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A B S T R A C T

Vanadium-based oxides typically show low electrical conductivity, high repulsion for Zn2+, and severe structure 
collapse problems, resulting in unsatisfied cathode performance for aqueous Zn-ion batteries (AZIBs). Herein, we 
propose an advanced structural optimization strategy to address the above issues by constructing strong Lewis 
electron-pair bonding in vanadium oxide through initial doping Ca and a subsequent in-situ electrochemical 
activation process. We prepared the precursor of Ca-doped and amorphous carbon-encapsulated V2O3 material 
(Ca0.17V2O3-x@C) and verified a phase transition into a layered V2O5-typed cathode during the activation pro
cess. Importantly, we find the initial-doped Ca and generated abundant oxygen vacancy defects are well restored 
in the phase-transformed crystal lattice. We reveal that band and bond structures of the phase-transformed 
cathode are optimized, exhibiting an improved electrical conductivity, optimal Zn2+ binding energy, ultra-low 
Zn-ion transport barrier, and considerably strong bonds of Ca-O and V-O, thereby realizing enhanced reaction 
kinetics and stability. The Ca0.17V2O3-x@C exhibits surprisingly high-rate performance (233 mAh g–1 at 40 A g–1) 
and excellent cycling stability (10,000 cycles with 82 % retention at 20 A g–1). This work offers a novel and 
simple band and bond structure engineering strategy for preparing high-performance phase transformation typed 
vanadium oxide cathodes for AZIBs.

1. Introduction

Aqueous zinc-ion batteries (AZIBs) have become one of the most 
favorable substitutes for currently used lithium-ion batteries (LIBs) due 
to their abundant reserves, safety, and relatively high theoretical energy 
density [1–5]. At present, a great deal of research focuses on exploring 
promising cathode materials to pair with the Zn anode [6,7]. 
Vanadium-based oxides have been widely concerned because of their 
high specific capacity and varied structures [8]. Rhombohedral V2O3 has 
a typical open tunnel-shaped structure with a 3D framework of V-V 
chains. Thus, V2O3 can be efficiently inserted with ions, making it 
promising for AZIBs cathode [9]. In the case of two-electron redox, V2O3 
will deliver a high theoretical capacity of 715 mAh g–1 (much higher 
than 589 mAh g–1 for V2O5) [10,11]. However, due to the low valence of 
vanadium, the original V2O3 crystal structure has strong electrostatic 

repulsion for Zn2+, inevitably causing structural destruction during the 
initial activation process, thus reducing the structural toughness in 
subsequent cycles [12,13]. Besides, V2O3 itself is unstable (it tends to be 
oxidized to high-valence oxides) and has low electrical conductivity, 
further leading to poor rate performance and unstable cycling perfor
mance for AZIBs [14].

To address the above intractable problems, many effective strategies 
have been exploited to improve the electron/ion transport ability of 
V2O3 [15]. Composite with high conductive material is an effective 
approach to improve the electrical conductivity of the V2O3 cathode. 
Chen et al. synthesized V2O3@C nanospheres by coating dopamine on 
V2O5 followed by carbonization at a high temperature. Compared with 
the original V2O3, the carbon encapsulated V2O3@C sample has better 
electrical conductivity, exhibiting a good high-rate Zn2+ storage ca
pacity of 321.7 mAh g–1 at 2 A g–1 [16]. Duan and co-workers prepared a 
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composite of V2O3@MXenes. The excellent conductivity of MXenes can 
accelerate the transport of Zn2+. Therefore, the V2O3@MXenes cathode 
shows a superior rate performance (128 mA h g− 1 at 60 A g− 1) [17]. In 
addition, It was reported that by constructing a hierarchical pore 
structure in cathodes, a high-speed channel for electron/ion transport 
could be provided, thereby improving the rate performance [18]. For 
example, Ding et al. prepared V2O3/C composite material with hierar
chical pore structure by pyrolysis of V-MOFs, which exhibited a high 
reversible capacity of 350 mAh g–1 at 0.1 A g–1 and a considerable rate 
capacity of 250 mAh g–1 at 2 A g–1 [19].

There have also been many attempts to improve the structure sta
bility of V2O3. Research shows that large pores can improve the 
toughness of the V2O3 structure, thereby improving the stability of the 
electrode during the charge and discharge process [20]. Park and 
co-workers prepared p-V2O3-CNT material composed of carbon nano
tubes with large internal pore structures by spray pyrolysis process. The 
pore structure effectively alleviates the volume deformation during 
cycling and the p-V2O3-CNT cathode achieves a high retention of more 
than 83 % over 5000 cycles at 10 A g–1 [21]. Li et al. show that amor
phous materials undergo small structure changes during the ion storage 
process, thereby improving the cycling stability. They prepared a 
nitrogen-doped amorphous vanadium oxide from V2O3 of 
N− V2O3@N− C via ammonia treatment and the cathode showed a high 
capacity retention of 96.4 % at 5 A g− 1 after 1350 cycles [22]. Never
theless, despite the above-employed methods, the current electro
chemical zinc ion storage properties of vanadium oxides remain 
unsatisfactory, especially for the high-rate and long-term stability per
formance. There still lacks a favorable strategy to simultaneously 
enhance the electrical/ionic conductivity and stabilize the V-based 
skeleton of V2O3.

In this work, we propose a band and bond structure optimization 
strategy via forming strong Lewis electron-pair bonding in the crystal 
lattice to address the above issues for vanadium oxide cathode material. 
We utilized a doping (Ca) method to realize the proposed structure 
optimization. We prove the concept by preparing Ca-doped and carbon- 
encapsulated V2O3 material (Ca0.17V2O3-x@C) and investigating the 
electrochemical Zn2+ storage properties and mechanism. We observed 
an in-situ electrochemical oxidation of Ca0.17V2O3-x@C into a phase- 
transformed and stable compound with a layered V2O5-like structure 
upon the activation process of cycling. Importantly, we find out that the 
initial doped Ca and generated abundant oxygen vacancy defects are 
well restored in the phase-transformed crystal lattice during the long- 
term Zn2+/H3O+ insertion and extraction process. The Ca0.17V2O3- 

x@C shows greatly improved electrical conductivity, Zn-ion diffusion 
ability, and structure stability compared to those for the undoped V2O3, 
exhibiting quite promising electrochemical properties toward ultra-fast 
and long-term stable AZIBs. It delivers a remarkably high capacity of 
426 mAh g–1 at 0.2 A g–1, an exceptionally high energy density of 327 W 
h kg–1, an excellent rate performance of 233 mAh g–1 at 40 A g–1, and 
outstanding cycling stability of retention of 94 % after 2000 cycles at a 
moderate rate of 5 A g–1 and 245 mAh g–1 capacity remaining after 
10,000 cycles at a high rate of 20 A g–1. The Ca0.17V2O3-x@C cathode 
material also demonstrates impressive potentials for pouch cell appli
cations with high specific capacity and long cycling life. Experimental 
results and theoretical calculations reveal that the increased capacity 
and rate performance for the Ca0.17V2O3-x@C originates from the opti
mized band structure induced by the Ca doping and generated abundant 
oxygen vacancy defects, which can improve the electrical conductivity 
and lower the diffusion barrier of Zn2+ during the energy storage pro
cess. The enhanced Zn2+ storage stability of Ca0.17V2O3-x@C is mainly 
due to the optimized bond structure from the initial-doped Ca, which 
causes a considerably strong bond of Ca-O and improved bond strength 
of V-O in the phase-transformed compound. This work provides a simple 
and effective way of band and bond structure engineering for vanadium 
oxide-based cathodes towards high-performance AZIBs.

2. Experimental section

2.1. Preparations of the doped and undoped samples

The Ca0.17V2O3-x@C material was prepared via a simple two-step 
process of mixing and calcination. Firstly, 4 mmol of vanadium pent
oxide (V2O5) powders and 5 mL hydrogen peroxide (H2O2) were added 
to 40 mL deionized water (H2O) followed by stirring to form solution A. 
Then, 4 mmol of calcium chloride (CaCl2) and 4 mmol of glucose were 
added into 20 mL of deionized water followed by stirring to form solu
tion B. After continuously stirring for 30 min, solution B was added drop 
wisely into solution A under stirring for 24 h to form an orange clear 
solution C. Subsequently, solution C was heated at 80 ◦C to evaporate 
water and obtain precursor. After that, the precursor was sintered at 700 
◦C for 1 h in an Ar atmosphere with a heating rate of 4 ◦C/min. When 
finished, the sintered products were washed several times with distilled 
water and ethanol followed by centrifugal collection and vacuum dry
ing. The final product was collected and denoted as Ca0.17V2O3-x@C. 
Other CaVO@C samples with various Ca and carbon contents were ob
tained by changing the initial addition amount of CaCl2 (from 0 % to 100 
%, in which the percentage is calculated as the mole ratio of Ca to V 
element) and glucose (from 0 % to 100 %, in which the percentage is 
calculated as the mole ratio of glucose to V element) using the same 
procedure. The Ca0.17V2O3@C material was synthesized following the 
same steps except for changing the sintering atmosphere into air. The 
synthetic process of V2O3-y@C material is the same as that of Ca0.17V2O3- 

x@C material with no calcium source.

2.2. Preparations of the doped and undoped sample cathodes

The electrochemical Zn2+ storage properties were evaluated by 
assembling CR2032 coin cell batteries. The cathodes were prepared by 
mixing the active material, super-P, and polyvinylidene fluoride (PVDF) 
in a weight ratio of 7:2:1 with the help of N-methyl-pyrrolidone (NMP) 
to form a homogeneous slurry. The slurry was then coated onto titanium 
foils, followed by vacuum drying at 80 ◦C overnight and cropping to get 
the cathode electrodes. The resulting mass loading of active material 
was controlled in the range of 1-2 mg cm–2. Then the coin cells were 
assembled in the air by using prepared electrodes (diameter of 12 mm) 
as the cathode, zinc foil (thickness of 0.05 mm, diameter of 16 mm) as 
the anode, and 3 M aqueous Zn(CF3SO3)2 solution as the electrolyte.

2.3. Fabrication of pouch cells

The Zn//Ca0.17V2O3-x@C pouch cells were fabricated in air atmo
sphere. Firstly, a 0.5 × 2.0 cm blank part was reserved on the titanium 
foil (cathode current collector) and the zinc foil (anode) as the tab-leads. 
Then, the cathode (Ca0.17V2O3-x@C coated on the titanium foil), glass 
fiber separator, and anode are fully immersed in the 3 M aqueous Zn 
(CF3SO3)2 electrolyte and connected in a sandwich manner. Finally, the 
aluminum plastic film was utilized as the outer packaging material and 
heated in air for packaging. The working area for the Zn//Ca0.17V2O3- 

x@C pouch cell was about 3 × 3 cm2 with the active material mass 
loading of ca. 4.5 mg cm–2.

2.4. Material characterizations

Scanning electron microscope (SEM) observations were performed 
on Tescan Mira 4 to investigate the morphology. Transmission electron 
microscopy (TEM), high-resolution transmission electron microscopy 
(HRTEM), and high-angle annular dark field-scanning transmission 
electron microscope (HADDF-STEM) images were conducted on JEOL 
JEM-F200. X-ray diffraction (XRD) spectra were characterized on Bruker 
D8 Advance using Cu Kα rays (λ = 0.15406 nm). X-ray photoelectron 
spectroscopy (XPS) data were collected on SHIMADZU AXIS ULTRA DLD 
with monochrome Al Kα X-ray beam (15 kV, 10 mA). Raman spectra 
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were recorded on HORIBA LabRAM HR Evolution with an excitation 
laser wavelength of 532 nm. Thermogravimetry (TG) analysis was tested 
on NETZSCH TG 209 F3 Tarsus in an air atmosphere with a heating rate 
of 5 ◦C/min. Electron paramagnetic resonance (EPR) was completed on 
Bruker EMXplus-6/1. Inductively coupled plasma optical emission 
spectrometry (ICP-OES) test was conducted on Agilent 7700.

2.5. Electrochemical measurements

All the assembled coin cells and pouch cells were rested for 24 h 
before any electrochemical performance test. Galvanostatic charge/ 
discharge cycling was conducted on a NEWARE multichannel battery 
test system within the voltage window of 0.2 to 1.8 V (The specific ca
pacity calculation is based on the total mass of the active material). 
Cycling Voltammetry (CV) and electrochemical impedance spectrom
etry (EIS) data were recorded on an electrochemical workstation (Bio
Logic VSP).

For the electrochemical Zn2+ storage stability test in Figs. 2, S14, and 
S15, we first activate the coin cell batteries by applying a small current 
density of 0.2 A g–1 for two cycles. Then the batteries start to run long- 
term cycles under set current densities.

2.6. Theoretical calculations

All calculations were carried out under the scheme of spin-polarized 
DFT using CASTEP [23]. Specifically, the Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation function within the generalized gradient 
approximation was employed to describe the exchange-correlation en
ergy [24]. Geometric convergence tolerances were set for the maximum 
force of 0.03 eV/A◦, maximum energy change of 10–5 eV/atom, 
maximum displacement of 0.001 A◦, and maximum stress of 0.5 GPa. 
The sampling in the Brillouin zone was set with 9 × 9 × 1 by the 
Monkhorst-Pack method.

The diffusion of Zn2+ ion was investigated by searching the possible 
diffusion route and identifying the migration transition state with the 
lowest diffusion energy barrier. The diffusion energy barrier is the en
ergy difference between the total energies of the transition state and the 
initial structure. The transition state is searched by the generalized 
synchronous transit (LST/QST) method [25] implemented in the 
CASTEP code. The algorithm starts from a linear synchronous transit 
(LST) optimization and continues with a quadratic synchronous transit 
(QST) maximization process. Thereafter, the conjugate gradient (CG) 
minimization is conducted from the obtained LST/QST structure to 
refine the geometry of the transition state. The LST/QST/CG calcula
tions are repeated till a stable transition state is obtained.

3. Results and discussion

We select calcium as the doping element with considerations of the 
following aspects: (i) the high-valanced Ca2+ can act as a strong Lewis 
acid and then form a strong Lewis electron-pair bonding with the strong 
Lewis base of O2– in the vanadium oxide crystals. (ii) The large atomic 

Fig. 1. Synthesis of Ca0.17V2O3-x@C material. (a) A schematic of the synthetic route for Ca0.17V2O3-x@C. (b) Rietveld-refined XRD pattern and a schematic of the 
crystal structure of Ca0.17V2O3-x@C. (c) XPS spectra of O 1s and (d) EPR curves of Ca0.17V2O3-x@C and V2O3-y@C samples, respectively. (e) SEM, (f) TEM, and (g) 
HRTEM images of Ca0.17V2O3-x@C. (h) HADDF-STEM and corresponding elemental mapping results of Ca0.17V2O3-x@C.
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radius difference between Ca and O may induce a certain degree of 
structural distortion in the crystal after doping. A moderate crystal 
distortion can effectively alleviate the stress generated during the ion 
insertion process, thereby enhancing the structure stability. (iii) Doping 
can regulate electron energy levels, leading to improved electron con
ductivity. (iv) Doping can generate oxygen vacancy defects, which will 
increase the lattice active sites for Zn2+ storage and improve electron 
and ion conductivities [26].

The schematic synthetic route of Ca0.17V2O3-x@C is briefly shown in 
Fig. 1a. Typically, CaCl2 (dopant) and glucose (carbon source) were 
added into the V2O5 aqueous solution, followed by a simple two-step 
process of mixing and calcination (During the calcination process, the 
carbon source (C) acts as a reducing agent, reducing V2O5 to V2O3 under 
high temperature, the calcination reaction is V2O5 + C →700∘C

Ar V2O3 +

CO2), then we got the desired Ca0.17V2O3-x@C materials. The synthetic 
details can be found in the experimental section. We find that after 
calcination, the original V2O5 transforms into V2O3 (Fig. S1). The suc
cessful synthesis of Ca-doped V2O3 materials can be verified from the X- 
ray diffraction (XRD) results (Fig. S1) that it has a 1.1◦ left shift for the 
(104) plane of V2O3, indicating a lattice distortion induced by the Ca 
doping into the V2O3 crystal. The success of Ca doping can also be 
identified from the Ca 2p orbital and full X-ray photoelectron spectros
copy (XPS) spectra, indicating the exitance of Ca dopant (Figs. S2 and 
S5). The position of doped Ca in the V2O3 crystals is derived by XRD and 
the subsequent Rietveld refinement, shown in Fig. 1b. Results show that 
Ca0.17V2O3-x@C has a hexagonal structure with space group of R3/c and 
lattice parameters of a = 4.9573(50) Å, b = 4.9573(50) Å, c = 14.0185 
(13) Å, α = γ = 90.0◦, and β = 120◦. The satisfactory Rietveld refinement 
plot with acceptable reliability factors of Rp = 4.87 % and Rwp = 6.42 % 
suggests the high propensity for Ca to replace V atoms in the V2O3 lat
tice. The stoichiometric of Ca to V is about 1:13 (based on the induc
tively coupled plasma optical emission spectrometry (ICP-OES) results, 
see Table S1), thus we donate the synthesized compound of Ca-doped 
V2O3 as Ca0.17V2O3-x@C.

By deconvoluting the XPS results of O 1s and V 2p orbitals for the 
synthesized samples, we find out that the Ca doping can generate 
abundant oxygen vacancy defects in the V2O3 crystal. In Fig. 1c, the XPS 
spectrum of O 1s orbital for Ca0.17V2O3-x@C is deconvoluted into three 
peaks of 530.6, 531.5, and 533.2 eV, which correspond to the V-O bond, 
oxygen vacancy defect (Od), and C=O bond, respectively. Carbonyl 
groups (C=O), which are attributed to coated carbon, can improve the 
hydrophilicity of the material, allowing the active substance to fully 
participate in the electrochemical reactions [27]. The oxygen vacancy 
defects can be identified from the comparison of the deconvolution re
sults (Fig. S3) of O 1s orbitals of Ca0.17V2O3-x@C and Ca0.17V2O3@C, 
which is obtained by calcinating Ca0.17V2O3-x@C in the air (Fig. S4, 
details can be found in the experimental section). Fig. S3 clearly shows 
that the oxygen vacancy defects can be repaired by oxygen-rich calci
nation, verifying the existence of oxygen vacancy defects in the prepared 
Ca0.17V2O3-x@C material. The electron paramagnetic resonance (EPR) 
spectra in Fig. 1d further prove the oxygen vacancy defects in 
Ca0.17V2O3-x@C. By contrast, the XPS results of O 1 s orbital (Fig. 1c) and 
EPR results (Figs. 1d and S6) clearly show that the incorporated Ca into 
V2O3 can yield a higher ratio of oxygen vacancy defects as compared to 
the undoped V2O3 sample (denoted as V2O3-y). The oxygen vacancy 
defects in undoped V2O3 may be generated from the inert oxygen-free Ar 
atmosphere during the calcination process. Therefore, we believe that 
the oxygen vacancy defects are mainly introduced by the calcium 
doping.

The scanning electron microscopy (SEM) image in Fig. 1e shows that 
the prepared Ca0.17V2O3-x@C possesses a porous and interconnected 
microstructure. We further employ transmission electron microscopy 
(TEM) characterization to observe its nanostructure. As can be seen in 
Fig. 1f, the prepared Ca0.17V2O3-x@C samples show a typical carbon- 
encapsulated structure with a domain crystal size of tens of 

nanometers. The clear lattice structure from high-resolution TEM 
(HRTEM) observation demonstrates the high crystallinity for the syn
thesized Ca0.17V2O3-x@C material (Fig. 1g). Also, from Fig. 1g, it can be 
seen that the carbon layer is well integrated with the interface, which is 
beneficial for electron transport and improved stability. Compared to 
the undoped sample of V2O3-x@C, the doped sample of Ca0.17V2O3-x@C 
shows higher electronic conductivity (Table S3). The TEM-coupled en
ergy dispersive spectrometer (EDS) elemental mapping results of 
Ca0.17V2O3-x@C distinctly show the even distribution of Ca, V, O, and C 
elements throughout the structure.

Raman spectrum was conducted to study the chemical structure of 
Ca0.17V2O3-x@C. In Fig. S7, the low-frequency signals at 157 and 141 
cm–1 can be interpreted as the stretching vibration mode of V=O, and 
the peaks located at 318, 858, 920, and 940 cm–1 can be attributed to 
various V-O bonds [28]. The signals at 1344 and 1598 cm–1 correspond 
to the D (defect or disordered) band and G (graphite and ordered) band 
of carbon (with a height ratio of D: G of 1.03) revealing the existence of a 
certain degree of conductive carbon layer for the synthesized Ca0.17V2

O3-x@C material. The carbon content is calculated to be about 12.7 wt.% 
from the thermogravimetric (TG) analysis (Fig. S8).

The electrochemical Zn2+ storage performance of prepared 
Ca0.17V2O3-x@C cathode material was then studied by assembling coin 
cell-typed Zn//Ca0.17V2O3-x@C batteries (details can be found in the 
experimental section). The voltage range was set to be 0.2–1.8 V. Fig. 2a 
shows the typical cyclic voltammetry (CV) profiles of the cells for 15 
cycles at a scan rate of 0.1 mV s–1. For the first cycle, a high and sharp 
oxidation peak appears at 1.4 V, while it disappears in the subsequent 
cycle, indicating a phase transition occurs upon the initial Zn2+ insertion 
process [29]. The oxidation peak in the first cycle of the CV curve cor
responds to the oxidation transition from V3+ to V5+. The reason for this 
transition is that as the voltage increases, the V-O bond is disrupted. 
Then the continuous dissociation of water leads to the disruption of the 
local pH and charge environment, resulting in subsequent structural 
rearrangement [30]. In Fig. S9, we have conducted the CV curve of pure 
V2O3, we also observed an oxidation peak in the first cycle and then 
disappears in subsequent cycles, confirming that irreversible phase 
transitions also occur in pure V2O3. After 15 cycles, the unchanged CV 
profiles indicate the electrochemical reactions become stable. Ex-situ 
XRD was used to explore the structure of the product after 15th full 
discharge and electrochemical stabilization (Fig. 2b). Some new 
diffraction peaks appear at 6.5◦, 26◦, and 34◦, which can be indexed to 
diffractions from the (00l) planes of Zn3.8Ca0.16V2O5-x⋅nH2O [31–33]. In 
addition, there are also some new peaks located at 13◦, 19.6◦, and 33◦, 
which could be attributed to the presence of layered double hydroxide 
(LDH) of Znx(OTF)y(OH)2x-y⋅zH2O [34,35]. The Znx(OTF)y(OH)2

x-y⋅zH2O is formed by the reaction of OH– in the electrolyte (produced by 
the decomposition of water) with Zn(CF3SO3)2 and H2O, which is 
commonly believed to be deposited at the cathode/electrolyte interface 
and acts as a breathing solid electrolyte interphase (SEI) [36–39]. 
Meanwhile, an equal amount of H+ is produced, which will be inserted 
into the electrode together with Zn2+ to achieve electrical neutrality, 
known as the co-intercalating mechanism of Zn2+ and H+, which has 
been reported previously [36]. Additionally, it can be seen that the 
diffraction peak of the (001) plane of the phase-transformed layered 
V2O5-type compound within initial Ca-doping shifts slightly compared 
with that of Ca-free (undoped) V2O3-y material, indicating the 
initial-doped Ca is restored after phase transition and electrochemical 
stabilization, thus causing lattice distortion (Fig. S10). Therefore, our 
in-situ electrochemical activation synthesis method differs from the 
conventional hydrothermal methods which utilize the metal ions as 
pillars [40,41]. Given the above experimental evidence, we have drawn 
a schematic of the phase transformation from the initial Ca0.17V2O3-x@C 
into a phase-transformed and stable discharged compound of 
Zn3.8Ca0.16V2O5-x⋅nH2O in Fig. 2c.

To further study the structural changes of Ca0.17V2O3-x@C cathode 
after phase transition. and electrochemical stabilization, an ex-situ XPS 
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test was carried out on the sample under the condition of full discharge 
(i.e. cut-off at 0.2 V) after 15 cycles (Fig. S11). In Fig. S11a, we do not 
observe any reduction in the intensity of the Ca 2p signal after phase 
transition and electrochemical stabilization. The TEM-EDS elemental 
mapping results distinctly show that the Ca element still exists in the 
electrode after 2000 cycles (Fig. S12). These results confirm that the 

doped Ca2+ component is well restored during the electrochemical 
charge/discharge process, indicating the high stability of formed Ca-O 
bonds. We also notice a blue shift for the binding energies of the Ca2+

component after phase transition and electrochemical stabilization 
(346.2 eV for the pristine state and 347.6 eV for the discharged state at 
0.2 V), which is attributed to the insertion of Zn2+. During the discharge 

Fig. 2. Electrochemical Zn2+ storage performance of Ca0.17V2O3-x@C material. (a) CV curves at 0.1 mV s–1. (b) Ex-situ XRD patterns of Ca0.17V2O3-x@C electrodes at 
pristine (no charge/discharge) and after the 15th full discharge (cut-off at 0.2 V). (c) A schematic of phase transformation of Ca0.17V2O3-x@C cathode material after 
15 cycles for electrochemical stabilization. (d) Rate performance at current densities ranging from 0.2 to 40 A g–1. The inset shows the corresponding GCD curves. (e) 
A comparison of the rate performance of Ca0.17V2O3-x@C material in this work and some recently reported representative AZIB cathodes [8,36,42–52]. (f) Ragone 
plots of Ca0.17V2O3-x@C material in this work and some recently reported representative AZIB cathodes [32,53–63]. (g) Long-term cycling performance of 
Ca0.17V2O3-x@C and V2O3-x@C at 5 A g–1. (h) A comparison on the capacity after 2000 cycles (5 A g–1) in this work and some reported representative AZIB cathodes 
[64–71]. (i) Long-term cycling performance of Ca0.17V2O3-x@C at 20 A g–1. (j) A comparison of the capacity after 10,000 cycles (20 A g–1) in this work and some 
reported representative AZIB cathodes [36,72–76].
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process, the intercalation of a large number of Zn2+ led to changes in the 
charge environment and the structure surrounding Ca atoms, as well as 
changes in the binding energy of the inner shell electrons of Ca atoms, 
resulting in a significant blue shift in binding energy. Similar results can 
be found in Ca0.25V2O5⋅xH2O cathode [58], and Cr intercalated CaCO3 
material [77]. Further, it is worthwhile to note that after cycles, the full 
width at half maximum (FWHM) of the Ca 2p peak becomes larger 
compared with that of the initial Ca0.17V2O3-x@C, which is believed to 
be caused by the generation of some oxygen vacancy defects in the 
electrode after phase transition [78]. After cycles, we can observe the 
Zn2+ 2p signal from Fig. S11b, confirming the fully discharged or fully 
absorbed/intercalated Zn2+ state at 0.2 V. Fig. S11c displays the com
parison on V 2p spectra of Ca0.17V2O3-x@C before and after cycles. The 
pristine electrode shows V3+ and V4+ components (V4+ is attributed to 
the oxidation of V3+ on the surface) [79]. Notably, a strong V5+ signal is 
observed at the fully discharged state, which results from the formation 
of the V2O5-type phase. The O 1s spectra shown in Fig. S11d demon
strate that oxygen vacancy defects are well retained in the fully dis
charged sample after 15 cycles This intercalation process is verified by 
the TEM analysis (Fig. S12). The chemical formula of Zn3.8Ca0.16

V2O5-x⋅nH2O after phase transition and electrochemical stabilization at 
0.2 V is supported by HRTEM results (Fig. S12b) and ICP-OES result 
(Table S2).

To find out the optimal content of Ca dopant and coated carbon for 
efficient Zn2+ storage, we prepared various CaVO@C samples by 
changing the initial addition amount of CaCl2 and glucose before 
calcination (Fig. S13, details can be found in the experimental section). 
Assuming that the concentration of Ca dopant mainly affects the rate 
performance and the thickness of the coated carbon layer may effec
tively influence the long-term cycling performance, we have conducted 
rate and cycling performance evaluation on the CaVO@C samples with 
various Ca dopant and coated carbon content, respectively (Fig. S14). It 
can be seen that the Ca doping amount and carbon content significantly 
influence the electrochemical performance of the samples. Based on our 
experiments, the amount of doped calcium and carbon have been opti
mized. We have chosen the sample with 50 % calcium content and 50 % 
carbon content as the optimal sample.

After optimization, the rate capability of the best-performed 
Ca0.17V2O3-x@C material was evaluated. The inset in Fig. 2d shows 
the galvanostatic charge/discharge (GCD) curves at investigated current 
densities of 0.2 to 40 A g–1. The GCD curves behave two obvious voltage 
plateaus, indicating the multiple-step reaction mechanism of Zn2+ and 
H+ co-insertion/extraction process [36]. In Fig. 2d, reversible capacities 
of 426, 403, 390, 374, 353, 333, 316, 294, and 233 mAh g–1 can be 
obtained at current densities of 0.2, 0.5, 1, 2, 5, 10, 15, 20, and 40 A g–1, 
respectively. When the rate is restored to 0.2 A g–1, the electrode re
covers an average capacity of 420 mAh g–1, indicating the high revers
ibility of the cathode. The excellent rate performance demonstrates the 
ultra-fast Zn2+ storage ability for the Ca0.17V2O3-x@C cathode. We then 
compared the electrochemical Zn2+ storage performance of our 
Ca0.17V2O3-x@C cathode material with recently reported state-of-the-art 
AZIB cathode materials (Fig. 2e and Table S5) [8,36,42–52]. It is worth 
noting that the capacity, stability, and especially the rate performance of 
our Ca0.17V2O3-x@C cathode material show great advantages at all 
current densities. Additionally, we have calculated the energy and 
power densities of the prepared Ca0.17V2O3-x@C cathode material for 
comparison (Fig. 2f, details can be found in the experimental section). 
The Ragone plots in Fig. 2f show that the Ca0.17V2O3-x@C has an 
exceptionally high energy density of 327 W h kg–1 and exhibits superior 
specific energies over a wide range of specific power densities, out
performing other reported representative cathode materials for AZIBs 
[32,53–63], suggesting its promising potential for future practical 
applications.

We further performed stability tests at various current densities 
ranging from 0.5 to 20 A–1 (Figs. 2g and S15). As shown in Fig. 2g, at a 
moderate rate of 5 A g–1, the Ca0.17V2O3-x@C cathode materials show 

excellent cycling stability with 94 % capacity retention (335 mAh g–1) 
after 2000 cycles and almost 100 % Coulombic efficiency. On the con
trary, the V2O3-x@C cathode only has 76 % capacity retention (142 mAh 
g–1) after 1000 cycles. Even at a high current density of 20 A g–1, the 
Ca0.17V2O3-x@C cathode still shows a satisfied capacity retention of 82 
% after 10,000 cycles (Fig. 2i). At a low current density of 0.5 A g–1 and 
relatively high current density of 10 A g–1, the Ca0.17V2O3-x@C cathode 
also exhibits much higher cycling stability performance over the undo
ped V2O3-y@C sample. The outstanding cycling performance of 
Ca0.17V2O3-x@C cathode far exceeds those of many reported represen
tative AZIB cathode materials (Fig. 2h and j) [36,64–69,71–76]. The 
above results demonstrate that the initial Ca-doped sample of 
Ca0.17V2O3-x@C possesses high electrochemical reactivity, electron/ion 
mobility, and structure stability for sustainable aqueous Zn2+ storage.

The contribution of pseudocapacitance-like capacity to whole redox 
was then analyzed to evaluate the electrochemical reaction kinetics of 
the Ca0.17V2O3-x@C cathode material for AZIBs (Fig. 3, details can be 
found in the experimental section in Supplementary Information). 
Fig. 3a shows the CV curves at various sweep rates. As the scanning 
speed increases from 0.1 to 1 mV s–1, the curves keep similar shapes with 
little peak offsets, revealing the excellent electrochemical reaction 
reversibility. According to the log(i)-log (v) plots (Fig. 3b), the b values 
(a parameter for electrochemical kinetics evaluation) of the four redox 
peaks (denoted as peaks 1 to 4) are calculated to be 0.93, 0.90, 0.92, and 
1.00, respectively. This suggests that the four electrochemical redox 
reactions involved in the charge/discharge process have excellent re
action dynamics. The contribution ratios of pseudocapacitance-like ca
pacity at investigated sweep rates are calculated to be 91 % to 99 % for 
investigated sweep rates of 0.1–1 mV s–1 (Fig. 3c, d). Pseudocapacitive 
behavior indicates a rapid Faradaic process, including surface or near- 
surface redox reactions and rapid ion insertion/extration. The high 
surface reactivity of the V2O5-type carbon-coated materials generated 
through in-situ electrochemical conversion provides a high-density of 
reactive sites for surface charge storage and facilitates the penetration of 
the electrolyte into its interior, significantly improving the accessibility 
of internal active sites and effectively reducing the overall reaction en
ergy barrier [80]. This capacititance effect is the main reason for the 
high-rate performance of the Ca0.17V2O3-x@C cathode electrode.

To study the migration kinetics of Zn2+ during the charge and 
discharge process (Fig. 3e), galvanostatic intermittent titration tech
nique (GITT) characterization was adopted to calculate the Zn2+ diffu
sion coefficient. The calculated DZn of Ca0.17V2O3-x@C is in the range of 
10–13 to 10–10 cm2 s–1, which is about 10 times that of V2O3-y@C 
(Fig. S16), and is 102 to 103 times higher than that of the Li+ diffusion 
rate in LiFePO4 and LiCoO2 [87–89]. In comparison, the Zn2+ diffusion 
coefficient in Ca0.17V2O3-x@C far exceeds those of many reported AZIB 
cathode materials [8,12,81–86]. The enhanced electrochemical reaction 
kinetics proved by the pseudocapacitance-like capacity contribution and 
Zn2+ diffusion coefficient analysis results can be attributed to the 
introduction of more oxygen vacancies originating from the initial 
Ca-doping that provides more active sites for Zn2+ storage and reduces 
electrostatic repulsion between Zn2+ and the host Ca0.17V2O3-x@C 
material.

To understand the origin of the ultra-high rate Zn2+ storage perfor
mance for the synthesized Ca0.17V2O3-x@C material, we have conducted 
experimental investigations and theoretical calculations (Fig. 4). Elec
trochemical impedance spectrum (EIS) results can offer a deep insight 
into mass transfer dynamics for electrochemical reactions. In Fig. 4a, 
after electrochemical cycling and stabilization, the Ca0.17V2O3-x@C 
sample shows a distinct lower series mass transfer resistance (Rs), charge 
transfer resistance (Rct), and ion transfer resistance (Rion) than the 
undoped V2O3-y@C sample. The detailed fitted results and comparisons 
of Rs, Rct, and Rion based on the equivalent circuit are shown in Table S4. 
The linear section in the intermediate frequency range in the EIS spec
trum (Warburg region) demonstrates the Warburg impedance. Thus, we 
further analyzed the Warburg region by plotting Z’ as a function of ω–1/2 
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(Fig. 4b). The DZn can also be calculated from the slopes of the fitting 
lines (details are shown in the experimental section in Supporting in
formation). The Ca0.17V2O3-x@C electrode shows a higher DZn of 8.2 ×
10–13 cm2 s–1 than that of V2O3-y@C electrode (1.7 × 10–13 cm2 s–1), 
demonstrating that Ca0.17V2O3-x@C is more favorable for electro
chemical Zn2+ ion transportation. These EIS and Warburg region anal
ysis results are consistent with the GITT results in Fig. 3e.

As discussed in previous work, the oxygen vacancy defects play an 
important role in the electrochemical Zn2+ storage energy density and 
rate performance [90,91], we further analyzed the evolution of oxygen 
vacancy defects after cycling and stabilization (Fig. 4c and d). In Fig. 4c, 
the oxygen vacancy defects in both doped and undoped samples are well 
restored. However, the oxygen vacancy defect ratio in Ca0.17V2O3-x@C is 
much higher than that in V2O3-y@C, which is also supported by the EPR 
results shown in Fig. 4d. The EPR results of the Ca0.17V2O3-x@C sample 
also show that the oxygen vacancy defects are highly stable during the 
electrochemical cycling process. The high stability of oxygen vacancy 
defects is responsible for the high-rate long-term performance (Figs. 2g, i 
and S15).

We further conducted DFT calculations to investigate the mechanism 
of the improved electrochemical Zn2+ storage performance for the initial 
Ca-doped sample. Because of the phase transition of V2O3 into layered 
V2O5-type cathode material after electrochemical stabilization in our 
findings, we select three model structures (i.e. perfect V2O5 (P-V2O5, 
oxygen vacancy free samples), oxygen vacancy defective V2O5-x (Od- 
V2O5-x), and oxygen vacancy defective Ca doped V2O5-x (Od-CaVO)) for 
calculation and comparison. We first evaluate the electrical properties of 
the investigated structures (Fig. 4e–j). As can be seen, after doping Ca, it 
produces a small impurity level that crosses the Fermi level (Fig. 4g), 
indicating the electrical conductivity of the Ca-doped material is highly 
improved. The introduced oxygen vacancy defects can narrow the band 
gap of V2O5 (from 2.13 eV for P-V2O5 to 2.03 eV for Od-V2O5-x) and 
doping Ca can further enhance the electron mobility by reducing the 

band gap to 1.53 eV.
The charge distributions for the investigated three structures were 

drawn in Fig. 4k–m. The charge distribution is quite different for these 
structures. The more uneven the electron distribution, the more severe 
the polarization, resulting in more difficult Zn2+ ion adsorption/ 
desorption. Results show that the uneven charge distribution can be 
regulated by introducing oxygen vacancy defects and further by Ca 
doping, which supports the improved electrochemical Zn2+ storage rate 
performance for the investigated Ca0.17V2O3-x@C material. The charge 
distribution directly reflects the binding energies between Zn2+ and 
adsorption sites that the more severe the polarization, the higher the 
binding energy. Among the three investigated structures, Od-CaVO 
shows the lowest binding energy of –0.24 eV (Table 1).

To reveal the possible Zn2+ migration pathway and transport energy 
barriers during the Zn2+ storage process, we have selected two opti
mized Zn2+ migration pathways after calculation (Figs. 4n–q and S17). 
Results show that Zn2+ transport properties can be greatly enhanced by 
introducing oxygen vacancy defects and further Ca doping. The Od- 
CaVO structure, which combines oxygen vacancy defects and Ca doping 
possesses the lowest Zn2+ transport energy barrier of 0.39 eV compared 
with those of the other two structures (from 0.80 to 1.66 eV).

To explore the origin of the enhanced electrochemical stability of 
Ca0.17V2O3-x@C for AZIBs, we then investigated the bond lengths of P- 
V2O5, Od-V2O5-x, and Od-CaVO structures before and after Zn2+

adsorption via theoretical calculations. The smaller the bond length, the 
higher the structural stability for electrochemical cycles. In Table 1 and 
Fig. S18, among the three structures, we can see that before Zn2+

adsorption, the Od-CaVO structure shows the smallest V-O bond length 
of 1.75 Å. After Zn2+ adsorption, the Od-CaVO structure shows the 
smallest V-O bond length of 1.76 Å and the largest Zn-O bond length of 
2.84 Å. According to Lewis theory of acids and bases, O2– ions can be 
regarded as a hard base and Ca2+ ions act as a hard acid, the binding of 
hard bases and hard acids can produce strong interaction forces, thus 

Fig. 3. Analysis on electrochemical reaction kinetics. (a) CV curves of Ca0.17V2O3-x@C at scan rates of 0.1–1 mV s–1. (b) The corresponding log (i, peak current) vs. 
Log (v, scan rate) plots at specific peak currents. (c) Contribution ratio of capacitive capacities and diffusion-controlled capacities at scan rates of 0.1–1.0 mV s–1. (d) 
CV profile at 1 mV s− 1 and the capacitive contribution (red region) to the total current. (e) Charge-discharge GITT curve of Ca0.17V2O3-x@C at a current density of 0.1 
A g–1 and the corresponding Zn2+ diffusion coefficient. (f) A comparison of the Zn2+ diffusion coefficients for the Ca0.17V2O3-x@C sample in this work and some 
representative cathodes in previous work [8,12,81–86].
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forming strong ionic bonds. The strong Ca-O and V-O bonds in the Od- 
CaVO structure thus benefit the long-term Zn2+ storage stability. The 
largest Zn-O bond length in the Od-CaVO structure indicates the favor
able Zn2+ transportation characteristic. These results show that the Od- 
CaVO structure is more stable and suitable for Zn2+ adsorption/ 
desorption (or insertion/extraction) over the other two structures.

To verify the calculation results and get deep insight into the long- 
term stability of the developed Ca0.17V2O3-x@C cathode for zinc ion 
storage, we further observed the separators after cycling by disassem
bling the coin cells and conducted elemental analysis using SEM-EDS 
characterization (Fig. S19). It can be seen that the separator’s surface 
of the Ca0.17V2O3-x@C electrode is smooth and clean after 2000 cycles 5 

A g–1, Fig. S19a–c). In sharp contrast, the separator’s surface of the V2O3- 

x@C electrode shows severe dissolution of the cathode material after 
only 500 cycles (5 A g–1, Fig. S19d). The detection of the V element on 
the separator’s surface of the V2O3-x@C electrode from the EDS data 
indicates the significant dissolution of V (Fig. S19e and f). In brief, the 
initial doped strong Lewis acidic element of Ca in the cathode material 
plays a significant role in alleviating the dissolution of V and achieving 
long-term cycling stability (Fig. S19b and c). The observed inhibition 
effect on V element dissolution in the Ca0.17V2O3-x@C electrode is 
ascribed to the increased bond strength of Ca-O and V-O. To investigate 
the ability of suppressing self-discharge of our system, we have observed 
the open-circuit voltage change of the assembled batteries resting for 36 

Fig. 4. Mechanistic study. (a) EIS spectra for Ca0.17V2O3-x@C and V2O3-y@C cathodes after 15 cycles. The inset shows the equivalent circuit. (b) Plots of Z’ vs. ω–1/2. 
(c) Deconvolution results of O 1s orbital of Ca0.17V2O3-x@C and V2O3-y@C cathodes after 15 cycles. (d) EPR curves of Ca0.17V2O3-x@C cathode after 15, 100, 1000, 
5000, and 10,000 cycles and V2O3-y@C cathode after 15 cycles. Note that cathodes in (a–d) were disassembled from the coin cell batteries after cycling (cut-off at 0.2 
V). (e–g) Calculated density of states and (h–j) band structures for perfect V2O5 (P-V2O5), oxygen vacancy defective V2O5-x (Od-V2O5-x), and oxygen vacancy defective 
Ca doped V2O5-x (Od-CaVO), respectively. (k–m) Structure geometry (side-view) and electron density difference of P-V2O5, Od-V2O5-x, and Od-CaVO samples after 
Zn2+ adsorption, respectively. Charge accumulation is in yellow and depletion is in blue. (n–p) Calculated possible migration pathways and (q) corresponding energy 
barriers for Zn2+ transport in P-V2O5, Od-V2O5-x, and Od-CaVO samples, respectively.

S. Zhang et al.                                                                                                                                                                                                                                   Energy Storage Materials 73 (2024) 103801 

8 



h (Fig. S20a). It can be seen that the voltage of the Zn//Ca0.17V2O3-x@C 
coin cell only decreased by 0.042 V after resting for 36 h, while the Zn// 
V2O3-x@C coin cell decreased by 0.167 V (Fig. S20b). Then, we 

investigated the self-discharge behaviors of the batteries after full- 
charged to simulate the practical using conditions (Fig. S20c). The 
Ca0.17V2O3-x@C cathode retained 93 % of its initial capacity after 24 h of 
rest, significantly surpassing the 87 % retention observed for V2O3-x 
cathode after 15 h of rest (Fig. S20d). The high-capacity retention sug
gests that the Ca-doped cathode effectively suppresses side reactions and 
V dissolution [92]. Therefore, we conclude that a significant improve
ment in suppressing self-discharge behavior is achieved in our prepared 
Ca0.17V2O3-x@C cathode.

Our experimental results and theoretical calculations demonstrate 
that the ultra-high rate and ultra-stable electrochemical Zn2+ storage 
energy performance of Ca0.17V2O3-x@C originates from the high density 
of oxygen vacancy defects, enhanced electrical/ion conductivity, 
improved bonding strength induced by the initial Ca-doping and in-situ 
electrochemical activation process.

We were encouraged to explore the practical application potentials 
of the Ca0.17V2O3-x@C material due to its impressive electrochemical 
performance in coin cell-type batteries. As shown in Fig. 5a, pouch cells 
were constructed using Ca0.17V2O3-x@C as cathode, Zn foil as anode, and 

Table 1 
Investigation of the bond properties and Zn2+ adsorption energies for various 
structures via DFT calculations.

Structure Status V-O [Å] Ca-O [Å]

P-V2O5 Before Zn2+

adsorption
1.85a –

Od-V2O5-x 1.90a –
Od-CaVO 1.75a 2.39a

Structure Status Zn-O 
[Å]

V-O 
[Å]

Ca-O 
[Å]

Adsorption energy 
[eV]

P-V2O5 After Zn2+

adsorption
2.02 1.84a – -2.25

Od-V2O5- 

x

2.44 1.90a – -0.45

Od-CaVO 2.84 1.76a 2.39a -0.24

Note: a means an averaged length. The calculated structures and bond lengths 
are shown in Fig. S18.

Fig. 5. Pouch cell performance. (a) A schematic of the structure of the fabricated Zn//Ca0.17V2O3-x@C pouch cell. (b) Photographs of two series-connected pouch 
cells power an LED light and an electronic timer. (c) Rate capability and (d) GCD curves at various current densities. (e) Cycling performance and corresponding 
Coulombic efficiency of the pouch cell at 2 A g–1.
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then packed with Al-plastic film (details can be found in the experi
mental section). Two series-connected pouch cells can successfully light 
up an LED light and power an electronic timer for 80 min (Fig. 5b). The 
rate performance of the fabricated Zn//Ca0.17V2O3-x@C pouch cell was 
evaluated. Fig. 5c shows the GCD curves at investigated current densities 
of 0.1 to 2 A g–1, which are consistent with the GCD curves in coin cell 
batteries. In Fig. 5d, reversible cathode capacities of 357, 339, 324, 300, 
and 258 mAh g–1 can be obtained at current densities of 0.1, 0.2, 0.5, 1, 
and 2 A g–1, respectively. When the rate is restored to 0.1 A g–1, the 
electrode recovers to an average capacity of 341 mAh g–1, confirming 
the highly reversible and high-rate characteristics of Ca0.17V2O3-x@C for 
Zn2+ storage in practical pouch cells. Furthermore, the long-term 
cycling stability performance of the pouch cell was investigated at a 
moderate current density of 2 A g–1 (Fig. 5e). After 300 cycles, the ca
pacity remains at 238 mAh g–1 with 95 % capacity retention and near 
100 % Coulombic efficiency, indicating its excellent cycling stability. 
We have also investigated the swelling situation for the pouch cell before 
and after cycling. It can be observed that after 300 cycles at 2 A g− 1 

(Fig. S21), the pouch cell does not show significant swelling, indicating 
that no severe HER reaction has occurred in the system, from the CV 
curves of Ca0.17V2O3-x@C for 15 cycles in Fig. 2a, there is no additional 
reduction peak appears at the low voltage of 0.2 V, indicating that no 
serious HER reaction has occurred in the system. Thus, we believe that 
no serious hydrogen evolution reaction was occurred in our system. The 
remarkable electrochemical performance of the pouch cells demon
strates the promising practical AZIB application potentials of the 
Ca0.17V2O3-x@C material.

4. Conclusions

In summary, we have reported a simple and effective approach to 
achieve ultra-fast and ultra-stable aqueous Zn2+ storage performance for 
phase transformation typed AZIB cathode material of vanadium oxide 
(V2O3) via forming strong Lewis electron-pair bonding between doped 
Ca and lattice O in the crystal. The core role of the initial-doped Ca in 
this strategy generates abundant oxygen vacancy defects in the carbon- 
encapsulated vanadium oxide (Ca0.17V2O3-x@C) and we find that the 
initial-doped Ca as well as the generated oxygen vacancy defects can be 
well restored after phase transition from activation and even long-term 
cycling. The strong Lewis acidic doping element of Ca improves the 
electrical conductivity and builds considerably strong bonding of Ca-O 
and V-O in the phase transition product of a layered V2O5-like struc
ture. The oxygen vacancy defects in the phase transition product exhibit 
optimal Zn2+ binding energy and ultra-low Zn-ion transport barrier. 
Based on these results, we prove that the band and bond structures of the 
phase-transformed vanadium oxide are optimized by the initial-doped 
Ca and oxygen vacancy defects, thereby realizing enhanced electro
chemical Zn2+ storage kinetics and stability in this work. The reported 
strategy of Lewis acidic elemental doping induced microstructure en
gineering (such as defects, electronic structure, and bonding) of vana
dium oxide may be expanded to other kinds of phase-transformed 
compounds for efficient, highly stable, and ultra-fast energy storage 
applications.
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