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Vanadium oxides are promising cathode materials for aqueous zinc-ion batteries, but they suffer from severe
crystal collapse and poor electrical/ionic conductivity. Herein, we successfully synthesized the designed
cadmium-doped, carbon-coated vanadium oxide precursor with abundant oxygen vacancies (Cdg,015V203.x@C)
using a straightforward one-pot thermal reduction method, followed by in-situ activation to form a high-
performance cathode material, Cdg.004V205., nH20@C. We find that the interlayered water dramatically re-
duces the electrostatic force between zinc ions and V»0s.y layers, meanwhile, abundant oxygen vacancies and
cadmium doping alter the material’s band structure, resulting in enhanced electronic and ionic conductivities.
Leveraging these advantages, the phase transitioned Cdg.004V205ynH20@C cathode delivers a remarkably high
capacity of 420 mAh/g (0.2 A/g), an excellent rate capability of 198 mAh/g (20.0 A/g), and an outstanding
capacity retention of 78.5 % after 3500 cycles (20 A/g). This synergistic structure modification strategy of
elemental doping and in-situ activation offers a novel approach to design high-performance vanadium oxide-

based cathodes for advanced aqueous batteries.

1. Introduction

Currently, due to the goals for carbon peaking and carbon neutrality,
there is an urgent need to develop sustainable energy storage devices
suitable for large-scale deployment [1,2]. Lithium-ion batteries have
been the cornerstone of energy storage, particularly for portable and
automotive applications, but their safety concerns, environmental
impact, and high costs call for alternative solutions [3,4]. Aqueous zinc-
ion batteries (AZIBs) are gaining significant attention due to their high
safety properties, low cost, high theoretical capacity of 820 mAh/g of Zn
anode within, a low redox potential of 0.762 V vs. SHE, and superior
ionic conductivity of aqueous electrolytes, which promises high rate
performance [5,6]. However, during the insertion process of divalent
zinc ions, challenges such as slow reaction kinetics and host structure
collapse arise due to the large hydration radius of zinc ions and strong
interactions between zinc ions and host lattice [7]. Consequently,

identifying a suitable cathode material with high capacity, fast reaction
kinetics, and desirable stability has become one of the keys to enhancing
the overall performance of AZIBs.

To date, numerous advanced cathode materials have been explored
for aqueous zinc-ion batteries, including manganese-based compounds
[8-10], vanadium-based compounds [11,12], Prussian blue analogues
[13,14], and conductive polymers [15,16]. Vanadium-based com-
pounds, in particular, have emerged as potential cathodes due to their
layered/tunnel structures, low cost, and low toxicity. However, the
strong electrostatic interactions between the divalent Zn?* jons and
vanadium oxides (VOy), coupled with the poor conductivity of the
cathodes and irreversible structural damage during cycling, often lead to
significant capacity fading [17-19].

To tackle the aforementioned issues of VO, researchers have
employed several strategies to enhance their electrochemical perfor-
mance. Introducing oxygen vacancies/defects is a common modification
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strategy. On one hand, the creation of oxygen vacancies generates
additional voids in the lattice structure, which act as channels for zinc
ion migration, thus accelerating zinc ion diffusion. On the other hand,
oxygen vacancies alter the electronic structure of the lattice, creating
more electronic defect states that serve as pathways for electron con-
duction, thereby improving the material’s electronic conductivity
[20-24]. Carbon/organic polymer coating is also an effective strategy to
enhance vanadium-based cathodes. It not only improves the inherent
poor conductivity of vanadium-based cathodes but also, through
appropriate interface engineering (such as core-shell structures and
heterojunction formation), can mitigate stress deformation during
cycling [25-27]. Further, the insertion of cations, polymers, or water
molecules into the layered vanadium oxides, for instance of (Zng,
Chg.1)V204.92:0.56H20 [28],A80.4V20s5 [29], Al 15V205-1.01H20 [30],
Ba0_26V205~0.92H20 [31], Cao,23V205~0.95H20 [32] and
KoVg016-1.5H20 [33], has also been adopted to improves the ion
diffusion capabilities via pillar effects, thereby enhancing the electro-
chemical reaction kinetics and cycling stability. Despite the use of
various performance improvement strategies mentioned above, the
overall performance of VO remains unsatisfactory. There is still a lack
of a method that can simultaneously improve the density of active sites,
structural stability, and electronic/ionic conductivity of VOy to syner-
gistically enhance its capacity, rate capability, and cycling stability.

In this work, we propose a structure modification strategy of carbon
layer coating along with cadmium doping followed by in-situ electro-
chemical activation to address the mentioned issues for vanadium ox-
ides. We first prepared a carbon-coated and cadmium-doped vanadium
oxide of Cdg 15V203.x@C (denoted as CAVOx@C) through a straight-
forward high-temperature thermal reduction approach, and then con-
verted it into a water-intercalated and oxygen vacancy-abundant V,0s5
type cathode of Cdg 004V20s5.,-nH20@C (denoted as CdHVO,@C) via an
in-situ electrochemical activation process. We find that the phase tran-
sitioned CdAHVOy@C remains the pre-doped cadmium and abundant
oxygen vacancies, which can effectively increase the density of active
sites for zinc ion storage, enhance the electrical conductivity of the
cathode and decrease the migration energy barrier of Zn?". Addition-
ally, the introduced water molecules inside the CAHVOy@C can act as
“lubricants” to decrease the strong electrostatic repulsion force between
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VO layers. Benefit from these advantages, the activated Cdg gp4V20s.
ynH20@C cathode exhibits a remarkably high capacity of 420 mAh/g at
0.2 A/g, an excellent rate capability of 198 mAh/g at 20 A/g, and an
outperforming capacity retention of 78.5 % after 3500 cycles at 20 A/g.
This work offers a novel and simple approach to prepare high-
performance vanadium oxide-based cathode materials for sustainable
AZIBs.

2. Results and discussion

To visually represent the synthesis and in-situ electrochemical acti-
vation process for obtaining the desired CAHVOy@C cathode material, a
schematic is illustrated in Scheme 1. Initially, glucose and hydrogen
peroxide are utilized as reducing agents to convert V°* into V3*. Then,
we use a high-temperature calcination method under an inert atmo-
sphere to simultaneously dope the Cd element into the VO crystal, and
form carbon coating layers onto the VOy. This process yields a precursor
of CAVOx@C. Subsequently, the in-situ electrochemical activation pro-
cess leads to the oxidation of V3* to V°* and phase transition, resulting
in the formation of the high-performance AZIBs cathode of CAHVO,@C.
This process, in which low-valence vanadium oxides undergo an irre-
versible phase transition, transforming into VoOs-type compounds upon
in-situ activation at voltages exceeding 1.6 V (vs. Zn/Zn*"), has been
reported in some recent studies [34-37]. We also adjusted variables such
as cadmium doping levels and calcination temperature to optimize the
preparation conditions (Fig. S1). We therefore anticipate to prepare a
desirable cathode through this simple and effective electrochemical
activation method, which can adaptively regulate the material’s struc-
ture and is expected to enhance the zinc ion storage performance.

X-ray diffraction (XRD) with Rietveld refinement was utilized to
derive the crystallographic details of the samples. Fig. 1a illustrates a
satisfactory Rietveld refinement plot for CdAVOy@C, with an acceptable
weighted profile R factor (Ryy = 3.1 %). The crystal structure is indexed
to the rhombohedral R-3c space group with lattice parametersof a =b =
4.95004 A, c = 13.9984 A, a = # = 90°, y = 120°, and a unit cell volume
of V=297.048 A2 (Table S1), corresponding to the V503 phase (PDF#
97-020-1107). The refinement result suggests a propensity for Cd to
replace V atoms in the V903 lattice. Based on the ICP analysis, we
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Scheme 1. A schematic of the preparation and in-situ electrochemical activation process for CAHVO,@C.
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Fig.1. (a) XRD pattern with Rietveld refinement of CdVO,@C. (b) Raman spectra of VO,@C and CAdVO,@C. (c) SEM image, (d) TEM image, (e) HRTEM image, ()

SAED pattern and (g) HAADF-STEM image and EDS mappings results of CAVO,@C.

identify the specific chemical formula of the doping product to be
Cdg.015V203.x@C (Table S2). Raman signals observed between 100 and
1100 cm ™! originate from the crystalline structure of V,03 (Fig. 1b),
which is consistent with XRD results. Specifically, peaks at 160, 304,
425, and 699 cm™! are attributed to the vibrational modes of V-O bonds
and the peak at 1006 cm ™~ * belongs to the V=0 bond in vanadium oxides
[38]. The Raman spectra of CdVOy also exhibit the D band (~1367
cm’l) and G band (~1610 cm’l), which are indicative scattering signals
of disordered and graphitic carbon structures, respectively (Fig. S2). The
height intensity ratios of D to G bands (Ip/Ig) for CdAVOx@C and VOx@C
are 3.09 and 4.17, respectively, suggesting that the doped sample of
CdVOx@C possesses a reduced degree of amorphous/defective carbon
[39]. According to thermogravimetric analysis (TGA, Fig. S3), the
weight ratio of carbon content in the CdVO,@C composite is about 15.8
%.

The morphology of the prepared CdVOy@C was further character-
ized using scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) (Fig. 1c-g). Unlike the flake-petal morphology of
VOx@C, the morphology of CdVOx@C changes upon the incorporation
of cadmium, where the surface consists of microspheres within di-
ameters of approximately 30 — 40 nm that aggregate and form
numerous pores (Fig. 1c, S4). The specific surface area was measured
and results show that CdVOy has a much larger specific surface area of
85.6 m%/g compared to 8.5 m?/g for VOy (Fig. S5). We speculate that
this phenomenon may be caused by the volatilization of cadmium
chloride in the raw material under high-temperature conditions,
bringing a gas-phase reaction that affects the microstructure of the
CdVOx@C. The increased specific surface area not only facilitates the
penetration of the electrolyte and reduces the ion diffusion path, but also

provides more active sites for electrochemical reactions, thereby
improving the performance of the cathode [20]. Amorphous carbon
coating layer can be identified on the surface of CdAVO5x@C from the TEM
observations (Fig. 1 d and e). The high-resolution TEM (HRTEM) image
shows the high crystallinity feature for CdAVOx@C. The lattice spacings
of 2.41 and 3.65 A in the highlighted regions within the yellow frames
(marked as 1 and 2) correspond to the d spacings of (110) and (012)
planes for hexagonal V203, respectively. The rings in the selected area
electron diffraction (SAED) pattern originate from various crystal planes
of the V5,03 phase, which further confirms the polycrystalline property
of CAVOx@C (Fig. 1f). The TEM coupled energy dispersive X-ray spec-
troscopy (EDX) elemental mapping images (Fig. 1g) indicate a uniform
distribution of vanadium, oxygen, carbon, and cadmium elements in
CdvOox@C.

To gain a deeper understanding of the chemical and structural
properties of VOx@C and CdVO5;@C, X-ray photoelectron spectroscopy
(XPS) analyses were conducted. The successful doping of cadmium in
the CdVOx@C sample is confirmed through the survey spectrum, with
the Cd 3d spectrum exhibiting peaks at 405.8 and 412.4 eV, which are
attributed to the Cd 3ds/2 and Cd 3ds,, orbitals of Cd2+, respectively
(Fig. S6) [40]. As shown in Fig. 2a, the XPS spectra of V 2p orbital for
both VO,@C and CdVO;@C show two spin—orbit splitting peaks of 2ps,»
and 2p;,/2, with a peak separation of 7.4 eV [35]. These peaks can be
deconvoluted into individual components corresponding to V3* and V2*
oxidation states [41]. The O 1 s spectrum of CAVOx@C, as presented in
Fig. 2b, is decomposed into three distinct peaks at binding energies of
530.6, 531.2, and 533.4 eV, which correspond to V-O, oxygen va-
cancies, and C=O, respectively. The oxygen vacancy proportion in
CdVOx@C is determined to be 15.1 %, according to the deconvolution
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Fig.2. High resolution XPS spectra for (a) V 2p and (b) O 1 s orbitals of VO,@C and CdVO,@C. (c) EPR spectra of VO,@C and CdVO,@C.
results of O 1 s XPS data, which is higher than the 7.2 % found in introduction of cadmium which alters the electron density around the
VOx@C, indicating an increased oxygen vacancies induced by the Cd V-0 bonds. As cadmium has a lower electronegativity than vanadium, it

doping (Table S3). The O 1 s peak in VOx@C shifts to a higher binding decreases the electron density of neighboring oxygen atoms, leading to a
energy compared to that of CAVOx@C, which could be attributed to the lower binding energy shift for the O 1 s peak [42]. In Fig. 2c, the electron
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Fig.3. (a) Cyclic voltammetry (CV) curves for the initial five cycles of CdHVO,@C. (b) GCD profiles of CAHVO,@C at 0.2 A/g. (c) Rate performance of CAHVOy@C
and HVO,@C. (d) A comparison of rate performance and (e) Ragone plots of CdHVO,@C and some other recently reported cathode materials. Cycling performance of
CdHVO,@C at (f) 1 A/g and (g) 20 A/g.
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paramagnetic resonance (EPR) spectra reveal that CdVOx@C exhibits a
pronounced symmetric peak with an isotropic g value of 2.003, con-
firming the abundance of oxygen vacancies. The absence of oxygen
atoms results in numerous dangling bonds for neighboring vanadium
atoms, which can be stabilized by interactions with other atoms (such as
adsorbed H/Zn%"), making them electrochemically active and sub-
stantially improving the specific capacity. Also, oxygen vacancies create
additional pathways for ion migration, reducing the energy barrier for
zinc ion diffusion, thereby enhancing the electrochemical ion storage
kinetics [35]. It is worth mentioning that while oxygen vacancies can
enhance cathode performance, more is not always better; inappropriate
structural adjustments can also lead to a decline in performance (Fig. S1,
S7).

To validate the advance of our structure modification strategy, we
evaluated the electrochemical zinc ion storage performance of
CdHVOy@C within a voltage window of 0.2-1.8 V (Fig. 3). The first-
cycle cyclic voltammetry (CV) curve of CAHVO;@C at a scan rate of
0.1 mV/s, as depicted in Fig. 3a, exhibits a distinct shape compared to
that of the subsequent cycles, with a broad oxidation peak appearing
between 1.45 V and 1.7 V, which disappears in later cycles, indicating an
irreversible phase transformation where Cdg 0915V203x@C transforms
into Cdg.04V205.y'nH20@C (Fig. S8, Table S2). This irreversible phase
transformation is generated from an in-situ electrochemical activation
process in which the structure evolves into a layered VoOs-type material,
with water molecules intercalated. Two pairs of redox peaks located at
0.56/0.68 V and 0.90/0.98 V suggest a two-step reaction mechanism of
zinc ion insertion/extraction [43]. Additionally, the CV curves of the
initial three cycles show an increasing trend in the redox peak intensity,
which is correlated with the structural evolution caused by the incom-
plete extraction of Zn?" ions intercalated into the vanadium pentoxide
lattice [44]. Fig. 3b shows the initial four GCD cycles, where the first
charge curve exhibits a transient voltage plateau at 1.51 V, corre-
sponding to an oxygen evolution reaction (OER) occurring at this
voltage [34]. This plateau disappears in subsequent cycles, consistent
with the results observed in the CV curves. Notably, the activation time
of CdVOx@C during the first cycle was approximately 149 min, shorter
than most of the recently reported vanadium-based materials requiring
for electrochemical activation at the similar current densities (Table S4),
demonstrating that CAVOx@C has the ability for rapid phase transition
(activation). We tested the high-resolution XPS spectra of the
CdHVOy@C cathode after the 15th cycle, confirming the insertion of
water and the presence of oxygen vacancies. The proportion of oxygen
vacancies slightly decreases compared to the unactivated CdVO,@C
(Fig. S9 and Table S3), which is likely due to the material’s adaptive
adjustment during the phase transition process.

To assess the effect of oxygen vacancies and cadmium doping on the
electrochemical zinc ion storage performance, we further studied the
rate performance of CAHVO,@C. Fig. 3c presents the rate capability of
CdHVOy@C in comparison with HVOy@C. The reversible specific ca-
pacities for CAHVOy@C at various current densities of 0.2, 0.5, 1, 2, 5,
10, 15, and 20 A/g are 420, 394, 381, 356, 323, 277, 233, and 198 mAh/
g, respectively, which are higher than those for HVO,@C (Fig. S10). As
expected, the rate capability of CAHVOy@C is much better than many
recently reported high-performance vanadium-based cathodes, such as
(CeH4NH-)o 39Li0 68V205:1.69H20  [45]; Csg.53V205:0-.58H0  [46],
V205-nH50 [47], VO9-xH0 [48], demonstrating the superior zinc ion
storage kinetics of CdHVO,@C (Fig. 3d). Fig. 3e depicts the Ragone plot
of CdHVOy@C in comparison with some other recently reported
vanadium-based cathode materials. Results show that the CAHVOy@C
cathode delivers a power density of 316.6 Wh kg~! at an energy density
0f 111.9 Wh kg™ !. Even at a higher power density of 8.6 KW kg%, it still
maintains an energy density of 104.1 W kg™!, surpassing many previ-
ously reported vanadium-based cathode materials (Fig. 3e and Table S5)
[49-55].

The cycling performance of the activated product of CAHVO,@C was
then investigated at various current densities for working stability
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evaluation. We first performed the cycling test of CAHVO,@C at a cur-
rent density of 1 A/g (Fig. 3f). Results show that the CdHVO,@C exhibits
an impressive capacity retention of 86.0 % (326 mAh/g) after 100 cy-
cles, much higher than the specific capacity of 278 mAh/g for HVO,@C
after 100 cycles (Fig. S11). Meanwhile, a marginal increase in specific
capacity for CAHVOy@C is observed in the initial cycles, which can be
attributed to the material’s structural evolution during early electro-
chemical cycling. Moreover, this activation phenomenon is more pro-
nounced at lower current densities, elucidating the necessity for
additional cycles to achieve activation at an elevated current density of
20 A/g for CAHVO,@C [20,35]. To investigate the solubility of vana-
dium and cadmium in the cathode during cycling, we designed a dual-
electrode system to study their solubility at different cycles. The
experimental results indicate that CAHVO,@C exhibits significant va-
nadium and cadmium dissolution during the initial cycles due to ma-
terial self-adjustment, with dissolution stabilizing in subsequent cycles.
Compared to HVO;@C, CdHVO,;@C shows less vanadium dissolution,
suggesting that cadmium doping inhibits vanadium dissolution in the
electrolyte to some extent. We select the doping element of cadmium
from the consideration of the following aspects: (i) The relatively larger
atomic radius of cadmium (161 pm vs. 134 pm of vanadium) may
introduce moderate stress in the doped crystal, helping to alleviate in-
ternal stress from volume changes during charge—discharge cycles, thus
enhancing the structural stability. (ii) The slight electronegativity dif-
ference between cadmium (1.69) and vanadium (1.63) leads to a
redistribution of the surrounding electron cloud, thereby optimizing the
electronic structure. (iii) Cadmium’s relatively stable chemical nature
can effectively suppress the dissolution and side reactions in aqueous
electrolytes. However, capacity decay is influenced by multiple factors,
and further efforts are needed to address this issue from various per-
spectives (Fig S12). We then checked the cycling performance of the
electrode at a high current density of 20.0 A/g (Fig. 3g). Under high
current, the cathode often requires more cycles for structural evolution,
during which capacity may increase to some extent (Fig S13). After full
activation, the maximum specific capacity of the CdAHVOy@C cathode
reaches 283 mA h/g, and after 3500 cycles, it retains a satisfying ca-
pacity of 183 mAh/g (78.5 % of its initial capacity), which is higher than
the 156 mAh/g of HVO,@C after the same number of cycles (Fig. S14).
The GCD curves at various cycles under 20.0 A/g display the typical
vanadium-based sloped profiles. As the material stabilizes, the differ-
ential capacity curves also exhibit consistent peak shapes, collectively
indicating that CAHVOy@C can effectively cycle under high current (Fig
S15). SEM images of the cathode at different cycles show that with
increased cycling, the cathode gradually breaks down from a bulk
structure to finer fragments, with more separator material and byprod-
ucts accumulating on the electrode (Fig S16). Based on these results, we
conclude that our proposed structure modification strategy of carbon
layer coating along with cadmium doping followed by in-situ electro-
chemical activation successfully enhances the zinc ion storage perfor-
mance of vanadium oxides in capacity and rate capability.

We continue to study the detailed Zn ion storage kinetics in the
phase-transformed product of CAHVO;@C to reveal the electrochemical
energy storage mechanisms. The solid-state diffusion coefficient (D%}
within the electrodes was assessed using a galvanostatic intermittent
titration technique (GITT, Fig. 4a). The estimated D7, of CdHVOy@C
spans from 1.6 x 1071 t0 1.5 x 107! cm? s ™! over the entire discharge/
charge process. The two distinct stages in the zinc migration coefficient
during discharge correspond to H* insertion and the slower Zn?*
insertion. In comparison, the HVOy;@C demonstrates a smaller 2+ as
displayed in Fig. S17, where D%} fluctuates from 1.4 x 107" to 4.1 x
10712 cm? s7L. These results suggest that the CdHVOy@C electrode fa-
cilitates more rapid charge transfer kinetics. We then use a CV test to
gain further insight into the electrochemical reaction kinetics of
CdHVOy@C. Fig. 4b presents the CV curves of CAHVOy@C electrode at
scan rates ranging from 0.1 to 1.0 mV/s within a potential window of
0.2 — 1.8 V. As the scan rate increases, the oxidation/reduction peaks
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Fig.4. (a) Charge and discharge GITT curves of CAHVO,@C at the current density of 0.2 A/g and the corresponding Zn?* diffusion coefficients. (b) CV curves of the
CdHVO,@C at various scan rates and (c) the corresponding plots of log (i) vs. log(v). (d) Capacitance contribution at different sweep rates, (e) CV curves of
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accumulation and depletion, respectively. (k) Zn>" ion diffusion pathway in CdHVO,. () Zn*" ion diffusion energy barriers in HVOy and CdHVOy.

progressively shift towards more positive/negative potentials. Here, we
compare the peak potential separations (4V) of CdHVOy;@C and
HVO,@C at the scan rate of 0.8 mV/s. For CdAHVO,@C, the oxidation
and reduction peaks are located at 0.799/0.444 V and 1.089/0.812 V,
respectively. In contrast, for HVOy@C, the peaks are located at 0.937/
0.362 V and 1.247/0.797 V respectively (Fig. S18). The corresponding
AV for CAHVOy@C are 0.355 V and 0.277 V, which are less than those
for HVOy@C (0.575 V and 0.45 V, respectively). This indicates that
CdHVOy@C experiences less polarization and faster zinc ion insertion/
extraction kinetics.

The contributions to capacity from capacitance- and diffusion-
controlled effects can be quantified by the power rate relationship be-
tween peak current (i) and scan rate (v), with the detailed calculation
process outlined in the Supporting Information. As shown in Fig. 4c,
logarithmic linear fitting of peak currents of 1 to 4 against scan rates
yields b values of 0.80, 0.93, 0.87, and 0.84, respectively, for
CdHVOy@C. Whereas, the undoped sample of HVO;@C presents b
values of 0.70, 0.93, 0.86, and 0.75, respectively (Fig. S19). This sug-
gests that the Zn?* storage processes for both electrodes are governed by
a mixed controlling mechanism, predominantly capacitive contribution.
The contributions of capacitance-controlled process (k;v) and diffusion-
controlled processes (k 21/1/ 2) to the total capacity are calculated and
illustrated in Fig. 4d. Results show that for CAHVO,@G, the capacitive

contribution increases from 83 % to 98 % as the sweep rate changes from
0.1 to 1.0 mV/s. In comparison, the capacitive contributions of HVO;@C
are slightly lower than those of CdAHVO,@C (Fig. S20). Fig. 4e illustrates
the fitted CV profiles at 0.8mV/s, where the pink region indicates the
capacitance-controlled contribution, accounting for a significant ratio of
95 % for CAHVOy;@C. The high contribution of pseudo-capacitance fa-
cilitates rapid charge storage, endowing the CAHVO;@C electrode with
superior rate capability.

Electrochemical impedance spectroscopy (EIS) measurements were
conducted to investigate the electrochemical charge/ion transport ki-
netics of the CAHVOy@C (Fig. 4f). The semicircle in the high-frequency
region corresponds to the charge transfer resistance (R.), and the
sloping line in the low-frequency region is associated with the Zn2*
diffusion at the electrode—electrolyte interface (Warburg resistance, Wy)
[54,56]. As inferred from the fitting results (Table S6 and Fig. S21), the
CdHVOy@C exhibits a lower R; (8.77 Q) and R (3.23 Q) compared to
those of HVOy@C (16.76 Q and 17.82 Q), indicating that the
CdHVOy@C cathode material possesses faster electrochemical reaction
kinetics and higher electrical/ion conductivity, thus ensuring rapid Zn?*
insertion/extraction.

The origin of the excellent Zn?" storage performance for the
CdHVOy@C cathode was further analyzed from theoretical views using
density functional theory (DFT) calculations. As illustrated in Fig. S22,
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three models were employed: pure vanadium pentoxide (V50s), water-
intercalated vanadium pentoxide with oxygen deficiency (HVOy), and
water-intercalated, cadmium-doped vanadium pentoxide with oxygen
deficiency (CAHVOy). The density of states (DOS) results reveal that the
pure V505 exhibits the largest bandgap (Fig. S23). The synergistic effect
of oxygen vacancies and water molecules significantly reduces the
bandgap of HVOy to 0.41 eV. Furthermore, with a small amount of
cadmium replacing vanadium, the bandgap of CdHVOy further de-
creases to 0.27 eV. The substitution of cadmium alters the electronic
structure of the material by increasing the density of electronic states
between energy levels. This results in higher energy at the Fermi level,
making CdHVOy a better electrical conductivity (Fig. 4g, h). The
calculated differential charge density results (Fig. 4i, j) indicate that
cadmium doping in CAHVOy induces structural distortions, resulting in a
larger charge accumulation around cadmium atoms compared to that of
HVOy. Additionally, a bigger charge dissipation region is observed near
zinc ions in CdHVOy, suggesting the presence of larger diffusion chan-
nels for Zn?*, which will enhance the ion diffusion performance of the
electrode. Fig. 4k illustrates the migration pathway of zinc ions in the
interlayers of CAHVOy. The Zn" diffusion barriers in HVOy and CdHVOy,
cathodes are found to be 1.52 eV and 0.36 eV, respectively, further
demonstrating the excellent ion diffusion capability of Zn?! in the
CdHVOy cathode (Fig. 41).

To demonstrate the practical applications of the CAHVOy@C cath-
ode, we assembled Zn//CdHVO;@C pouch cells, with the schematic of
flexible AZIBs depicted in Fig. 5a. The open-circuit voltage of two series-
connected pouch cells reaches 2.67 V, confirming the successful as-
sembly of the batteries (Fig. 5b). We further conducted flexibility tests
on the Zn//CdHVOy@C pouch cell with a cathode loading of 4 mg cm ™2,
finding that the pouch cell operates stably when folded at angles of 0°,
45°,90° and 180°. After 20 folding cycles at a current density of 0.5 A/g,
it retains a specific capacity of 299 mAh/g (Fig. 5c). Moreover, two
CdHVOy@C//Zn pouch cells in series can successfully power LED lights
in all bent states, as shown in Fig. 5d-g, demonstrating the unique po-
tential of designed CAHVOy, cathode for flexible AZIB applications.
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3. Conclusions

In summary, we have successfully adopted a structure modification
strategy of carbon layer coating combined with cadmium doping, fol-
lowed by in-situ electrochemical activation to synthesize a high-
performance AZIB cathode material of CAHVOy@C. Characterizations
reveal that the activated CAHVO,@C retains the doped cadmium and
oxygen vacancies, accompanied by water intercalation. DFT calcula-
tions indicate that interlayered water dramatically reduces the electro-
static force between zinc ions and V,0s.y layers, while abundant oxygen
vacancies and cadmium doping modify the material’s band structure,
resulting in enhanced electrical conductivity and ion transport proper-
ties. The phase-transformed cathode of CdHVO;@C delivers an
extraordinarily high specific capacity (420 mAh/g at 0.2 A/g), an
outstanding rate capability (198 mAh/g at 20 A/g), and an impressive
cycling stability performance (78.5 % retention after 3500 cycles at 20
A/g). This work not only paves the way for preparing advanced
vanadium-based cathodes for high-performance AZIBs via a simple
doping followed by in-situ activation process but also may further inspire
the development of more electrode materials for efficient energy
storage.
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