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between Zn2+ and cathode materials 
will lead to a higher energy barrier for 
Zn2+ migration, especially in dense 
crystal structure. It often causes the 
sluggish kinetics, the phase transition, 
and even the deterioration of the struc-
ture, then resulting in unsatisfactory 
electrochemical performance.[2] Similar 
features also plague other multivalent-
ion batteries, such as magnesium-ion 
batteries and aluminum-ion batteries.[3] 
It was reported that designing defects 
into cathode can improve the Zn2+ dif-
fusion kinetics,[3c,4] however, it is still a 
great challenge to fabricate the proper 
cathode materials with defects artificially.

The electrochemical performance of 
many cathode materials in ZIBs was 

greatly improved after electrochemical activation during cycling 
process, which was often accompanied by the in situ phase 
transformation. In electrochemical activation process, the 
cathode material often transforms from a compact structure 
to a loose structure, such as V2O5 to V2O5·nH2O,[5] Mn3O4 to 
AxMnO2·nH2O,[6] β-MnO2 to B-ZnxMnO2·nH2O,[7] α-MnO2 to 
ZnMn2O4,[8] etc. Generally, this kind of materials have better 
structural stability and cycle stability compared to that of original 
one.[6,9] Unfortunately, the in-depth study to reveal the mecha-
nism behind this electrochemical activity is rarely reported.

Herein, we reported an electrochemically in situ defect 
induction in close-packed lattice plane of vanadium nitride 
oxide (VNxOy) for efficient zinc ion storage. Density functional 
theory (DFT) calculations clarified that the original compact 
structure is not suitable for the insert of Zn ion, while the exist-
ence defects in the close-packed lattice plane can provide avail-
able insertion channels and active sites for Zn ion diffusion. 
After electrochemically in situ activization, it converted from 
the electrochemically inert VNxOy into a highly electrochemi-
cally active one for aqueous ZIBs. The activated VNxOy exhib-
ited a high capacity of 231.4 mA h g−1 at 1.0 A g−1, a good rate 
capability of 221 mA h g−1 at 5.0 A g−1, and an ultrastability up 
to 6000 cycles at 10 A g−1.

2. Results and Discussion

2.1. Material Preparation and Characterization

A spindle-shaped VNxOy with a core-shell structure as ZIB 
cathode was reported for the first time in this article. In a typical 

In situ electrochemical activation brings unexpected electrochemical perfor-
mance improvements to electrode materials, but the mechanism behind it still 
needs further study. Herein, an electrochemically in situ defect induction in 
close-packed lattice plane of vanadium nitride oxide (VNxOy) in aqueous zinc-
ion battery is reported. It is verified by theoretical calculation and experiment 
that the original compact structure is not suitable for the insert of Zn2+ ion, 
while a highly active one after the initial electrochemical activization accom-
panied by the in situ defect induction in close-packed lattice plane of VNxOy 
exhibits efficient zinc ion storage. As expected, activated VNxOy can achieve 
very high reversible capacity of 231.4 mA h g−1 at 1 A g−1 and cycle stability upto 
6000 cycles at 10 A g−1 with a capacity retention of 94.3%. This work proposes 
a new insight for understanding the electrochemically in situ transformation to 
obtain highly active cathode materials for the aqueous zinc-ion batteries.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202101944.

1. Introduction

Aqueous zinc-ion batteries (ZIBs) have been widely concerned 
because of their low cost, environmental protection, and high 
safety.[1] Nevertheless, compared with the common mono-
valent ions (Li+ or Na+), the strong electrostatic interaction 
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synthesis, the precursor MIL-88B (V) was first prepared according 
to the previous report,[10] and its X-ray diffraction (XRD) pattern 
is shown in Figure S1, Supporting Information. Then the MIL-
88B (V) mixed with or without melamine (as a nitrogen source) 
was calcined in argon to obtain the final products (Figure 1a). 
The effects of different content of nitrogen sources and cal-
cination temperatures on their structures and morphologies 
were revealed. The XRD pattern of final product obtained at 
800 °C without nitrogen source is shown in Figure  1b, which 
exhibits a rhombohedral V2O3 phase [Space group R-3c (167), 
JCPDS No. 34-0187]. By adjusting the mass ratio of precursor to 
melamine to 1:0.5, VN/V2O3 composite that is composed of the 
face centered cubic (fcc) VN phase [space group Fm-3m (225), 
JCPDS No. 73-2038] and V2O3 phase (Figure  1c) was appeared. 
With the further increase of melamine (1:4 mass ratio), we 
obtained a VNxOy compound, in which all the characteristic peaks 
in XRD pattern (Figure 1d) have a good correspondence with the 
fcc VN phase. The XRD patterns of VNxOy at different calcination 
temperatures are shown in Figure S2, Supporting Information. 
Weak diffraction peaks can be seen at 600 °C, and as the tempera-
ture increases, the crystallinity of the samples is improved.

The scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) were conducted to characterize the 
morphology of the synthesized products. As shown in Figure S3, 
Supporting Information, the SEM and TEM of MIL-88B(V) are 
spindle-shaped nanorods with a length of ≈5–15 µm. After cal-
cination at 800 °C, the final products largely maintained the 

spindle-shaped morphology of the precursor. When melamine 
is not added, the V2O3 was a solid shuttle shape with some small 
burr on the surface (Figure 2a). The lattice fringes of 1, 2, 3 
marked in Figure 2b belong to the (202), (110), and (113) planes 
of V2O3 phase, respectively. Figure 2c shows the element map-
ping image of V2O3 sample, confirming uniform distribution 
of V, O, and C elements. The N2 adsorption/desorption meas-
urement results show that the specific surface area of V2O3 is 
228.07 m2 g−1 (Figure 2d). The VN/V2O3 sample was also char-
acterized by TEM image (Figure 2e), which can be seen that the 
structure of VN/V2O3 is porous. The lattice fringe of 1 marked 
in Figure 2f matches well with the (111) plane of VN, while the 
2 and 3 represent (104) and (113) planes of V2O3, respectively. 
Figure  2g  shows the element mapping image of VN/V2O3 
sample, confirming the uniform distribution of V, N, O, and C 
elements. The specific surface area of VN/V2O3 is 254.32 m2 g−1 
and the aperture is ≈4 nm (Figure 2h). When the mass ratio of 
precursor to melamine is 1:4, the morphology of the sample has 
undergone great changes, becoming a spindle-shaped nanorod 
with core-shell structure, as shown in Figure 2i. The planes of 
1, 2, and 3 marked in the figure belong to (111) and (200) crystal 
planes of VN phase, respectively (Figure  2j). The element 
mapping images also reveal the uniform distribution of V, N, 
O, and C elements in the core-shell spindle-shaped nanorod 
(Figure  2k). In addition, the specific surface area of VNxOy is 
424.67 m2 g−1 (Figure  2l), which is much higher than that of 
V2O3 and VN/V2O3 (Table S1, Supporting Information). The 

Figure 1. a) Schematic illustration of the synthetic process and the corresponding XRD patterns of b) V2O3, c) VN/V2O3, and d) VNxOy at 800 °C for 3 h.
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VNxOy electrode with a core-shell spindle-shaped structure can 
provide more contact area between the electrode surface and 
the electrolyte, which is conducive to enhancing mass transfer. 
In addition, this core-shell structure provides a large space, 
which is beneficial for the transformation of the crystal phase 
without destroying the original structure. At the same time, it 
also laid the foundation for stable electrochemical performance.

2.2. In Situ Phase Transition Analysis

It can be seen from Figure 3a that the specific capacity of 
VNxOy at initial discharge is less than 100 mA h g−1. However, 
a very long quasi-plateau at ≈1.5  V was observed during the 
charging process. It may be due to an electrochemical activa-
tion during initial charging process.[9b] In order to explore the 
structural evolution of VNxOy, ex situ XRD patterns of VNxOy 
electrodes during initial cycle were conducted (Figure  3b). It 
can be clearly seen that the peaks of the (111) plane gradually 
shift left during the first discharging, when charging to 1.6 V, 
the peak gradually shifts to the right, accompanied by a weak-
ening of peak intensity. However, there is no obvious change 
of the (200) plane. The XRD spectra of VN/V2O3 at initial 
state, discharge to 0.2  V, and charging to 1.6  V are shown in 
Figure S4, Supporting Information. After charging to 1.6 V for 
the first time, the VN/V2O3 electrode also undergoes an electro-
chemical activation process. X-ray photoelectron spectroscopy 

(XPS) was performed to identify the valence state of VNxOy 
at different states (Figure S5, Supporting Information). In the 
high-resolution Zn 2p spectra (Figure  3c), two strong peaks 
with binding energies of 1021.8 and 1044.8 eV appeared in the 
fully discharged state (0.2 V), but became very weak in the fully 
charged state (1.6 V), indicating that Zn2+ is basically inserted/
removed from the VNxOy host. It was reported that the nitrogen 
with low electronegativity tends to form weak bonds with Zn2+ 
ion.[11] Figure  3d shows the XPS V 2p spectrum in the initial 
state, where the peaks at 517.5 and 524.8  eV correspond to V 
2p3/2 and V 2p1/2 of V5+, respectively.[12] The peaks at 516.7 and 
522.9  eV are V 2p3/2 and V 2p1/2 of V4+.[13] The peak at 514.2 
at V 2p3/2 is a mixed valence state of V3+/V4+.[14] This peak is 
formed after charging to 1.6 V, indicating that a change in the 
valence state of V has occurred during the electrochemical acti-
vation. This coincides with the small amount of V3+ precipita-
tion in Figure 3h. The high resolution of the N 1s spectra are 
mainly represented by three nitrogens, which correspond to 
the graphitized N (400.4  eV), pyridinic/pyrrolic N (398.9  eV), 
and N3−-V (397.2 eV) (Figure 3e). When the battery is fully dis-
charged, the peak of N3−-V shifted to a higher binding energy 
(398.0  eV), which corresponds to the binding energy of the 
N2−-V bond.[15] When the battery is charged to 1.6  V, the peak 
of N3−-V returned to its original state. The peaks of graphitic 
N and pyridinic/pyrrolic N have not changed, and they may 
originate from the carbon layer.[16] In VNxOy, the bond between 
Zn2+ and N atoms does not produce strong ionic bond, so Zn2+ 

Figure 2. a,e,i) TEM image, b,f,j) HRTEM image, c,g,k) element mappings, d,h,l) the nitrogen adsorption-desorption isotherms and corresponding 
pore size distribution curves of a–d) V2O3, e–h) VN/V2O3, i–l) VNxOy, respectively.
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is easy to release without structural damage. In addition, the 
valence state of N shows reversible electrochemical behavior 
after the release of Zn2+. We also found that after the initial 
charging progress, the proportion of defective oxygen increased 
significantly (Figure 3f).

According to the above discussion, it can be inferred that the 
electrochemical activation of VNxOy during the initial cycling is 
related to the deformation of close-packed (111) plane. During 
the discharge process, zinc ions easily enter the interlayer 
between (111) planes of fcc phase compared to other planes, 
which may cause the distortion of (111) planes. As a result, after 
the zinc ion is released during charge process, vanadium atoms 
are also readily released from the structure, with an increase in 
defective oxygen. This situation is similar to previous reports on 
MnO, in which Mn atoms dissolved in the initial charging.[9b] 
In order to further confirm that the material has defects after 
charging to 1.6 V, HRTEM image analysis was carried out. In 
the initial state, the ordered lattice fringes are clearly visible, 
and the (111) interplanar spacing of the VN phase is 0.24  nm 

(Figure  3g).  HRTEM image of VNxOy electrode charged to 
1.6 V confirmed that the structure exhibits a disorder of a large 
number of defects compared to the original one (Figure  3h). 
When charging to 1.6  V, the membrane appears the yellow 
substance, indicating that a small amount of V3+ dissolves out, 
as shown in Figure 3i. After the initial electrochemical activa-
tion, VNxOy electrode exhibits the reversible electrochemical 
behavior, which will be discussed later.

First-principles calculation was conducted in order to further  
understand the mechanism of this electrochemical activa-
tion. The design of our calculation structure is reasonable 
and consistent with the experimental results of XPS, in which 
the atomic ratio of V, N, O in the VNxOy after activation is 
≈1.0:1.1:2.1. Interestingly, when Zn2+ ions are inserted into 
the perfect crystal structure of VN, the structure is destroyed 
(Figure 4a). It is also found that this process is an endothermic 
reaction, indicating that Zn2+ ions are not easily embedded into 
fcc VN. That is why the first discharge capacity of VNxOy with 
complete fcc phase is so low. When Zn2+ ions are inserted into 

Figure 3. a) The initial discharge/charge profiles at 0.1 A g−1 of VNxOy. b) Ex situ XRD patterns of VNxOy electrodes during initial cycle. Ex situ XPS 
spectra of VNxOy at different charging/discharging states for c) high-resolution Zn 2p spectra, d) high-resolution V 2p spectra, e) high-resolution N 1s 
spectra, f) high-resolution O 1s spectra. HRTEM image of VNxOy electrode g) in initial state and h) after initially charging to 1.6 V. i) Optical photograph 
of membrane in different charging and discharging states.
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the crystal structure of VNxOy with defects in (111) planes, the 
reaction is exothermic, indicating that defective VNxOy is more 
suitable for the insertion and extraction of Zn ions (Figure S6 
and Table S2, Supporting Information). This further indicates 
that the vacancy and defect produced by VNxOy in charging 
state is easier to diffuse Zn2+. The activation barrier of V2O3 was 
calculated and the results are shown in Figure S7, Supporting 
Information. The activation barrier is ≈1.46 eV. The specific cal-
culation formula and energy value are in the experimental part 
and Table S3, Supporting Information. The nudged elastic band 
(NEB) method was further used to study the internal diffusion 
of Zn2+ ions at different positions in the defective VNxOy struc-
ture (Figure 4b). The diffusion energy barriers corresponding to 
different paths are shown in Figure 4c, which indicates that it 
is possible for Zn2+ ions to migrate into VNxOy crystal structure 
with vacancy and defect, and the activation barrier is ≈0.8  eV. 
We simulated eight diffusion paths, Zn1-Zn2, Zn1-Zn3, 
Zn2-Zn5, Zn1-Zn4, Zn3-Zn6, Zn4-Zn6, Zn6-Zn7, Zn7-Zn8 
correspond to R1-R8 paths respectively. It can be seen that the 
diffusion activation barriers are lower where there are defects 
on the close-packed (111) plane, which indicates that the defects 
on the close-packed (111) plane are conducive to the diffusion of 
Zn ions. This further explains that in situ electrochemical acti-
vation is a feasible method for high-efficiency energy storage of 
zinc ion batteries. Figure 4d shows the schematic diagram of a 
zinc ion battery with VNxOy as cathode, zinc foil as anode, and 

3 m of zinc sulfate aqueous solution as electrolyte. The cathode 
part is the schematic diagram of the conversion process of 
VNxOy in the initial charging process.

As shown in Figure 5a, the electrochemical activation plateau 
disappeared during the subsequent charging process. In the 
second cycle, a quasi-plateau of ≈0.85 V and ≈1.0 V was formed 
with a high discharged specific capacity of 351 mA h g−1. It 
indicates that the electrode was activated during the initial 
charging process. From Figures 5b,c, it can be seen that similar 
phenomena also occur in VN/V2O3 and V2O3 electrode mate-
rials, which also confirm that the electrochemical activation is 
beneficial to the storage of zinc. Figure 5d shows the first four 
cyclic voltammetry (CV) curves of VNxOy with a scan rate of 
0.1  mV s−1, showing multiple redox peaks, is consistent with 
the discharge/charge curve (Figure  5a). For VNxOy electrodes, 
there are two main reduction peaks at 0.615 and 1.066 V during 
the cathode process, and three main oxidation peaks at 0.792 V, 
1.041, and 1.244 V during the anode process. The CV curve of 
the VNxOy electrode does not change significantly after the 
second cycle, indicating a highly reversible insertion/extraction 
process of Zn2+. In Figure 5f, the CV curve behavior of the V2O3 
electrode is similar to that of the VNxOy electrode, which is ben-
eficial to improve the reaction kinetics after electrochemical 
activation. In contrast, the VN/V2O3 electrode presents redox 
peaks with a large polarization behavior, which has an irrevers-
ible effect in the subsequent cycle (Figure 5e).

Figure 4. a) Crystal structure of defect-free vanadium nitride and VNxOy with defect after Zn ion intercalation (The green circle shows structural 
collapse). b) The diffusion pathways of Zn ion in the defect vanadium nitride and c) the corresponding diffusion activation barriers of Zn ion. 
d) Schematic diagram of zinc storage mechanism of vanadium oxynitride.
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2.3. Electrochemical Performance

We further evaluated the electrochemical performance of the 
VNxOy, VN/V2O3, and V2O3 electrodes. The cyclic voltammetry 
measurements of VNxOy at different scanning rates from 0.1 to 
1.0 mV s−1 were performed, as shown in Figure 6a. When the 
scan rate is increased to 1.0  mV s−1, the four obvious charac-
teristic peaks widen, and the anode peaks shift to the positive 
peak and the cathode peaks to the negative peak. It can be seen 
that the peaks shift slightly when the scan rate increases, and 
the curve basically maintains a similar shape. This indicates 
that VNxOy has good kinetics and low polarization at high 
scan rates. In addition, the study of the electrochemical carrier 
transfer process usually considers the relationship between the 
peak current (i) and the scan rate (v):[17]

=i avb  (1)

= +( ) 1 2
1/2i V k v k v  (2)

Where the b value can reveal its storage mechanism, and the 
range of the b value can be obtained by the slope of the log (v)-
log (i) curve. The value of b is in the range of 0.5–1. When the 
value of b is close to 0.5 or 1, it indicates that the zinc storage 
process can be regarded as a process dominated by ion diffu-
sion or a capacitive process. The a and b are two adjustable 
values.

The b values of the VNxOy electrodes at peaks 1, 2, 3, and 
4 were calculated to be 0.929, 0.902, 0.976, and 0.983, respec-
tively (Figure 6b). where k1v and k2v1/2 represent capacitive and 
ionic diffusion contribution. Based on formula 2, the slope can 

be calculated, and the capacitance contribution rate at different 
scan rates can be obtained by linear fitting. Figure  6c shows 
the percentage of pseudo-capacitance contribution at different 
scan rates. As the scan speed increases, the pseudo-capacitance 
contribution increases gradually. According to calculations, at 
1.0  mV s−1, the contribution of capacitance control is 97.7%, 
which indicates that the partial capacitance contribution of 
the VNxOy electrode can make it have a higher rate capacity. 
For comparison, we also calculated the percentage of capaci-
tive contribution of VN/V2O3 and V2O3 electrodes at different 
scan rates, and are shown in Figure S8 and Figure S9, Sup-
porting Information, respectively, which are much smaller 
than the percentage of VNxOy capacitive contribution. This 
result explains why VNxOy has better rate performance than 
VN/V2O3 and V2O3. The capacitance contribution of VNxOy at 
700 and 900 °C is shown in Figures S10 and S11, Supporting 
Information.

Figure  6d compares the rate performance of these three 
samples. When cycling at current densities of 0.05, 0.1, 0.2, 
0.5, 1.0, 2.0, and 5.0 A g−1, the VNxOy electrode delivers high 
discharge specific capacities of 336.25, 310.31, 291.65, 276.36, 
265.28, 251.16, and 204.22 mA h g−1, respectively. According 
to the cycle data of Figure S12, Supporting Information, the 
initial discharge capacity of VNxOy electrode is 85.8  mA h g−1 
at the current density of 1A g−1. The capacity became stable 
after 60 cycles. After 300 cycles, the discharge capacity is 
231.4  mA  h  g−1, the capacity remains at 88.6%, and the cycle 
coulomb efficiency is close to 100%. The capacity gradually 
increased in the first few cycles, which may be related to the 
gradual activation of the electrodes.[18] Contrastingly, VN/V2O3 
electrode delivers an initial capacity of 21.9  mA h g−1 and a 

Figure 5. a–c) The selected discharge/charge profiles at 0.1 A g−1 and d–f) CV curves of a,d) VNxOy, b,e) VN/V2O3 and c,f) V2O3.
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capacity of 59.1 mA h g−1 after 300 cycles. The capacity of the 
V2O3 electrode was 147.8 mA h g−1 after 300 cycles.

We further evaluated the electrochemical stability of VNxOy, 
a large current density test was performed, and the results are 
shown in Figure 6g,h. Before the 3 A g−1 and 10 A g−1 current 
density cycle, the first two cycles were cycled at 0.1 A g−1. Aside 
from the first two cycles at 0.1 A g−1 and the transition cycle 
(third cycle) from 0.1 A g−1 to 3 A g−1, VNxOy has a capacity of 
196.8 mA h g−1 in the fourth cycle. After 1100 cycles, the capacity 
was retained at 175  mA h g−1, the retention capacity was up 
to 89%, and the capacity decay rate per cycle was only 0.08% 
(Figure 6g). The electrodes VN/V2O3 and V2O3 have capacities 

of 49.2 and 133.4  mA h g−1 after 1100 cycles, respectively. In 
addition, when the current density is 10 A g−1 (Figure 6h), the 
specific capacity of VNxOy becomes stable when it is cycled for 
2500 cycles, with a specific capacity of 122.2  mA h g−1, and a 
specific capacity of 100.2 mA h g−1 when cycling to 6000 cycles, 
and the capacity retention rate is 94.3%. These results strongly 
prove that VNxOy electrode has excellent electrochemical perfor-
mance. In order to further prove that the prepared VNxOy anode 
has good structural stability and electrochemical performance, 
the previously published zinc ion electrode materials[1b,19] were 
also compared, and the results are shown in Figure  6f and 
Table S4, Supporting Information. It is further clarified that the 

Figure 6. a) CV curves of VNxOy sample scanned at 0.1–1.0 mV s−1, b) Corresponding log (i) versus log(v) plots at specific peak currents, c) the percent 
of pseudocapacitive at different scan rates. d) Rate performances and e) GITT curves and the corresponding ion diffusion coefficients during the first 
discharge process of the VNxOy, VN/V2O3, and V2O3. f) Comparison plot of rate performance with previous works. Long term cycling performance at 
g) 3 A g−1 and h) 10 A g−1.
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VNxOy electrode which transformed into amorphous phase has 
excellent rate performance.

In addition, the effects of crystallinity and electrolyte con-
centration on the electrochemical performance were also 
studied (Figures S13–S15, Supporting Information). We found 
that VNxOy has the best electrochemical performance when 
the calcination temperature is 800 °C and the concentration 
of electrolyte is 3 m. Further observation of the micro mor-
phology at different temperatures (Figure S13, Supporting 
Information) shows that the crystallinity is very higher at 
900 °C, so the required migration energy barrier is larger, 
which is not conducive to the insertion and desorption of 
zinc ions. The corresponding charge discharge curves and CV 
curves of 700 and 900 °C are shown in Figure S16, Supporting 
Information. The crystallinity of VNxOy with 800 °C is not 
very good, which is more conducive to the diffusion of zinc 
ions and provides higher capacity. Therefore, the material 
with low crystallinity is more suitable for the electrode mate-
rial of water zinc ion than those with high crystallinity. More-
over, for VNxOy with low crystallinity, the electrochemical 
activation is easier to occur, so as to achieve excellent electro-
chemical performance.

The reaction mechanism of the VNxOy electrode has been 
elucidated by a combination study of electrochemical meas-
urements, XRD, TEM, and XPS analyses. As we know, the 
overall performance of the battery, especially the rate perfor-
mance, depends to a large extent on the diffusion rate of zinc 

ions in the electrode material. In other words, it is necessary 
to study the chemical diffusion coefficient with determines 
the electrochemical performance of materials. The Galvano-
static Intermittent Titration Technique (GITT) was used for 
in-depth analysis of the Zn2+ diffusion coefficient (Figure S17, 
Supporting Information). As expected, the Zn2+ diffusion 
coefficient of VNxOy is an order of magnitude higher than 
that of VN/V2O3 and V2O3 electrodes (Figure  6e). In addi-
tion, the impedance of VNxOy in the initial state and charging 
to 1.6  V has also been tested (Figure S18, Supporting Infor-
mation). Obviously, the Rct value of the VNxOy electrode 
charged to 1.6 V (78.5 Ω) is much lower than its initial state 
(140.9 Ω). Moreover, the diffusion of zinc ions after electro-
chemical activation can be effectively promoted. According 
to Equation S2, Supporting Information, the diffusion coef-
ficient of zinc ions is inversely proportional to the square of 
the slope σ. The slopes of the VNxOy electrode in the initial 
state and charging to 1.6 V are 83.8 and 16.8, respectively. It 
further proves that VNxOy has excellent diffusion ability after 
electrochemical activation.

In order to further explain the reasons for the cycle sta-
bility of VNxOy, the SEM, TEM, and XRD after the cycle are 
further analyzed. Figure 7a–c are the SEM images of VNxOy 
after 2, 50, and 300 cycles, respectively. From Figure 7c, we can 
see that the morphology of VNxOy still has a shuttle-shaped 
core-shell structure after 300 cycles at a current density of 
200  mA  g−1. Figure  7d shows the XRD diffraction pattern of 

Figure 7. a–c) SEM images of VNxOy electrode after second, 50th, and 300th cycles, respectively. d) Ex situ XRD of VNxOy after different cycle. 
e) Schematic diagram of VNxOy structure.

Small 2021, 17, 2101944
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VNxOy after 2 cycles and 300 cycles of charge and discharge. 
It can be seen that the phase has not changed significantly. It 
can be explained that the VNxOy with a shuttle-type core-shell 
structure has a stable structure and is suitable for the insertion 
and extraction of zinc ions. Figure  7e is a schematic diagram 
of the enlarged structure of VNxOy. VNxOy has a larger area 
in contact with the electrolyte, and the core-shell structure can 
alleviate the volume change during the insertion and extrac-
tion of the zinc ions. After several hundred cycles of charging 
and discharging, it still maintains the original structure. Spe-
cifically, due to the unique enhanced mass transfer structure, 
it can provide high specific capacity and good cycle stability for 
ZIBs as the cathode.

3. Conclusion

In this work, a high-performance aqueous Zn-VNxOy battery 
was reported. The results show that the VNxOy is more suit-
able for storage of zinc ions after the electrochemical activation 
occurs during the first charging. The theoretical calculation fur-
ther proves the feasibility of reversible electrochemical activation 
in charge discharge process. These advantages are coupled with 
the pseudocapacitive behavior of the cathode, which can accel-
erate the mass diffusion of electrons and ions, buffer the strain/
stress generated during the diffusion of Zn2+, and achieve high 
utilization of active materials. Due to the efficient energy storage 
mechanism, this aqueous Zn-VNxOy battery still provides a high 
reversible capacity of 100.2 mA h g−1 after 6000 cycles at 10 A g−1, 
excellent rate capability and rapid ion diffusivity. In addition, the 
concentration of 3 m ZnSO4 electrolyte is demonstrated to favor 
the cyclic stability. This work further clarified the principle of 
vanadium-based rechargeable ZIBs and pointed out the path 
to high-capacity water batteries, making them one of the most 
promising options for next-generation energy storage.

4. Experimental Section
Material Synthesis: All chemical reagents and solvents were used 

as received without further purification. MIL-88B(V) was synthesized 
by a simple hydrothermal route.[10] In a typical procedure, 4  mmol 
vanadium(III) chloride (VCl3, 99%, Shanghai Macklin Biochemical 
Co., Ltd.) and 4  mmol terephthalic acid (H2BDC, ≥99%, Sinopharm 
Chemical Reagent Co., Ltd.) were added to 20  mL absolute ethanol, 
then 4  mL hydrochloric acid (1 mol · L−1) was added to the above 
solution and stirred at room temperature for half an hour. After 
ultrasonic treatment for 15 min, the blue suspension was further 
dispersed. Finally, the solution was transferred to a 100 mL Teflon lined 
stainless steel autoclave and heated for 2 days in an electric oven at 
120 °C. The product was centrifuged with ethanol and dried in vacuum 
at 50 °C for one night. The obtained green powder was shuttle shaped 
precursor of MIL-88B(V). The VNxOy with core-shell structure was 
obtained by mixing the precursor and melamine at a mass ratio of 1:4. 
And the powders were calcined at 800 °C in Ar atmosphere for 3 h. For 
comparison, the VN/V2O3 was prepared by adjusting the mass ratio 
of precursor and melamine to 1:0.5. When melamine was not added, 
V2O3 can be obtained.

Material Characterization: The XRD data of samples were determined 
using a Rigaku D/max 2500 X-ray powder diffractometer (Cu Kα-radiation, 
λ = 0.15405 nm). The morphologies of samples were collected by SEM 
(FEI Nova NanoSEM 230m, 10  kV). The scan High-resolution TEM 

(HRTEM) images, energy dispersive spectrometer mapping to further 
study the structural characterization by using TEM (Titan G2 60-300). 
The thermogravimetric analysis under argon atmosphere was obtained 
by thermal gravimetric analyzer (NETZSCH STA 449C). The data of XPS 
spectrum were obtained by using ESCALAB 250Xi X-ray photoelectron 
spectrometer (Thermo Fisher). The surface area and pore distribution 
of the samples were obtained by using a NOVA 4200e instrument 
(Quantachrome Instruments).

Electrochemical Measurement: The electrochemical properties of 
the samples were tested by using stainless steel button cell (CR2032). 
The working electrode was prepared by coating a slurry mixed with 
the composites, acetylene black, and polyvinylidene fluoride with the 
mass ratio of 7:2:1, using N-methyl-2-pyrrolidone as a dissolvant. The 
well-mixed slurry was coated onto stainless-steel mesh and dried in 
a vacuum oven at 80 °C for 12 h. In this paper, zinc foil was used as 
anode electrode. Glass fiber filter paper was applied as separator, and 
the electrolyte was 3 m ZnSO4 aqueous solution.

A multi-channel battery test system (Land CT 2001A) was used to 
measure the electrochemical performance of coin batteries in a potential 
range of 0.2–1.6  V (versus Zn2+/Zn). Electrochemical impedance 
spectroscopy was analyzed by electrochemical workstation (multi 
AutoLab M204, metrohm).

Computational Details: For all simulations, DFT based on the Perdew–
Burke–Ernzerhof generalized gradient approximation was used as 
implemented in the VASP package.[20] The ion-electron interactions were 
treated within the projector augmented wave method. Migration barriers 
for a Zn ion diffusion were calculated using the NEB method in this 
structure.[21] Eight intermediate states between the first and final images 
of a single Zn ion diffusion event were considered. During the NEB 
calculation, all the structures were allowed to relax within the fixed lattice 
parameters. The Monkhorst–Park meshes with 0.02 Å−1 k-point spacing 
were adopted. The energy cutoff of plane wave basis sets was set to 
700 eV, and the residual force for relaxing atom positions was less than 
0.01 eVÅ−1. The convergence criterion of the total energy was 10−5 eV per 
atom. To quantitatively evaluated the ability of VN and V10N11O21 to dope 
with Zn atom, the doping energy (ΔE) were calculated according to the 
below expression:

1 Zn VN VN@Zn∆ = + −E E E E  (3)

2 Zn V N O V N O @Zn10 11 21 10 11 21
∆ = + −E E E E  (4)

where EZn, EVN, EVN@Zn, V N O10 11 21
E , and V N O @Zn10 11 21

E  are the energy of the 

Zn atom, VN, VN of Zn doping, V10N11O21, and the V10N11O21 of Zn 
doping respectively.

The formation energy of V10N11O21 was evaluated according to the 
below expression:

( 21 11 10 )/form VN O N V V N O10 11 21
= + − − −E E E E E E n (5)

where EVN, EO, EN, EV, and V N O10 11 21
E  are the energy of the VN, O, N, V, 

and V10N11O21, respectively. The n is the total number of atoms.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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