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ABSTRACT: A rechargeable aqueous zinc-ion battery (ZIB) is
one of the attractive candidates for large-scale energy storage. Its
further application relies on the exploitation of a high-capacity
cathode and the understanding of an intrinsic energy storage
mechanism. Herein, we report a novel layered K2V3O8 cathode
material for the ZIB, adopting a strategy of charging first to extract
part of K-ions from vanadate in initial few cycles, which creates
more electrochemically active sites and lowers charge-transfer
resistance of the ZIB system. As a result, a considerable specific
capacity of 302.8 mA h g−1 at 0.1 A g−1, as well as a remarkable
cycling stability (92.3% capacity retention at 4 A g−1 for 2000
cycles) and good rate capability, are achieved. Besides, the energy
storage mechanism was studied by in situ X-ray diffraction, in situ
Raman spectroscopy, X-ray photoelectron spectroscopy, and inductively coupled plasma mass spectroscopy. An irreversible K-ion
deintercalation in the first charge process is proved. It is believed that this novel cathode material for the rechargeable aqueous ZIB
and the optimizing strategy will shed light on developing next-generation large-scale energy storage devices.
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1. INTRODUCTION

Because of the ever-worsening environmental pollution and
depletion of fossil fuels, the requirements for renewable energy
are increasingly in demand.1−3 Among the large-scale energy
storage systems, lithium-ion batteries involving organic
electrolytes are the most extensively applied devices in
infrastructures.4−9 However, the issues of processing costs,
safety problems, and limited lithium resources still remain to
be solved.10−12

Among many types of energy storage systems, rechargeable
aqueous zinc-ion batteries (ZIBs) have attracted much
attention for their safety, low cost, environmental friendliness,
and a remarkable theoretical capacity (819 mA h g−1 based on
Zn anode).13−27 Many cathode materials, such as MnO2,
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vanadate,15,17,19 and Prussian blue analogues,24−26 have been
intensively explored. The unsatisfactory rate performance and
poor cycling stability, however, limit their further practical
applications, usually caused by the degradation of cathode
materials.27−29 Therefore, it is of great significance to explore
novel cathode materials and advanced technology for ZIBs.
Until now, there are two dominant strategies to improve the

electrochemical performance of ZIBs. First, by preintercalating
metal cations or organic molecules, the interplanar crystal
spacing of the cathode material is changed (increases in most
cases).30−34 Meanwhile, the noncovalent bonds are formed

between preintercalation cations and interlayer oxygen atoms
to reduce the deformation of crystal structure. For example,
Wang et al. found that by inserting polyaniline in the
interplanar spacing of the MnO2 nanosheet, the crystal
structure of the cathode material becomes more stable, and
the irreversible phase transformation is inhibited with the
increased electrical conductivity.35 Second, by combining
cathode materials with carbonaceous materials (graphene,
carbon fiber, etc.) to increase the conductivety of the
cathode.36−38 Mai et al. successfully synthesized MnO2@
graphene oxide nanowires; furthermore, the electrical con-
ductivity and the electrochemical performance of the MnO2
nanowires are improved greatly after coating with graphene
scroll.37

Different from the optimizing methods mentioned above,
herein a novel K2V3O8 as the cathode material for ZIBs is
reported. Unlike other preintercalation cathode materials,
K2V3O8 has two K-ions per formula unit between the layers
of vanadium oxide. Inspired by this potassium-rich structure,
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we first charge the assembled battery to 1.6 V rather than
discharge. In the initial few charge−discharge processes, the K-
ions are extracted from the interlayer of the layered K2V3O8
material, similar to the inversed way of the preintercalation
procedure. In situ X-ray diffraction (XRD), in situ Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TGA), and inductively coupled
plasma mass spectroscopy (ICP-MS) were applied to study the
energy storage mechanism. It is demonstrated that the cathode
material undergoes crystal structure amorphization and
irreversible K-ion extraction during the initial cycles. After
these activating processes, the electrical conductivity of the
cathode is improved dramatically. As a result, the assembled
Zn//K2V3O8 battery achieves a remarkable specific capacity of
302.8 mA h g−1 (at 0.1 A g−1 current density), a considerable
cycling stability (92.3% retention under 4 A g−1 for 2000
cycles), as well as extraordinary rate capability, which is much
higher than that of most of the other potassium vanadates
previously published.33

2. MATERIALS AND METHODS
2.1. Material Preparation. All raw materials applied in the

synthesis process are of analytical grade (AR) and purchased form
Aladdin Bio-Chem Technology Company (Aladdin, Shanghai,
China). First, 2.4 mmol KOH and 1.8 mmol V2O5 were mixed and
dissolved in 70 mL of deionized (DI) water under constant stirring for
20 min. Then, the reactants were moved into a 100 mL Teflon-lined
autoclave and kept at 200 °C for 48 h. As the hydrothermal reaction
completed, the mixture was cooled down to ambient temperature.
Then, the obtained precipitation was extracted by centrifugation,
followed by washing with ethyl alcohol five times, and dried in a 80
°C vacuum oven for 48 h. The average yield of the final products for
each batch is 0.25 g.
2.2. Material Characterization. The crystal structure of the as-

prepared K2V3O8 was tested through a Bruker D8 Discover X-ray
diffractometer with Cu Kα radiation (λ = 1.5406 Å); the step time for
collecting each data was 480 s. Raman measurement was done by
HORIBA HR Evolution; the wavelength of the laser is 633 nm. The
morphologies and submicroscopic images were collected by a field
emission scanning electron microscope (FESEM, JSM-7100F) and a
transmission electron microscope (TEM, JEOL JEM-2100F STEM/
EDS microscope). Energy-dispersive X-ray spectroscopy (EDS)
characterization was operated by Oxford EDS IE250. XPS testing

was performed on Thermo Scientific ESCALAB 250Xi; the cathode
plates were washed by DI water three times and dried before
characterization. TGA (STA-449C) was conducted for measuring the
quality change of the cathode material at different electrochemical
states in Ar atmosphere with a temperature ramp of 5 °C min−1; the
electrodes were dried at 85 °C for 48 h before testing. ICP-MS was
used to confirm the mass (%) and substance amount change of K and
V elements of the cathode material during the charge−discharge
process of first cycle, and the involved equipment was JY/T015-1996.

In situ XRD was performed by a Bruker D8 Discover X-ray
diffractometer mentioned before, with a step time of 180 s for
collecting each data, and the characterization window on the cathode
surface of the mold battery was sealed by a plastic wrap.

In situ Raman measurement was performed by HORIBA HR
Evolution; the wavelength of the laser is 633 nm. A mold battery was
used during the testing; we used sapphire glass as the window to allow
the laser reach the cathode, and the current collector is a Ti foil with a
hole in the middle for the laser. The signals were received by a planar
detector (still mode) during the electrochemical process. The step
time for each pattern is 80 s.

2.3. Electrochemical Characterization. The K2V3O8 cathode
was synthesized through adding the mixture of prepared K2V3O8
(37.5 mg, 75 wt %), acetylene black (10 mg, Super P, 20 wt %), and
polyvinylidene fluoride (2.5 mg, 5 wt %) together with 0.4 mL of N-
methyl-2-pyrrolidone as the solvent, and then, the mixture was
transferred to an ultrasonic machine for 4 h. The obtained slurry was
uniformly pasted on a clean Ti foil and then cut into Φ10 mm disks.
The mass loading of each cathode piece on the Ti foil is 0.9 mg (1.15
mg cm−2). Zn foil, cleaned with ethanol, and abrasive paper served as
the anode, and glass fiber was applied as a separator of the battery.
Zinc trifluoromethylsulfonate [3 mol L−1, Zn(CF3SO3)2, Aladdin, AR,
99.9%] solution was applied as the electrolyte. The electrochemical
characterizations were accomplished through assembling 2016-coin
cells in air with the LAND battery characterization system
(CT2002A). Cyclic voltammetry (CV) and electrochemical impe-
dance spectroscopy (EIS) were performed on a CHI760E electro-
chemical workstation. The above characterizations were tested at
room temperature.

3. RESULTS AND DISCUSSION
The K2V3O8 sample was prepared by a hydrothermal reaction,
and its morphology can be regulated by changing the
concentrations of KOH and V2O5 (with a fixed molar
proportion, KOH/V2O5 = 4:3). As shown in Figure S1, in
general, the low reactant concentrations lead to a nanosheet

Figure 1. (a) XRD pattern and the crystal structure sketch of K2V3O8. (b) Raman spectrum and molecular structure sketch of K2V3O8. (c) SEM
image of the K2V3O8 nanoflower. (d) SEM/EDS element mapping. (e) TEM image, (f) HRTEM and (inset) SAED image of as-synthesized
K2V3O8.
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morphology, while the morphology of the nanoflowers
composed by nanosheets gradually forms as the reactant
concentration increases. The sample synthesized by 1.8 mmol
V2O5 and 2.4 mmol KOH was chosen for further character-
ization on account of the homogeneity of the morphology.
Figure 1a exhibits the XRD pattern and crystal structure of
K2V3O8. All the diffraction peaks match well with the standard
card JCPDS no. 01-070-0890, and the crystal structure
schematically (inset of Figure 1a) indicates that the K-ions
are located between the vanadium oxide layers, which consist
of [VO4] tetrahedra and a [VO5] pyramid.
The Raman spectrum and the molecular structure of K2V3O8

are shown in Figure 1b. The high-frequency modes (>500
cm−1) are the V−O stretching vibration modes of the [VO5]
pyramid and the [VO4] tetrahedra. K2V3O8 has four different
O sites and two different V sites (see the inset of Figure 1b):
O1 (bridge of [VO4] tetrahedra and [VO5] pyramid), O2
(apical to [VO4] tetrahedra), O3 (bridge of [VO4] tetrahedra),
and O4 (apical to [VO5] pyramid). The highest frequency
mode characterized at 976 cm−1 corresponds to the V−O4
stretching vibration mode of the [VO5] pyramid. The 929
cm−1 band represents the V−O2 stretching vibration mode of
the [VO4] tetrahedra. The 891 and 526 cm−1 modes result
from the stretching modes of vanadate and basic plane oxygen.
The phonon modes within the range of 250 and 500 cm−1 are
V−O−V and O−V−O bending vibrations. The lower
frequency (<200 cm−1) matches the twisting motions of the

square pyramids and tetrahedra, along with K atom
vibrations.39−42

The SEM and TEM images (Figure 1c,e) exhibit the
homogeneous morphology of the K2V3O8 nanoflower, stacked
by nanosheets, with a diameter of 400−800 nm. The SEM/
EDS characterization (Figure 1d) represents the uniform
distribution of K, V, and O elements. Figure 1f shows the
results of the selected area electron diffraction (SAED) and
high-resolution TEM (HRTEM) of the K2V3O8 nanoflower,
the lattice spacing of 0.26 nm corresponds to the (002) crystal
planes of K2V3O8. In addition, the SAED (inset of Figure 1f)
pattern confirms the polycrystalline structure of the prepared
K2V3O8.
For the purpose of investigating the electrochemical

performance of the K2V3O8 cathode, the Zn//K2V3O8 battery
was assembled using CR2016 coin-type cells. Zn(CF3SO3)2 (3
mol L−1) was chosen as the electrolyte salt. Instead of
preintercalating K-ions into the vanadium framework inter-
layer, the potassium-rich cathode (K2V3O8) is chosen to in situ
deintercalate part of K-ions at the interlayer in the first charge
process. It is expected that the electrochemical activation
process can extract part of K-ions to provide more electro-
chemically active sites.
The performance achieved by adopting charging-first or

discharging-first strategies is compared and displayed in Figure
2a. Under a low current density of 0.1 A g−1, the Zn//K2V3O8
battery by adopting the charging-first strategy displays a
specific capacity of 281.3 mA h g−1, but the specific capacity by

Figure 2. (a) Cycling performance of K2V3O8 cathode adopting different strategies (at a current density of 0.1 A g−1). (b) Nyquist plot and its
fitted results of Zn//K2V3O8 battery before cycling and at fully activated state. (c) Rate performance of K2V3O8 at current densities between 0.1
and 12.8 A g−1. (d) Cycling performance of K2V3O8 at current densities of 4 and 6 A g−1 (1 C = 0.372 A g−1).
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adopting the discharging-first strategy is only 176.1 mA h g−1.
It is obvious that the specific capacity observed by the
charging-first strategy is much higher than that delivered by the
discharging-first strategy.
Besides, through the charging-first strategy, the Zn//K2V3O8

system experienced a shorter activation process (less than 15
cycles), whereby the capacity gradually increases and arrives at
its stable state. Therefore, the electrochemical performance by
adopting the charging-first strategy was studied in detail
afterward. Figure S2a shows the charge−discharge curve of the
aqueous Zn//K2V3O8 battery during the initial charge−
discharge process (at 0.1 A g−1). Notably, the initial charging
capacity is only 31.2 mA h g−1, while the first discharge process
exhibits a specific capacity of 138.5 mA h g−1. This huge
difference of specific capacity indicates an irreversible reaction
occurring in the first charge−discharge process.
Figure 2b represents the EIS testing results of the initial state

and full activation state of the Zn//K2V3O8 battery. After full
activation (under a current density of 0.1 A g−1, 50 cycles), the
fitting data indicate that the charge-transfer resistance (Rct) of
fully activated state (109 Ω) is much lower than that of the
original state (402 Ω). The results indicate that the electrical
conductivity is greatly improved after full electrochemical
activation. This is also supported by the excellent rate
performance (Figure 2c), and the Zn//K2V3O8 battery exhibits
the capacities of 302.8, 278.5, 250.1, and 225.3 mA h g−1 at 0.1,
0.2, 0.4, and 0.8 A g−1, respectively. Under higher current
densities of 3.2, 6.4, and 12.8 A g−1, the high capacities of
148.6, 100.0, and 53.2 mA h g−1 are delivered. When comes to
a considerably high current density of 12.8 A g−1, the time for a
single cycle of charge-discharge costs only 25 s. Figure S3
displays the charge−discharge curves of the Zn//K2V3O8
battery under different current densities. As the rate increases,

the charge plateaus move to the lower potential because of the
higher polarization of the electrode. Compared with other
representative cathode materials (V5O12·6H2O,

22 Zn0.25V2O5,
17

K2V8O21,
33 α-MnO2,

37 and VS2
21) for ZIBs (Figure S4), the

K2V3O8 nanoflower exhibits a remarkable high capacity under
high current densities.23 Figure 2d shows the long-term cycling
stability. The Zn//K2V3O8 battery achieves a capacity of 154.3
A g−1 with 92.4% capacity retention for 2000 cycles (at 4 A
g−1) and a capacity of 115.3 mA h g−1 with 86.9% capacity
retention for 3000 cycles (at 6 A g−1). It should be noted that
the specific capacity of the battery shows an increasing
tendency during cycling stability testing because of the sluggish
penetration of the electrolyte and the gradual extraction of the
K+ ion during several cycles.17,33

The CV results of the Zn//K2V3O8 battery shown in Figure
S2b at scan rates from 0.1 to 0.4 mV s−1 suggest a multistep
energy storage mechanism of Zn ions, with two pairs of redox
peaks located at 1.10/0.83 and 0.64/0.48 V, respectively. As
described in Figure S2b,c, a relevant analysis is performed to
study the relationship of scan rate and peak current (i), based
on eq 1.

=i avb (1)

The value of b = 0.5 implies that the semi-infinite linear
diffusion is dominated by charge storage, and b = 1 implies a
capacitive-controlled charge storage mechanism.43−45 The b-
value can be computed by calculating log(i) versus log(v)
(Figure S2c). After linear fitting, the b-values of peaks 1, 2, 3,
and 4 are 0.61, 0.58, 0.63, and 0.76, respectively, which are
much closer to 0.5, indicating a diffusion-dominated process.
Unlike investigating other cathode materials for ZIBs, the

strategy of charging first instead of discharging was adopted
during the whole characterizations to create more electro-

Figure 3. (a) Electrochemical in situ XRD characterization of the cathode of Zn//K2V3O8 battery. (b) Electrochemical in situ Raman
characterization of the cathode of Zn//K2V3O8 ZIB for the initial cycle.
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chemically active sites through extracting K-ions from the
interlayers of vanadium oxide. To better understand the energy
storage mechanism of K2V3O8 cathode, electrochemical in situ
XRD was conducted, as shown in Figures 3a and S5 [waterfall
plot of the two dimensional (2D) mapping]. Figure 3a exhibits
the in situ XRD patterns of K2V3O8 during the initial cycles,
ranging from 23−35.5 to 44.5−50°, respectively. The
diffractive peaks and the corresponding crystal plane are
marked at the bottom of the graph (a plastic wrap was used to
seal the characterization window; the corresponding peak of
the tape is located at 23.6°). In general, there are no obvious
peaks shifting during the charge−discharge process, but the
intensity of those peaks decreases dramatically and irreversibly,
especially in the first charge process, indicating the
amorphization of the cathode material. Owing to the
amorphization of the structure, the cathode has more
electrochemically active sites and faster ion diffusion
kinetics.46,47 This explains the decrease of the charge-transfer
resistance in Figure 2b and the extraordinary rate performance
in Figure 2c. Besides, the new peaks at 33.6 and 49.0° appear
after the first charge process (activation process), indicating
that a two-phase reaction occurs during the first discharge
process, and the intensity of the new peaks are reversible and
much stronger in the second and third cycle, reflecting a
reversible two-phase reaction. Figure 3b shows the electro-
chemical in situ Raman characterization of the K2V3O8 cathode
(the waterfall plot of the 2D mapping is shown in Figure S6).
Interestingly, the intensity of the band located at 891 cm−1,
926, 464, and 526 cm−1 (which correspond to the K2V3O8
cathode) change significantly as the charge-discharge cycling
proceed: the intensities of the peaks first become weak and
then reach the maximum at the end of the charge (discharge)
stage. The change of band intensities is related to the distorted
deformation of the [VO4] tetrahedron and the [VO5]
pyramids,48,49 which proves that both the extraction of K+

(in the first charge process) and the insertion of Zn2+ (in the
first discharge process) can influence the surrounding [VO4]
tetrahedron and [VO5] pyramids and result in a structure
distortion deformation.

Figure 4a−f shows the XPS results of V, Zn, and K elements
(the XPS spectrum for all detected elements is shown in Figure
S8). No obvious signals for Zn element (in Figure 4d) can be
characterized in the XPS spectra of the original state and 1.6 V
charged state of K2V3O8; when discharged to 0.3 V, an evident
Zn 2p3/2−2p1/2 spin−orbit doublet is detected, demonstrating
that the reversible two-phase reaction mentioned before is
directly related to the storage of Zn ions. In addition, the
original K2V3O8 exhibits a V 2p3/2−2p1/2 spin−orbit doublet
for V(IV) and (V), in which the V 2p3/2 peak is located at
516.6 and 517.3 eV (Figure 4a), while the V 2p1/2 peak is
located at 524.0 and 525.2 eV, respectively. In the 1.6 V
charged state (Figure 4b), the intensity of the V4+ peak
becomes weaker and that of the V5+ peak becomes stronger in
comparison with that in the initial state, reflecting the
oxidation of V4+ to V5+; in the 0.3 V discharged state, the
intensity of the V4+ peak strengthened and that of the V5+ peak
weakened, reflecting the reduction of V4+ to V5+. In Figure 4e,f,
the change difference of V4+ and V5+ at a fully activated
charged and discharged state is more obvious than that of the
initially charged and discharged state, which means the extent
of electrochemical reaction of the cathode is much deeper than
the original state after full activation.
The irreversible K-ion extraction in the first cycle of the

Zn//K2V3O8 battery is mentioned previously, and we ascribe
the excellent rate performance and cycle stability of the
cathode to this process. Herein, it is of great importance to
figure out the content change of K-ions in the cathode material
during the first cycle. Thus, ex situ XPS and ICP were tested
on the cathode under different charge−discharge states (the
current density is 0.1 A g−1). Figure 4g presents the ex situ XPS
of K element. The intensity of K 2p3 and K 2p1 peaks continue
to decline during the first cycle, indicating the irreversible
extraction of the K-ions in the first charge−discharge process.
Besides, the ex situ ICP characterization also supports the K-
ion extraction theory. In the original state of K2V3O8 cathode,
the test value of the K/V substance amount ratio is 0.65, very
close to the theoretical value (0.67), which proves the accuracy
of the ICP characterization. With the proceeding of the

Figure 4. (a−d) XPS spectra of V and Zn elements of K2V3O8 for the first cycle. (e) XPS spectra of V element of K2V3O8 cathode at fully activated
charged state and (f) fully activated discharged state. (g) XPS spectra of K element at different charge−discharge states of first cycle. (h) ICP
characterization of K/V substance amount ratio and potassium content.
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charge−discharge process, the K/V substance amount ratio
declines from 0.65 to 0.29 as the battery charges to 1.6 V and
then discharges to 0.3 V. Meanwhile, the K content decreases
from 9.63 to 3.05%. Both ex situ XPS and ex situ ICP are
proofs of the extraction of K-ions.
TGA conducted in Ar atmosphere with a temperature range

of 35−700 °C in Figure S7 proved the formation of structural
water during the first cycle. The weight loss of the initial
electrode is 13.75 wt % (Figure S7a), while that of the 1.6 V
charged state electrode and the 0.3 V discharged state
electrode in the first cycle is 18.42 and 18.83 wt % (Figure
S7b,c), respectively. According to Liang’s work,31 the extra
weight loss is related to the structural water.
Based on the above ICP-MS, TGA, and in situ XRD results,

we conclude that the K-ions irreversibly extract from the
layered structure of the cathode, and structural water is formed
in the charge−discharge process of first cycle, which can
explain the 35 mA h g−1 capacity during the first charge
process (Figure S2a) and cause the amorphization of crystal
structure of cathode. In the first discharge process, a two-phase
reaction occurred with the storage of Zn ions and extraction of
K-ions. Combining the specific data of ICP-MS and TGA
testing, the remaining content of K and the number of
structural water molecular of the cathode can be calculated, so
the specific electrode reaction of Zn//K2V3O8 battery can be
summarized as Figure 5 exhibits:

In first charge process:
Cathode:

+

= + · +− +

K V O 0.88H O

1.04e K V O 0.88H O 1.04K
2 3 8 2

0.96 3 8 2 (2)

Anode:

+ =+ −0.52Zn 1.04e 0.52Zn2 (3)

After full activation:
Cathode:

· + + = ·

< >

+ −y m m y

x y

K V O H O Zn 2 e K Zn V O H O

( 0.96, 0.88)
x x m3 8 2

2
3 8 2

(4)

Anode:

= +− +m m mZn 2 e Zn2 (5)

The activation process is not finished at the end of the first
charge process, it would last for several cycles, which explains

the increase of specific capacity in Figure 2c,d. As Figures 4g,h
and S7 show, the content of K-ions continues to decrease while
the structural water content increases.

4. CONCLUSIONS
In summary, a high-performance rechargeable ZIB using a
novel charging-optimized layered K2V3O8 nanoflower as the
cathode has been successfully assembled. We adopt the
strategy of charging first to activate the cathode material,
extracting K-ions from the interlayers of vanadium oxide
through charging process, which creates more electrochemi-
cally active sites and decreases the charge-transfer resistance of
the system. As a result, the electrochemical performance of the
Zn//K2V3O8 battery is impressive: a considerable specific
capacity of 302.8 mA h g−1 at a current density of 0.1 A g−1, as
well as a remarkable cycling stability (92.3% capacity retention
at 4 A g−1 for 2000 cycles) and extraordinary rate capability, is
achieved. Besides, the energy storage mechanism was studied
by in situ XRD, XPS, TGA, and ICP-MS. It is believed that this
novel cathode material and the optimizing strategy will
discover further possibilities to develop large-scale energy
storage devices.
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