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a b s t r a c t

Zinc-ion batteries (ZIBs), in particular quasi-solid-state ZIBs, occupy a crucial position in the field of

energy storage devices owing to the superiorities of abundant zinc reserve, low cost, high safety and

high theoretical capacity of zinc anode. However, as divalent Zn2+ ions experience strong electro-

static interactions when intercalating into the cathode materials, which poses challenges to the struc-

tural stability and higher demand in Zn2+ ions diffusion kinetics of the cathode materials. Here, a

microwave-assisted hydrothermal method is adopted to prepare pre-potassiated hydrated vanadium pen-

toxide (K0.52V2O5·0.29H2O, abbreviated as KHVO) cathode material, in which the potassium ions pre-

inserted into the interlayers can act as “pillars” to stabilize the lamellar structure, and crystal water

can act as “lubricant” to improve the diffusion efficiency of Zn2+ ions. Consequently, the KHVO displays

high electrochemical properties with high capacity (∼300 mAh/g), superior rate capability (69 mAh/g at

5 A/g) and ultralong cycling performance (>1500 cycles at 2 A/g) in quasi-solid-state ZIBs. These supe-

rior Zn storage properties result from the large diffusion coefficient and highly stable and reversible Zn2+

(de)intercalation reaction of KHVO.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Zinc-ion batteries (ZIBs) are attracting numerous attentions as

a promising candidate for future energy storage devices ascribing

to the abundant zinc resource, high safety and low cost [1–6]. In

particular, quasi-solid-state ZIBs with better flexibility, high com-

patibility with flexible electronics and higher inhibition of Zn den-

drites have become the hotspot of research [7–10]. Nevertheless,

the strong electrostatic forces experienced by the moving divalent

Zn2+ ions in the cathode materials raise difficulties in the repeti-

tive Zn2+ insertion/extraction reaction and cause structural distor-

tion/failure, and thus resulting in unsatisfying electrochemical per-

formance [11]. Therefore, seeking and optimizing cathode materials

with rigid structure stability and excellent Zn2+ (de)intercalation

kinetics has become a priority as well as a challenge for the devel-

opment of ZIBs.

Up to now, the researches of cathode materials for ZIBs are

mainly focused on Mn-based materials [12–15], Prussian blue
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analogs [16–19], and V-based materials [20–24]. Among them, the

Mn-based materials always suffer from rapid capacity attenuation

during the repeated charging and discharging processes, deriving

from the irreversible phase transition and Mn dissolution [25–27].

As for Prussian blue analogs, the capacity (< 100 mAh/g) is too

low to meet the requirements for practical application. Consid-

ering these facts, great devotion has been paid to the study of

V-based materials as cathodes for ZIBs. V-based materials can ex-

hibit a large Zn storage capacity of ∼400 mAh/g due to the vari-

able chemical states of vanadium ions between +5 and +3. And

they usually possess layered or tunnel structures with large in-

ner spaces that allow rapid diffusion of Zn2+ ions. Additionally, the

vanadium element is very rich in natural resources, which further

reduces the cost.

Among all the V-based materials, the layered hydrated vana-

dium pentoxide (V2O5·mH2O, named as HVO) is of great poten-

tial as cathode for ZIBs, in which the expanded interlayer dis-

tances (∼12 Å) caused by structural water molecules efficiently

promote the diffusion and storage of Zn2+ ions [28–30]. However,

the HVO material is still beset by poor structural stability dur-
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ing the process of repeated Zn2+ ions insertion/extraction [31,32].

For instance, Sun et al. developed a binder-free V2O5·nH2O/reduced

graphene oxide film as the solid-state ZIBs cathode [33], which

showed a rapid capacity decay when cycling at 0.1 A/g (capacity

retention of 28% after 100 cycles). Xu et al. fabricated a 3D flower-

like V2O5·nH2O/MXene composite as aqueous ZIBs cathodes [34].

Although electrical conductivity of the composite was enhanced,

the electrochemical property was still hampered by the sluggish

Zn2+ ion diffusion and ineffective utilization (capacity retention of

69% after 50 cycles at 0.1 A/g). To address this inherently low struc-

tural stability and enhance the Zn2+ ion diffusion kinetics of HVO,

a foreign cation pre-intercalation method is proposed. The foreign

cations can act as “pillar” that not only stabilize the layered struc-

ture of the material, but also enhance its electrical conductivity.

HVO with various foreign cations pre-intercalated in the interlayer

spacing have been investigated, such as Na+ [35], Ca2+ [36], Zn2+

[37], Mg2+ [29], Mn2+ [30], Ni2+ [38], NH4
+ [39], La3+ [40]. For ex-

ample, Mg0.34V2O5·nH2O nanobelts were designed and prepared by

Ming et al. [29], which showed an enhanced cycling performance

(negligible capacity decay at 0.1 A/g during 200 cycles, and ∼97%

capacity retention at 5 A/g after 2000 cycles). Liu et al. proposed

Mn(II)-cation-expanded hydrated vanadium pentoxide [30], deliv-

ering a ultrastable cycling performance (96% capacity retention at

4 A/g after 2000 cycles). All these researches proved the effective-

ness in enhancing the electrochemical performance of HVO by in-

troduction of foreign cations and points out the direction for fur-

ther in-depth investigations.

Inspired by these intriguing properties, we developed a sim-

ple microwave-assisted hydrothermal route to synthesize pre-

potassiated hydrated vanadium pentoxide (KxV2O5·nH2O, named

as KHVO) nanobelts, which are intertwined with each other to

form a wrinkled three-dimensional (3D) structure. The KHVO ma-

terial shares a similar layered structure with hydrated vanadium

pentoxide, and the K+ ions in the interlayer serve as “pillars”

to stabilize the lamellar structure. It possesses a large interlayer

spacing (∼10.4 Å) along c axis, which makes the diffusion of

Zn2+ ions effortless. Supported by all these advantages, the KHVO

cathode achieves an enhanced zinc storage property in quasi-

solid-state ZIBs, specifically a relatively high reversible capacity of

∼300 mAh/g at 100 mA/g, acceptable rate capability of 65 mAh/g

at 5 A/g and ultrastable long-term cycling performance (>1500 cy-

cles at 2 A/g).

Through a simple microwave-assisted hydrothermal route, the

KHVO material was prepared. Firstly, 3 mmol of vanadium pen-

toxide (V2O5) and 3 mL of 30% hydrogen peroxide (H2O2) solution

were dissolved in deionized water (30 mL) and magnetic stirred for

20 min. After a homogeneous reddish-brown solution was formed,

6 mmol of potassium chloride (KCl) was weighed and poured into

the above solution and kept stirring for a while. Afterward, the

obtained solution was sealed in reactors and reacted for 2 h at

180 °C. After this hydrothermal process, the obtained product was

washed with deionized water and absolute ethanol repeatedly and

dried for 12 h at 60 °C vacuum oven.

The control HVO material was prepared by a simple hydrother-

mal according to the previous literature [31]. 0.32 g of ammonium

metavanadate (NH4VO3) was blended with 80 mL of mixed solvent

of deionized water and ethanol (9:1, v/v), and the pH value of mix-

ture was reduced to 2 using hydrochloric acid (HCl). After that, the

resulting solution was loaded into a 100 mL reactor and kept at

160 °C for 12 h to form V2O5·mH2O.

The phase of the sample was analyzed by X-ray powder diffrac-

tion (XRD) measurement (Bruker, AXS D8 advance, Cu Kα radi-

ation). The field-emission scanning electron microscopy (FESEM,

JEOL, Model JSM-7600F) and the transmission electron microscopy

(TEM, JEOL, Model JEM-2100) technologies were applied to inves-

tigated the morphology and nanostructure of the sample. The va-

lence states of various constituent elements were investigated by

the X-ray photoelectron spectroscopy (XPS, Thermo Fisher, Model

ESCALAB 250 Xi). The ratio of pre-intercalated potassium element

to vanadium element in the sample was confirmed by inductively

coupled plasma (ICP, Thermo Fisher, Model ICAP RQ). For the tar-

get of measuring the content of crystal water, thermal gravimetric

analyzer (TGA, Mettler Toledo, Model DSC3+) was applied.

The Zn2+ ion storage properties of KHVO materials were eval-

uated in the quasi-solid-state zinc ion batteries. The cathode

slurry was made of active material, carbon nanotube (CNT) and

poly-(vinyldifluoride) (PVDF) in the mass ratio of 7:2:1 in N-

methylpyrrolidone (NMP) solvent. Then, the electrode was pre-

pared by coating the above slurry on titanium foil (diameter:

12 mm) and drying it in vacuum oven under 70 °C for more

than 12 h. The mass loading of active material is controlled to

∼1 mg/cm2. The quasi-solid-state polymer membrane was pre-

pared as follows: (1) adding 750 mg of PVDF polymer and 1 mmol

of Zn(ClO4)2 salt in 10 mL of N-dimethylformamide (DMF) sol-

vent under magnetic stirring to form homogeneous solution; (2)

pouring the obtained solution into a mold with a diameter of

90 mm and drying it at vacuum oven for 8 h under 80 °C; (3) cut-
ting the dried membrane into 16 mm diameter discs and soaking

them into 0.5 mol/L Zn(ClO4)2 in propylene carbonate (PC) solu-

tion for 24 h; (4) removing the excess electrolyte completely be-

fore the usage. The quasi-solid-state ZIBs were assembled with ob-

tained KHVO cathode, zinc foil and above polymer membrane in

the air. The galvanostatic charging-discharging tests were carried

out using NEWARE battery system during the voltage range of 0.4–

1.4 V vs. Zn2+/Zn. The cyclic voltammetry (CV) and electrochemical

impedance spectroscopy (EIS) tests within the frequency ranging

from 100 kHz to 0.01 Hz were evaluated by CHI660E electrochemi-

cal station. For comparison, the liquid-state ZIBs was also evaluated

using glass fiber and 0.5 mol/L Zn(ClO4)2 in PC solvent as mem-

brane and electrolyte, respectively.

The HVO and KHVO were fabricated through a facile traditional

and microwave-assisted hydrothermal route, respectively, whose

structures were confirmed by X-ray powder diffraction (XRD) mea-

surements. The HVO sample (Fig. S1 in Supporting information)

depicts a set of diffraction peaks corresponding to a set of planes

along the z-axis of the layered V2O5·mH2O, revealing a preferred

orientation along the (001) plane [29–31,33]. While for the XRD

pattern of KHVO nanobelts in Fig. 1a, a few additional peaks are

detected other than the major peaks along the (00l) direction as-

cribing to the intercalation of K+ ions in the interlayers forming

KxV2O5·mH2O phase as reported in previous studies [28,38,41,42].

As illustrated in the inset of Fig. 1a, the KHVO has a layered struc-

ture, where the bilayered chains of VO5 pyramids are connected

by the corner-sharing O atoms and accommodate the K+ ions and

H2O molecular between the interlayers. And according to Bragg’s

law, the diffraction peak at 8.5° for the (001) plane is calculated

with an interlayer distance to be as large as 10.4 nm, providing

sufficient spaces for rapid diffusion of Zn2+ ions in the KHVO sam-

ple.

To explore the elemental compositions and chemical states of

the KHVO sample, X-ray photoelectron spectroscopy (XPS) mea-

surements were carried out. The survey confirms the existence of

V, O and K elements (Fig. 1b). Fig. 1c shows the high-resolution

spectrum of O 1s and V 2p region for the KHVO sample. Two states

of O 1s at 531.6 eV for H–O and 530.7 eV for V–O can be differenti-

ated, deriving from crystal water and VO layer, respectively [42]. In

the V 2p3/2 region, the main characteristic peak located at 517.8 eV

is identified to be V5+. A relatively weak characteristic peak lo-

cated at 516.7 eV is also detected, which indicates the presence of

V4+ resulted from the K+ ions pre-intercalation [43]. And K 2p re-
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Fig. 1. (a) XRD pattern of KHVO (inset: schematic diagram of crystal structure,

green and red balls stand for V and O, respectively, and blue balls stand for K and

H2O molecule). (b) XPS survey of KHVO and respective high-resolution spectra of

(c) O 1s and V 2p and (d) K 2p.

gion of KHVO sample is also provided in Fig. 1d, which shows two

peaks located at 295.9 and 293.1 eV, belonging to the K 2p1/2 and

K 2p3/2, respectively [44,45].

Furthermore, to measure the content of K element and crys-

tal water in the KHVO sample, inductively coupled plasma (ICP)

and thermal gravimetric analysis (TGA) were conducted. Accord-

ing to the ICP test, the atomic ratio of K to V is determined to

be 0.26:1, corresponding to a formula of K0.52V2O5·nH2O. The TG

analysis results are given in Fig. S2 (Supporting information). The

rapid weight loss of both samples under 100 °C comes from the

volatilization of physically absorbed water. As the temperature in-

creases further, for KHVO sample, 2.3% of weight loss occurs, which

is caused by the loss of structural water, implying that n is ∼0.29

and thus K0.52V2O5·0.29H2O. In the same way, the crystal water

content in HVO sample is calculated to be 8.8%, fixing the formula

as V2O5·0.94H2O.

Scanning electron microscope (SEM) and transmission electron

microscope (TEM) tests were conducted to observe the morphol-

ogy and microstructure of both samples. The low-magnification

SEM image (Fig. S3a in Supporting information) of the HVO sam-

ple displays the uniformly distributed nanobelt morphology with a

length of tens of micrometers. An enlarged view in Fig. S3b (Sup-

porting information) reveals the width of the HVO nanobelts to

be 60–100 nm. While for the KHVO sample, a wrinkled three-

dimensional (3D) structure morphology (Figs. 2a and b) is ob-

served, in which the micron-sized nanobelts are cross-linked and

intertwined. Moreover, the TEM images (Figs. 2c and d, Fig. S4

in Supporting information) reveal the width of the nanobelts is

around 20–50 nm. Zooming in the nanobelt in the marked area

in Fig. 2d, the high-resolution TEM (HRTEM) picture in the inset

shows a lattice fringe of 0.24 nm, corresponding to the diffrac-

tion peak at ∼34° (311) in XRD pattern. Additionally, the dark-field

scanning TEM (STEM) image and its respective energy-dispersive

X-ray spectroscopy (EDS) element mapping images in Fig. 2e ex-

hibit the uniform distribution of K, V and O elements in KHVO

nanobelt.

Zinc storage performance of the KHVO as cathode materials was

evaluated in quasi-solid-state ZIBs consisting of metallic zinc foil as

anode and PVDF-Zn(ClO4)2-based polymer membrane as a quasi-

solid electrolyte at a voltage window of 0.4–1.4 V vs. Zn2+/Zn. The
electrochemical behavior of the KHVO electrode is firstly evaluated

Fig. 2. (a, b) SEM images, (c, d) TEM images (inset: high-magnification TEM) and

(e) dark-field STEM image and corresponding K, V and O elemental EDS mapping of

KHVO.

by the cyclic voltammetry (CV) technique, as shown in Fig. 3a. One

distinct pair of redox peaks locating at 0.9 and 1.0 V are observed

in all four CV cycles, relating to the Zn2+ ions intercalation and ex-

traction process, respectively. The redox peaks experience a slight

shift with the CV shapes remained intact and stabilize from the

3rd cycle onwards, expressing high reversibility of the redox re-

actions for KHVO cathode. At a low current density of 100 mA/g

the initial three galvanostatic charging-discharging cycles of KHVO

cathode are displayed in Fig. 3b. It obtains a relatively high dis-

charge capacity of 373 mAh/g and a charge capacity of 332 mAh/g

in the first cycle, with a coulombic efficiency (CE) of 89%. The al-

most overlapping charging-discharging profiles for the 2nd and 3rd

cycles display well-defined redox plateaus, suggesting the high re-

versibility of the redox reactions. Except for a slight decay during

the initial few cycles, a stable and reversible specific capacity of

around 300 mAh/g with 100% CE is achieved for KHVO in the fol-

lowing 100 cycles at 100 mA/g with a high capacity retention of

88% compared to the second cycle (Fig. 3c). In contrast, the HVO

cathode shows a restricted zinc storage property at the same con-

dition, only emerging a discharge capacity of 96 mAh/g after 100

cycles, resulting in a poor capacity retention of 45%. Furthermore,

the KHVO cathode in liquid-state ZIBs also shows stable cycling

performance (Fig. S5a in Supporting information), further implying

the cycling stability of KHVO cathode.

Moreover, the rate capability of the KHVO cathode was also

evaluated, as shown in Fig. 3d. At current densities of 0.1, 0.2, 0.5,

1, 2 and 5 A/g the reversible capacities of 270, 215, 166, 135, 110

and 65 mAh/g are achieved, respectively. On the contrary, the pure

HVO cathode exhibits a relatively poor rate capability (i.e., 250,

190, 133, 90 and 48 mAh/g at 0.1, 0.2, 0.5, 1 and 2 A/g, respectively)

and capacity of the battery become almost undetectable when the

current density increases to more than 2 A/g. In addition, the rate

performance of the KHVO cathode in liquid-state ZIBs was also

evaluated (Fig. S5b in Supporting information). It is can be seen

that the KHVO cathode in quasi-solid-state ZIBs delivers an accept-

able capacity retention, maintaining 70% capacity of liquid-state

ZIBs even at a high rate of 5 A/g. The long-term cycling stability

of both electrodes at a relatively high rate of 2 A/g are compared
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Fig. 3. (a) The initial three cycles galvanostatic charging-discharging profiles of KHVO cathode at 100 mA/g. (b) Cycling stability at 100 mA/g. (c) The first four CV curves for

KHVO at 0.1 mV/s. (d) Rate property at various current densities. (e) Cycling stability at 2 A/g up to 1500 cycles.

as well. As shown in Fig. 3e, KHVO electrode exhibits almost no

capacity decay throughout 1500 cycles with almost 100% CE and

maintains a capacity of 120 mAh/g after 1500 cycles. The galvanos-

tatic charging-discharging profiles of KHVO at different cycles also

show almost no change (Fig. S6 in Supporting information), indi-

cating superior reversibility and stability. While a gradual capacity

decay is observed for the HVO electrode with a capacity retention

of 60% after 1500 cycles at 72 mAh/g.

To find out the origin of the superior electrochemical perfor-

mance of KHVO electrode comparing to HVO electrode, the ap-

parent Zn2+ diffusion coefficients of both samples were calculated

based on the CV technique at various scan rates (Figs. 4a and b,

Fig. S7 in Supporting information). As indicated in Fig. 4a, when

the scan rate increases from 0.1 mV/s to 1.0 mV/s, the position

of the redox peaks for KHVO electrode shift slightly, but the over-

all shapes of CV curves are well maintained. As can be seen from

Fig. 4b and Fig. S7b, the peak currents (ip) are linearly related to

Fig. 4. (a) CV curves of KHVO cathode at various scanning rates. (b) The linear fit-

ting of the peak current (ip) as the y-axis and the square root of scanning rate (ν1/2)

as the x-axis. (c) GITT profiles of KHVO cathode. (d) The calculated diffusion coeffi-

cient of Zn2+ in KHVO cathode.

the square root of sweeping rates (ν1/2), demonstrating a typical

diffusion-controlled process [46,47]. After that, the diffusion coef-

ficient of Zn2+ ions (DZn2+ ) will be obtained by the equation as

follows:

ip =
(
2.69 × 105

)
n3/2SD1/2

Zn2+CZn2+ν1/2 (1)

where n stands for the amount of charge involved in the reaction,

which comes from the integral over the redox peak. S stands for

the contacting area between the electrode and electrolyte. CZn2+
stands for the Zn2+ concentration in the electrode material, which

is determined by the ratio of Zn2+ involved in the reaction to

the molar volume of KHVO and HVO. The main oxidation peaks

marked at Fig. 4a and Fig. S7a were chosen as a representative to

explore the DZn2+ . From the linear relationship between ip and ν1/2

for KHVO cathode (ip = 0.00113ν1/2 − 1.41231 × 10−4, as shown

in Fig. 4b) and HVO cathode (ip = 0.00581ν1/2 + 4.31421 × 10−5,

as shown in Fig. S7b), DZn2+ is calculated to be 2.27 × 10−12 cm2/s

and 1.14 × 10−13 cm2/s for KHVO and HVO electrodes, respectively.

The galvanostatic intermittent titration technique (GITT) was

also conducted, as shown in Fig. 4c and Fig. S8a (Supporting in-

formation). Based on the following equation [48–50]:

DZn2+ = 4

πτ

(
mBVM
MBS

)2
(

�Es

�Eτ

)2

(2)

where mB, VM, MB, S, τ , �Es and �Eτ stand for the mass of elec-

trode material, molar volume, molecular weight, geometric area

of electrode, the duration of the current pulse, change of quasi-

equilibrium potential and the change of battery voltage, respec-

tively. The apparent Zn2+ ions diffusion coefficient under different

charge/discharge depth are calculated to be ∼10−10–10−12 cm2/s

for KHVO cathode (Fig. 4d) and ∼10−12–10−14 cm2/s for HVO cath-

ode (Fig. S8b in Supporting information), respectively, which are

well consistent with the above DZn2+ determined by CV technique

and further indicates the fast Zn2+ ions diffusion coefficient in

KHVO. Besides, according to the electrochemical impedance spec-

troscopy analysis (Fig. S9 in Supporting information), the charge-

transfer resistance of the KHVO (213 �) is much lower than that

of HVO (572 �). Hence, it is believed that pre-potassiated modifi-

cation contributes to the fast electrochemical kinetics of the KHVO

[51–53].

Additionally, to verify the Zn2+ ions storage mechanism in the

KHVO electrode, ex-situ XRD characterization at various charging-
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Fig. 5. (a) Ex situ XRD patterns of the KHVO cathode during the first cycle. (b) Ex situ XPS spectrum of V 2p region at the full discharge/charge states.

discharging states was carried out to explore the evolution of its

crystal structure (Fig. 5a). The pristine KHVO electrode shows sim-

ilar diffraction peaks of (001), (300), (511) and (405) planes to

those of the KHVO powder, except for the peaks from carbon

nanotubes (CNTs) (conducting material) and Ti foil (current col-

lector). During the process of Zn2+ ions insertion/extraction, the

same diffraction peaks as the pristine KHVO electrode are detected

without generation of new diffraction peaks, evidencing the well-

maintained layered KHVO crystal structure. Furthermore, a highly

reversible variation of the (001) peak is evidenced, which is plot-

ted in the enlarged (001) peak region. Upon the Zn2+ ions inser-

tion, (001) peak shifts to the lower angles with an increase of

the interlayer spacing. In the following Zn2+ ions extraction pro-

cess, (001) peak gradually restores to its original position as well

as the relaxation of the interlayer distance. This transition demon-

strates a (de)intercalation reaction mechanism of the Zn2+ ion in

KHVO material with superior reversibility, which can be expressed

as follows: K0.52V2O5·nH2O + xZn2+ + xe− ↔ ZnxK0.52V2O5·nH2O.

In addition, the XRD pattern of KHVO cathode after long cycling

(Fig. S10 in Supporting information) shows no obvious change

compared with original condition, indicating the superior cycling

stability of KHVO electrode. To examine the vanadium chemical

states at different electrochemical states the ex-situ XPS was also

conducted (Fig. 5b). After fully discharge, only one set of charac-

teristic peaks at 516.5 and 523.9 eV can be fitted, which belongs

to the V 2p3/2 and V 2p1/2 of the V4+, respectively. And when the

charging is completed, the vanadium returns to its pristine V5+

state with V 2p3/2 and V 2p1/2 at 517.6 and 516.4 eV, respectively.

Thus, based on these ex-situ analyses, we believe that the high sta-

bility and reversibility of KHVO electrode during the electrochemi-

cal reaction process provide a solid foundation for superior Zn stor-

age property.

In summary, K+ intercalation modified hydrated vanadium

pentoxide (K0.52V2O5·0.29H2O, KHVO) sample with a wrinkled

3D structure assembled by nanobelts was constructed via a

microwave-assisted hydrothermal route. When used as cathode for

quasi-solid-state ZIBs, the KHVO achieves an enhanced electro-

chemical performance of high capacity (∼300 mAh/g and 88% ca-

pacity retention at 100 mA/g after 100 cycles), acceptable rate ca-

pability (110 and 65 mAh/g at 2 and 5 A/g, respectively) and ul-

trastable cycling performance (at 2 A/g for more than 1500 cycles).

Such superior performance mainly comes from the modification of

intercalated K+, which stabilizes the lamellar structure as “pillars”

and improves the Zn2+ ion diffusion kinetics of the electrode ma-

terial.
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