
2+ curves (Figure 5h,i) reveal a distinct kinetic val-

ley at ~0.6 V during discharge due to phase-boundary resistance and localized electrostatic
repulsion, followed by a monotonic increase during charging as the host channels clear
out. The kinetic data therefore show that 1P-NaVO avoids the transport limitations associ-
ated with excessive coating while still improving pseudocapacitive behavior, interfacial
activation, and Zn2+ diffusion across the electrode (Table S1).

The structural response associated with Zn2+ storage in 1P-NaVO was examined by
ex situ XRD and SEM. As shown in Figure 6a,b (which tracks seven distinct states from
I to VII, including intermediate depths), weak reflections appear at approximately 6.7◦,
13.9◦, and 19.8◦ during discharge. These peaks can be assigned to Znx(CF3SO3)y(OH)2x−y

related surface byproducts formed through the interaction among Zn2+, OH− species, and
the CF3SO3

− based electrolyte [26,48]. The intensity of these reflections decreases after
recharging, indicating that these species are mainly state-dependent products rather than
permanent crystalline degradation phases. However, possible gradual accumulation of such
byproducts during long-term cycling cannot be completely excluded. The characteristic
low-angle reflection of the NaVO host near 8.1◦ remains visible during the early discharge
stage but becomes less distinct at the fully discharged state of 0.30 V. This evolution suggests
that Zn2+ insertion perturbs interlayer ordering in the hydrated NaVO framework [26,49].
After recharging to 1.60 V, the partial recovery of this reflection indicates Zn2+ extraction
and retention of the layered host structure. In addition, the broad framework-related
feature in the 32 to 34◦ region shows reversible profile variation during discharge and
charge. Because this reflection is broad and weak, exact peak shift analysis is not reliable.
Nevertheless, its evolution is consistent with local lattice relaxation of the V-O framework
rather than complete structural collapse [22]. Ex situ SEM further supports the structural
evolution indicated by XRD. In the initial charged state at 1.60 V, 1P-NaVO displays compact
plate-like aggregates with a relatively continuous surface (Figure 6c). After discharge to
0.30 V, the surface becomes rougher and partially fragmented, with granular deposits
distributed across the electrode surface (Figure 6d). This morphological change agrees
with the appearance of byproduct-related reflections in the discharged XRD pattern. Upon
recharging to 1.60 V, a more compact morphology is partly restored, while the main plate-
like framework remains recognizable, without severe pulverization (Figure 6e).

The proposed Zn2+ storage process of 1P-NaVO is illustrated in Figure 6f. During
discharge, Zn2+ enters the hydrated NaVO framework, leading to interlayer perturbation
and local relaxation of the vanadium oxygen framework. The pre-inserted Na+ ions and
structural water help preserve the layered environment and reduce the strong interaction
between Zn2+ and the host lattice. Meanwhile, the higher defect oxygen contribution
observed by XPS may provide a more flexible local coordination environment, supporting
Zn2+ accommodation. The weak Znx(CF3SO3)y(OH)2x−y related reflections detected during
discharge indicate the temporary formation of electrolyte-derived surface species. Upon
charging, partial recovery of the low-angle NaVO reflection and electrode morphology sug-
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gests Zn2+ extraction and retention of the main layered structure. Overall, Figure 6 confirms
that Zn2+ storage in 1P-NaVO involves reversible interlayer perturbation, local framework
adjustment, transient electrolyte-derived surface species, and partial morphology recovery,
which together help the electrode tolerate discharge-induced structural strain.

Figure 6. (a) Charge–discharge profile with selected states for ex situ analysis. (b) Ex situ XRD
patterns collected at different charge discharge states. Ex situ SEM images of 1P-NaVO at (c) the
initial charged state of 1.60 V, (d) the discharged state of 0.30 V, and (e) the recharged state of 1.60 V.
(f) Schematic illustration of the proposed Zn2+ and H+ insertion and extraction mechanism.

4. Conclusions
In summary, PEDOT-regulated hydrated sodium vanadium oxide cathodes were

synthesized to investigate the effect of surface modification on aqueous zinc-ion battery
performance. Structural characterization confirms retention of the layered NaVO frame-
work with surface-integrated organic components. Electrochemical evaluation reveals
that 1P-NaVO delivers the best overall performance among the prepared samples, achiev-
ing a high discharge capacity of 655 mAh g−1 at 0.1 A g−1. Kinetic analysis reveals
accelerated charge storage via balanced pseudocapacitive and diffusive contributions,
a low charge-transfer activation energy of 20.6 kJ mol−1, and improved Zn2+ diffusion
(~10−10.8 to 10−9.8 cm2 s−1). Ex situ XRD and SEM confirm that 1P-NaVO undergoes
reversible interlayer perturbation, local framework adjustment, the temporary formation of
electrolyte-derived surface species, and partial morphology recovery during Zn2+ insertion
and extraction. These results indicate that the superior behavior of 1P-NaVO arises from
balanced regulation of interfacial charge transfer, surface-controlled kinetics, Zn2+ diffusion,
and structural tolerance. This work highlights that moderate EDOT modification, rather
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than maximum polymer loading, is more effective for improving hydrated vanadium oxide
cathodes and provides a useful design strategy for high performance aqueous ZIBs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano16120729/s1, Figure S1: SEM images of NaVO, 5P-NaVO
and 1P-NaVO; Figure S2: XPS high resolution of Na 1s and C 1s; Figure S3: CV-related kinetic
analysis of NaVO; Figure S4: CV-related electrochemical kinetics of 5P-NaVO; Figure S5: EIS tests
results for NaVO and 5P-NaVO at different temperatures; Figure S6: GITT analysis of NaVO and
5P-NaVO. Table S1: Reported DZn

2+ values of the vanadium-based cathodes. Refs [58–61] are cited
in the supplementary materials.
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