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vanadate electrode materials for advanced
aqueous zinc ion batteries

Ming Zhao,1 Shilong Li,1 Xiang Wu,1,3,* and Lixian Sun2,*
SUMMARY

In the past decade, vanadates have attracted one’s attention as the electrode materials for aqueous zinc
ion batteries (AZIBs). Nevertheless, their structural instability and sluggish ion/electron dynamics lead to
an inevitable decline in the electrochemical performance. To address these issues, we introduce oxygen
vacancies into NH4V4O10 nanosheets to improve the ion transport rate during the electrochemical reac-
tion. The prepared NHVO-40 samples provide many active sites compared to NH4V4O10 materials. The
assembled cell delivers a capacity of 452.03 mAh g�1 at a current density of 0.2 A g�1. It also presents
a retention rate of 94.6% at 10 A g�1 after 4000 times cycling. In addition, they still possess an energy
density of 332.5 Wh kg�1 at a power density of 70 W kg�1.

INTRODUCTION

The increasing energy crisis has prompted one to develop some sustainable and renewable electrochemical energy storage devices.1–4

Aqueous zinc ion batteries (AZIBs) present superior energy density, suitable redox voltage, and environmental-friendly characteristics.5–8

They are expected to be used in domestic energy storage systems and grid regulation fields. It is very important to design the cathode ma-

terials that match well with zinc anodes.9,10 The positive materials for AZIBs mainly include vanadium compounds,11 manganese oxides,12–14

Prussian blue analogs15, and organic compounds.16,17 Particularly, vanadium compound materials have been research focuses due to their

multiple valence states, high output capacity, and open tunnels.18,19 However, the sluggish transfer speed of Zn ions, and structural collapse

limits the practical application of electrode materials.

Thus far, some modification strategies have been proposed such as coating of carbon-based materials,20,21 ionic pre-intercalating,22 and

defect engineering.23–25 Among them, defect engineering has been constructed to improve the electrical conductivity and suppress unnec-

essary phase transitions of the electrode materials. This is mainly attributed to the separation of atoms from the lattice during defect forma-

tion.26–28 Meanwhile, the generated defects lower the reaction energy barrier between the electrolyte and electrode material and accelerate

the charge transfer.

In the previous reports, Cao et al. synthesized oxygen vacancy-rich (NH4)2V10O25$8H2O nanosheets with a capacity of 160 mAh g�1 at a

current density of 5 A g�1.29 Cui and co-workers introduced oxygen defects into NH4V4O10 structure with reduced graphene oxide (rGO)

decoration. The assembled Zn//NH4V4O10@rGO batteries possess a capacity of 278 mAh g�1 at 10 A g�1.30 Wang’s group synthesized

V8O20 nanobelts reduced by oxygen defects and surface phosphate groups. The electrode shows a capacity of 161.8 mAh g�1 at

10 A g�1 and a retention rate of 96.8% after 3000 times cycling.31 In this work, we synthesize several NH4V4O10 samples by a hydrothermal

approach. The assembled Zn//NHVO-40 cells present a specific capacity of 452.03mAh g�1 at 0.2 A g�1. This battery still maintains a capacity

of 277 mAh g�1 at a current density of 10 A g�1. After 4000 times cycling, their specific capacity is retained at 263.9 mAh g�1. Moreover, the

cells present an energy density of 316.4 Wh kg�1 at a power density of 140 W kg�1.

RESULTS AND DISCUSSION
Crystal structure and morphology

Figure 1 illustrates the synthetic schematic of the as-prepared samples. Initially, the NH4V4O10 precursor is synthesized by a one-step hydro-

thermal route using NH4VO3 and C2H2O4
.2H2O as raw materials. Next, the reduction treatment is used to induce oxygen vacancies into

NH4V4O10 products. XRD characterization is then performed to examine the crystal structure of the prepared samples. From Figure 2A,

the obtained materials are indexed to the monoclinic NH4V4O10 phase (PDF#31–0075). The peaks located at 9.20, 25.42, 27.50, 31.10,

34.0, and 49.78� belong to the (001), (110), (111), (400), (�311), (020) planes, respectively. The lattice parameters a = 11.71 Å, b = 3.66 Å,
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Figure 1. Synthetic route to NH4V4O10 materials with rich oxygen vacancies
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and c = 9.72 Å. It is seen that the intensity of the diffraction peak decreases with the treatment time increasing. This phenomenon might be

attributed to the appearance of oxygen vacancies in the NH4V4O10 cathodes, which is conducive to the improvement of the electrochemical

performance.32

Subsequently, we evaluate the elemental composition and valence distribution of NHVO and NHVO-40 samples by XPS. From the full

spectra, the NHVO-40 products consist of N, V, and O elements (Figure 2B). The V 2p spectra can be fitted with two spin-orbit peaks of

V2p1/2 and V2p3/2, as described in Figure 2C. The fitting peaks at 523.1/515.7 and 524.7/517.1 eV belong to V4+ and V5+, which confirms

the existence of twomixed valence states.33 The integral area ratio of V4+/V5+ increases from 88% (NHVO) to 93% (NHVO-40) due to the partial

conversion of V5+ to V4+.34 From Figure 2D, the signal peaks of O 1s spectra at 529.7, 531.8, and 533.3 eV are ascribed to V-O bond, oxygen

defects, and adsorbed oxygen, respectively.35 Meanwhile, the NHVO-40 sample possesses a larger percentage of oxygen defects compared

to the pristine NHVO one. Furthermore, electron paramagnetic resonance (EPR) is also utilized to prove the presence of oxygen vacancies in

the samples. Figure 2E presents a sharp and strongly symmetric peak at g = 2.004, which is a typical signal for oxygen defects.34 TheNHVO-40

sample demonstrates a higher intensity than the NHVO electrode material, indicating its sufficient oxygen vacancies. It is consistent with the

above XPS results. From Figure 2F, NHVO-40 materials possess a larger specific surface area (34.14 m2/g) and pore size (0.331 cm3/g) than

NHVO samples (27.10 m2/g, 0.251 cm3/g). It demonstrates that oxygen vacancies benefit by increasing the active sites and facilitating the

transport of Zn ions.

SEM is then utilized to observe themorphology of the obtained samples. From Figure 3A, theNHVOprecursor presents a typical nanobelt

structure with a smooth surface. It is found that all samples possess similar shapes, as shown in Figures 3B–3D. Figure 3E shows low magni-

fication TEM image of the NHVO-40 sample with a rough surface. The corresponding HRTEM image (Figure 3F) presents a lattice fringe of

0.201 nm, and it belongs to the (�312) crystal plane of the NH4V4O10 sample. Meanwhile, there are some lattice disorders associated with

defects.36 The elemental mappings (Figure 3G) suggest the uniform distribution of N, V, and O elements on the surface of the samples.
Electrochemical performance and reaction kinetics of Zn//NHVO-X cell

After that, we assemble some CR2032 cells to evaluate the practical application of the products in 3 M Zn(CF3SO3)2 electrolytes. Figure 4A

presents the CV curves of theNHVO-40 electrode at 0.2mV s�1. There is a similar shape of the CV curves in the first four cycles, demonstrating

their high reversibility in the reaction process. As shown in Figure 4B, NHVO-40 samples deliver a specific capacity of 452mAh g�1 at 0.2 A g�1

and maintain 388 mA h g�1 after 100 cycles. It retains 85.8% of its initial capacity, which is superior to other cathodes (NHVO:78.2%, NHVO-

30:82.4%, NHVO-50:70.7%). Several plateaus of the GCD curves (Figure 4C) are coincident with the peaks of the CV ones. At a current density

of 0.1 A g�1, the initial discharge capacity is 483.9 mAh g�1 and decreases slightly in the next few cycles. The capacity at different current

densities also is an important factor in assessing the performance of batteries. The rate performances of Zn//NHVO-30/40/50 cells are

then investigated at current densities from 0.1 to 10 A g�1 (Figure 4D). The corresponding discharge specific capacities are 475.6, 452.0,

437.7,428.6, 422.6, 419.5, 398.6, 383.9, 355.5, and 303.4 mAh g�1, respectively. As the current density returns to 0.2 A g�1, its capacity remains

450.4mAhg�1, which is 99.6%of the initial state. It is noticed that the capacity of theNHVO-40 cathodematerial is obviously higher than those

of the others at 10 A g�1. The structural stability of the samples is also explored by long cycling tests at the same current densities. It can be

seen that the initial specific capacity of the NHVO-40 electrode is 278.12 mAh g�1, which is excellent than those of the other three materials
2 iScience 27, 110926, October 18, 2024



Figure 2. Structural characterization

(A) XRD patterns of the NH4V4O10 samples with different treatment times.

(B) XPS survey spectra of NHVO-40 materials.

(C) V 2p.

(D) O 1s.

(E) EPR spectroscopy of the NHVO and NHVO-40 cathodes.

(F) N2 adsorption-desorption isotherms and inset the pore size distribution curves.
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(Figure 4E). Meanwhile, it still keeps 263.9 mAh g�1 and almost 100% Coulombic efficiency after 4000 times cycling. Figure 4F shows the cor-

responding GCD curves at current density varying from 0.1 to 10 A g�1. And it indicates a gradual decrease in capacity as the current density

increases. The shape of these curves remains constant after tens of cycles, indicating a favorable stability of the electrode materials. Table 1

lists the specific capacity of several cathodematerials,37–42 demonstrating the superior electrochemical performance of the as-prepared sam-

ples. We also study the electrochemical performance at different work temperatures. From Figure 4G, the Zn//NHVO-40 batteries deliver a

specific capacity of 328.48, 388.25, 442.71, and 497.47 mAh g�1 when the temperature varies from 0 to 40oC. The assembled cells achieve a

specific capacity of 345.38 mAh g�1 at 0�C (1 A g�1). Meanwhile, it keeps a capacity of 331.11 mAh g�1 and almost 100% coulombic efficiency

after 320 times cycling (Figure 4H).

Afterward, the CV curves are utilized again to evaluate the electrochemical kinetic behavior. With the sweep speed increasing, the inte-

gration area enlarges and maintains a similar shape, showing the excellent reversibility of the redox reaction. As seen from Figure 5A, there

are three pairs of redox peaks located at 1.36/0.97, 1.09/0.80, and 0.65/0.41 eV, respectively. It suggests that the obtained samples undergo a

multi-step redox reaction during Zn2+ insertion/de-insertion. In literature, the reaction control behavior can be determined by the relationship

between the peak current (i) and the scan rate (v) based on the following equation:

i = avb (Equation 1)

Figure 5B shows that the fitted b values are 0.98, 1.06, 0.84, 1.01, 0.9, and 0.77, respectively. This result implies that the reaction is domi-

nated by the surface capacitive behavior. Subsequently, we calculate the capacity contribution through Equation 2.

iðVÞ = k1v+ k2v
1=2 (Equation 2)

Thereinto, k1v denotes surface-controlled contribution, while k2v
1/2 is the diffusion controlled one. The capacitive contribution is 91.6% at a

sweep speed of 0.2 mV s�1. And then it can reach up to 97.3% at the scanning rate of 1 mV s�1 (Figure 5C).

Then we investigate the diffusion coefficient of zinc ions (DZn
2+) during cycling by using the galvanostatic intermittent titration technique

(GITT). Figure 5D indicates that the DZn
2+ of theNHVO-40 cathode is between 10�6-10�8, revealing the fast migration ability of Zn2+. From the
iScience 27, 110926, October 18, 2024 3



Figure 3. SEM images

(A) NHVO.

(B) NHVO-30.

(C) NHVO-40.

(D) NHVO-50.

(E) TEM image of NHVO-40 samples.

(F) HRTEM image of NHVO-40 electrodes.

(G) element mapping images.
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EIS spectra in Figure 5E, the four curves of the prepared samples are composed of a semicircle in the high frequency region and a straight line

in the low one. The former represents the charge transfer resistance (Rct) between the electrode and electrolyte, and the latter denotes the

Warburg impedance (Zw) of Zn
2+ diffusion. The NHVO-40 material shows a lower charge transfer resistance (54.32 U) than the other elec-

trodes. Power density and energy density are important factors of zinc ion batteries. It can be calculated via Equations 3 and 4 later in

discussion:

E = QU=2m (Equation 3)
P = iU=2m (Equation 4)

whereQ, U, I, andm refer to the discharge capacity, operating voltage, discharge current, and themass of active substances, respectively. The

obtained sample delivers an energy density of 332.5 Wh kg�1at a power density of 70 W kg�1. When it is increased to 3500 W kg�1, the

corresponding energy density is 249 Wh kg�1. It is superior to some reported materials, such as NH4V4O10-x@rGO, C3N4-NH4V4O10 and

K/PANI-V2O5 electrodes (Figure 5F).43–48

Storage mechanism of NHVO-40 samples

Finally, the energy storagemechanism of NHVO-40 cathodes is further explored via ex situ XRDduring the charging/discharging. As shown in

Figure 6A, the (�311) crystal plane gradually shifts to a low angle in the discharge state. The characteristic peak then returns to its initial state
4 iScience 27, 110926, October 18, 2024



Figure 4. Electrochemical performance

(A) CV curves in the first 4 cycles at 0.2 mV s�1.

(B) cycle curves at 0.2 A g�1.

(C) GCD curves at 0.1 A g�1.

(D) rate performance.

(E) cycling stability at 10 A g�1.

(F) GCD curves at different current densities.

(G) cycling performance at various temperatures.

(H) cycling stability at 0�C.
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when charged to 1.6 V. The variation of crystal spacing during the reaction is attributed to the embedding and de-embedding of Zn2+ in the

hostmaterial.49 It proves the reversible structural evolution of the cathode. Someadditional peaks are also observedat 12.2o and 17.08o, which

canmatchwell with Zn3(OH)2V2O7
.2H2Ophase (JCPDSNo. 50–0570). The formationof theby-product is ascribed to theparticipationofOH� in

the reaction,whichmay come from thedecompositionof the aqueouselectrolyte.50 ExcessH+ alsoparticipates in theelectrochemical reaction

to maintain the charge balance of the system. Thus, the assembled cells follow H+ and Zn2+ co-(de)insertion energy storage mechanism.

The ex situ XPS are carried out to further reveal the change in the surface composition and the valence state of the NHVO-40 electrode. In

Figure 6B, the peak intensity of O3 is enhanced initially and then reduced during the discharged and charged states. This manifests that the

Zn3(OH)2V2O7
.2H2Ophases are formedor some adsorbedH2O are participated in the reaction process. From the V 2p spectra (Figure 6C), the

peaks at 515.6/523.5, and 517.5/524.9 eV are assigned to V4+ and V5+, respectively. In the discharge process, the slight increase of V4+ content

is accompanied by a decrease of V5+, which is due to the embedding of Zn2+. The high-resolution of Zn 2p spectra is demonstrated in Fig-

ure 6D. There are no obvious diffraction peaks to be found in the pristine state.When the cell is discharged to 0.2 V, two distinct peaks appear
iScience 27, 110926, October 18, 2024 5



Table 1. The electrochemical performances of the NHVO-40 electrode material

Materials Morphology

Current

density (A g�1)

Discharge

capacity (mAh g�1) Electrolyte Reference

MnVO-PANI microspheres 0.1 462 3 M Zn(CF3SO3)2 Zhang et al.33

K0.09Mg0.03V2O5$nH2O microspheres 0.1 423 3 M Zn(CF3SO3)2 Wang et al.34

(NH4)2V10O25$8H2O belts 0.1 417 3 M Zn(CF3SO3)2 Zhuang et al.35

(NH4)2V3O8/C nanoparticles 0.1 356 3 M Zn(CF3SO3)2 Li et al.36

NH4V4O10 nanocables 0.1 430 2 M ZnSO4 +

3 M Zn(CF3SO3)2

Zhang et al.37

(NH4)2V6O16$1.5H2O nanowires 0.1 385 3 M Zn(CF3SO3)2 Feng et al.38

NHVO-40 nanosheets 0.1 475.6 3 M Zn(CF3SO3)2 This work
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Article
at 1022 eV and 1045.1 eV. They are ascribed to the Zn2p1/2 and Zn2p3/2 orbitals, indicating the successful intercalation of Zn2+ into the host

structure. In contrast, the intensity of the peak reduces in the fully charged state, which still shows a small portion of the Zn signal existing. This

is due to the irreversible removal of some Zn2+. As shown in Figures 6E and 6G, the NHVO-40 sample still retains themicroscopicmorphology

of the nanobelts during different reaction processes. Subsequently, HRTEM is employed to study the variation of lattice spacing. Figure 6F

indicates the lattice distance of 0.329 nm, whichmatches well with the (420) plane of theNH4V4O10 phase. And the lattice fringe then shrinks to

0.326 nm when charged to 1.6 V (Figure 6H).
Conclusions

In summary, we have prepared oxygen vacancy-rich NH4V4O10 electrode materials by a simple immersion strategy. The Zn/NHVO-40 cells

possess favorable specific capacity, long cycle life, and large specific surface area. Meanwhile, the assembled system also presents a high
Figure 5. Electrochemical reaction kinetics of the electrodes

(A) CV curves at different scan rates.

(B) fitting plots of log(i) and log(v).

(C) the capacitive contribution ratios of NHVO-40 cathodes.

(D) GITT curves.

(E) Nyquist plots.

(F) Ragone plot.
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Figure 6. Energy storage mechanism of the NHVO-40 electrodes

(A) ex situ XRD patterns at different states.

(B–D) XPS spectra of O, V, Zn elements.

(E and F) discharging at 0.2 V.

(G and H) charging at 1.6 V.

ll
OPEN ACCESS

iScience
Article
energy density. Thus, the introduction of the appropriate amount of oxygen defects in NH4V4O10 samples not only increases the active sites,

and accelerates the electron transfer rate, but also improves the electrochemical activity. This work proposes an effective vacancymodulation

strategy for the construction of high-performance zinc ion batteries. And the prepared cathode material presents potential applications in

next generation energy storage systems.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals

NH4VO3 powder Aladdin, 99% N/A

H2C2O4$2H2O Damao, 99.5% N/A
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

There are no experimental models (animals, human subjects, plants, microbe strains, cell lines, primary cell cultures) used in the study.
METHOD DETAILS

Preparation of NH4V4O10 nanosheets

All the chemicals were used without further purification. Typically, 4 mmol of NH4VO3 powder (Aladdin, 99%) was dissolved into 50 mL of

deionized water at 60�C to form light-yellow solution. After cooling to room temperature, 4 mmol of H2C2O4$2H2O (Damao, 99.5%) was

added into the above solution and stirred for 0.5 h and transferred into 80 mL Teflon-lined autoclave at 180�C for 3 h. Finally, the samples

were washed alternately with alcohol and deionized water and then dried under vacuum for 12 h. The precursors were immersed into

100 mL of 1M NaBH4 solution. In comparison, we synthesized four kinds of samples with different immersion time of 0, 30, 40 and 50 min,

respectively. The prepared samples were denoted as NHVO, NHVO-30, NHVO-40 and NHVO-50 in sequence.
Structural characterization

The crystallographic information of the as-obtained samples was studied by X-ray diffraction (XRD, Shimadzu-7000, Cu Ka radiation,

l = 0.1541 nm) and X-ray photoelectron spectrometer (XPS, Thermo Scientific). Scanning electron microscope (SEM, Gemini 300-71-31)

and transmission electron microscope (TEM, JEM-2100 PLUS) were utilized to characterize the morphology and microstructure of the mate-

rial. The vacancies of the materials were verified by electron paramagnetic resonance (EPR) spectroscope (Bruker EMXplue-6/1).
Electrochemical characterization

The CR2032 cells were constructed utilizing the cathodes, glass fiber, 3 M Zn(CF3SO3)2 electrolyte (Macklin, 98%) and zinc foil under ambient

conditions. The positive electrode consists of the synthetic sample, carbon black (super P, Power Origin Limited) and polyvinylidene fluoride

(PVDF, PowerOrigin Limited) with the ratio of 7:2:1. N-methyl-l-2-pyrrolidone (NMP, Damao, 99%) is then added to themixed powder to form

a slurry, which was coated on a carbon paper. ANeware battery tester (CT-4008T-5V6A-164) was used to evaluate the cycling stability and rate

performance. Finally, the electrochemical impedance spectra (EIS) and cyclic voltammetry (CV) curves were performed in a CHI660E electro-

chemical workstation.
QUANTIFICATION AND STATISTICAL ANALYSIS

This study does not include statistical analysis or quantification.
ADDITIONAL RESOURCES

This work does not include any additional resource.
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