
Energy Storage Materials 29 (2020) 9–16
Contents lists available at ScienceDirect

Energy Storage Materials

journal homepage: www.elsevier.com/locate/ensm
Structural engineering of hydrated vanadium oxide cathode by Kþ

incorporation for high-capacity and long-cycling aqueous zinc ion batteries

Meng Tian a,b,1, Chaofeng Liu a,1, Jiqi Zheng a, Xiaoxiao Jia a, Evan P. Jahrman c,
Gerald T. Seidler c, Donghui Long b,d,**, Muhammad Atif e, Mohamad Alsalhi e, Guozhong Cao a,*

a Department of Materials Science and Engineering, University of Washington, Seattle, WA, 98195, USA
b State Key Laboratory of Chemical Engineering, East China University of Science and Technology, Shanghai, 200237, China
c Department of Physics, University of Washington, Seattle, WA, 98195-1560, United States
d Shanghai Key Laboratory of Multiphase Materials Chemical Engineering, East China University of Science and Technology, Shanghai, 200237, China
e Physics and Astronomy Department, College of Science, King Saud University, Riyadh, 11451, Saudi Arabia
A R T I C L E I N F O

Keywords:
Zinc ion batteries
Kþ incorporation
Hydrated vanadate
High capacity
Structural engineering
* Corresponding author.
** Corresponding author. State Key Laboratory of

E-mail addresses: longdh@mail.ecust.edu.cn (D.
1 M. Tian and C. Liu contributed equally.

https://doi.org/10.1016/j.ensm.2020.03.024
Received 25 February 2020; Received in revised fo
Available online 31 March 2020
2405-8297/Published by Elsevier B.V.
A B S T R A C T

Vanadium oxides are promising candidates for cathode materials in aqueous zinc-ion batteries (ZIBs) with low
cost and high capacity yet requirements for long cycling necessitate the development of increasingly stable
structure. This study reports a structural engineering method by incorporating Kþ into hydrated vanadium
pentoxide (V2O5⋅nH2O, VOH) to achieve unique hydrated vanadate (KV12O30-y⋅nH2O, KVOH). In contrast to
previously reported works, Kþ introduction leads to a new phase of KVOH with faster ion diffusion kinetics and
better long-term cycling stability. This work establishes an understanding of the role of Kþ incorporation in KVOH
which goes beyond its conventional categorization as an agent for interlayer spacing adjustment, reflecting in
maintaining structure flexibility for effective Zn2þ insertion/extraction even at high rates, improving materials
conductivity by the electron hoping of V4þ/V5þ and acting as a stabilizer to accommodate structural contraction/
expansion with smaller voltage hysteresis and higher reversibility. KVOH displays a remarkable capacity of 436
mAh g�1 at 0.05 A g�1, maintains 227 mAh g�1 at 10 A g�1, which is better than VOH and the majority of re-
ported monovalent and multivalent metal ions introduced in vanadates. KVOH exhibits excellent cycling stability
with 92% capacity retention over 3000 cycles at 5 A g�1, high energy density (308 Wh kg�1) and power density
(7502 W kg�1), as well as improved energy efficiency. These characteristics recommend KVOH cathodes for use in
high-performance aqueous ZIBs.
1. Introduction

Ever-increasing energy consumption and continuous environmental
concerns drive higher requirements for next-generation energy storage
and conversion systems [1–3]. Lithium-ion batteries (LIBs) and
sodium-ion batteries (SIBs) have achieved commercial success with high
energy densities but are restricted by high prices, limited resources
and/or safety concerns [4,5]. Reversible aqueous batteries are emerging
energy storage candidates and have attracted tremendous attentions in
recent years, especially aqueous zinc ion batteries (ZIBs) [6–8].
Regarding anodes for ZIBs, Zn metal possesses high abundance in the
Earth’s crust (79 ppm), low redox potential (�0.76 V vs. standard
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hydrogen electrode), high theoretical capacity (820 mAh g�1, 5851 mAh
cm�3) and great moisture tolerance [9,10]. Aqueous electrolytes are
environmentally friendly, safe during operation and transportation, and
highly ionic conductive (up to 1 S cm�1), over two magnitudes greater
than organic electrolytes (1–10mS cm�1) [11]. Cathodematerials in ZIBs
comprise the main research hotspot for achieving improved energy
density and excellent cycling stability, including vanadium oxides [12,
13], manganese oxides [14,15], Prussian Blue and its analogs [16,17].
Manganese oxides possess the capacity of about 300 mAh g�1 but an
irreversible phase transition leads to capacity decay during long-term
cycling [18]. Prussian Blue and its analogs exhibit tunable structure
with mixed-valence hexacyanoferrate but are hindered by low capacities
a University of Science and Technology, Shanghai, 200237, China.
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of below 100 mAh g�1 [19]. Vanadium oxides show a superior capacity
of 400 mAh g�1 and simultaneously low cost less than $11 lb-1, with
considerable practicality for portable electronics, electric vehicles and
large-scale energy storage stations [20–22]. However, poor structural
stability at high rates and during long cycling should be further improved
to meet practical requirements [23].

Researchers mainly focus on introducing water molecules or metal
cations into vanadium oxides to achieve larger interlayer spacing for fast
ion transfer and better electrochemical stability [24,25]. The structural
water molecules between adjacent layers in vanadium pentoxide (V2O5)
effectively expand the interlayer spacing from 8.75 Å to 10.76 Å,
providing more open channels for Zn2þ transfer [20]. And the shielding
effect of water molecules can reduce the effective charge of Zn2þ and
weaken electrostatic interaction between Zn2þ and the V2O5 framework
to enhance Zn2þ intercalation kinetics [26,27]. Transition metal cations
can further broaden the lattice spacing and more importantly promote
structural stability. Manganese expanded hydrated vanadate (MnVO)
with interlayer spacing of 12.9 Å demonstrates a high capacity of 415
mAh g�1 at a current density of 0.05 A g�1 and maintains 92% capacity
retention after 2000 cycles, which is significantly superior to hydrated
vanadium pentoxide (VOH) due to the “pillar” effect of Mn2þ on structure
stability [28]. Ni2þ, Zn2þ and La3þ intercalated hydrated vanadates are
also fabricated to achieve electrochemical performance improvement
[28–30]. Moreover, researchers discovered low-cost alkaline metal cat-
ions play the same “pillar” role in stabilizing vanadate structure just like
transition metal cations [31,32]. Kþ with larger ionic radius (0.138 nm)
illustrates a better relief of electrostatic resistance for Zn2þ transfer than
Liþ (0.076 nm) and Naþ (0.102 nm) [33]. Tang et al. [34] fabricated
various potassium vanadates (K2V8O21, K0.25V2O5, K2V6O16⋅1.57H2O
and KV3O8), K2V8O21 with the large interlayer space of 14.8 Å shows the
optimal electrochemical performance with 247 mAh g�1 at 0.3 A g�1 and
good cycling stability at 6 A g�1 over 300 cycles. Sambandam et al. [35]
Fig. 1. (a) SEM image, (b) TEM image and elemental mappings and (c) HR-TEM im
homogeneous elemental distribution. (d) XRD patterns (inset are possible schematic
samples and empirical standards.
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prepared K2V6O16⋅2.7H2O with more crystalline water in the structure
while it just shows the lattice spacing of 7.5 Å. But it delivers 330 mAh
g�1 at 0.2 A g�1 after 53 cycles and retains 82% capacity retention after
500 charge/discharge cycles at 2 A g�1. However, in reported hydrated
potassium vanadates Kþ was just preinserted into V2O5 layers to achieve
interlayer spacing adjustment but not introduced into V2O5 crystal lattice
to form a new phase.

The present work investigates the fabrication and the detailed
structural and electrochemical characterization of Kþ stabilized hydrated
vanadate (KVOH). It is a new phase compared to hydrated vanadium
pentoxide (V2O5⋅nH2O, VOH), with the contracted interlayer spacing of
9.9 Å than VOH of 12.0 Å, but still demonstrates fast ion diffusion and
enhanced reaction kinetics with a capacity up to 436 mAh g�1 at 0.05 A
g�1, high energy efficiency with excellent charge/discharge reversibility,
and great electrochemical stability with 92% capacity retention at 5 A
g�1 after 3000 cycles. The impacts of the incorporation of Kþ in KVOH on
crystal and microstructures, chemical and electrochemical properties, as
well as zinc ion battery performance have been elaborated and discussed.

2. Results and discussion

KVOH was prepared by a facile one-step hydrothermal method
without further annealing (the details are given in the Experimental
Section in SI). The SEM image in Fig. 1a exhibits urchin-like micro-
spheres of KVOH consisting of numerous nanorods with the diameter
around 20 nm as verified by TEM in Fig. 1b. The corresponding elemental
mappings with uniform distribution of elements K, V and O in KVOH
nanorods are in agreement with the profile of the image. The typical
lattice fringes can be observed in HR-TEM image in Fig. 1c, with the
interlayer spacing of 1.9 Å relating to the diffraction peak at 47.5� in XRD
patterns (Fig. 1d). Selected area electron diffraction (SAED) pattern inset
in Fig. 1c is also in coincidence with the same diffraction peak with the
age (inset is SAED pattern) of KVOH, showing an urchin-like structure with the
frameworks) and (e) Raman spectra of samples. (f) V K-edge XANES spectra of
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same lattice spacing shown in HR-TEM. VOH was synthesized by the
similar hydrothermal method but without adding Kþ precursor. The
morphology of VOH is shown in Fig. S1a. The lattice fringes of VOH in
Fig. S1b exhibit a lattice spacing of 1.9 Å, corresponding to (006) facet.
Although the same lattice spacing was observed in KVOH, it does not
indicate the same crystal facet information as the crystal structure of
KVOH is different from that of VOH. XRD patterns in Fig. 1d provide
more information about the crystalline structure of samples. VOH per-
forms a typical bilayer structure similar to V2O5⋅1.6H2O (JCPDS
#40–1296), composed of [VO5] and [VO6] polyhedron and water mol-
ecules between layers (inset in Fig. 1d). Structural water plays an
important role in screening charges as “lubricants” for effective Zn2þ

diffusion [26]. For KVOH, it demonstrates a unique XRD pattern,
different from that reported in the literature with Kþ incorporated into
the structure [34,35]. The standard XRD pattern of KVOH could not be
provided based on the latest database. Compared to VOH, KVOH exhibits
a contracted lattice spacing of 9.9 Å, smaller than 12.0 Å of VOH, an
indication of structure shrinkage after Kþ introduction. TG results in
Fig. S2 indicate KVOH (8 wt%) with less interlayer water than VOH (12
wt%). This phenomenon is different from the enlarged interlayer spacing
with the incorporation of transition metal cations (e.g. Mn, Ni and Co)
[28]. The exact mechanism leading to the contraction of the interlayer
spacing is not known and requires more fundamental study, however, it
may be due to the strong interaction of Kþ with oxygen anions in bilayers
results in K–O bond formation and the lattice spacing reduction [36]. The
ionic character value of chemical bonds can be estimated based on the
equation as follows [37,38].

%ionic character¼ 100� 100 � exp ½ � 0:25 ðXa � XbÞ2� (1)

where Xaand Xb are the electronegativity of anion and cation, respec-
tively. Compared to M � O bond (M: Mn, Ni, Co), K–O bond shows a
higher ionic character value of 82% due to lower electronegativity of K,
with higher binding energy. Raman spectra in Fig. 1e show the stretching
and bending vibrations of chemical bonds. For VOH, the peaks located at
158, 265, 350 cm�1 correspond to –O–V–O–V– chains, V––O and inter-
layer water, respectively [39]. The peak at 516 and 707 cm�1 suggests
the V3–O (triply coordinated oxygen) bond and the V2–O (doubly coor-
dinated oxygen) bond, respectively [40]. Differently, VOH shows a
distinguished peak at 668 cm�1 attributed to disordered V2–O in the
structure [41] while KVOH has only a broadened peak at 707 cm�1. It
could be ascribed to Kþ introduction leads to an enhanced interaction
and better crystallinity. The peak at 893 cm�1 for VOH relates to the
V–OH2 bond [42]. A redshift of this peak for KVOH illustrates the
weakened V–OH2 bond induced by Kþ introduction having interaction
between Kþ and interlayer water. X-ray absorption near edge structure
(XANES) measurements were used to reveal the oxidation state and local
coordination environment of V in the bulk of KVOH and VOH [43,44].
Fig. 1f reveals that KVOH and VOH illustrate similar K-edge position to
that of V2O5, which served as an empirical standard representing a pre-
dominantly V5þ material. A slight edge shift to lower photon energies
indicates some lower-valence V in KVOH and VOH [45], which is
confirmed by fitting results, with 27% and 14% of V4þ in KVOH and
VOH, respectively, fitting details are shown in SI. The peak in the
pre-edge region corresponds to transitions from 1s to nominally 3
d empty orbitals. The peak intensity varies with the coordination ge-
ometry, higher intensity means a lower central symmetry of coordination
(e.g. tetrahedral > square-pyramidal > octahedral) as the absence of
inversion symmetry permits hybridization of the empty 3d orbitals with
orbitals of dipole-allowed p character [46,47]. KVOH and VOH show
distinct pre-edge peak, which is attributed to 5-coordinated [VO5]
polyhedra. KVOH exhibits a higher peak intensity than VOH, an indica-
tion of a structure distortion after Kþ introduction. V 2p3/2 XPS spectra
are shown in Fig. S3 to reveal the V valence on the sample’s surface. It can
be decomposed into two peaks at 517.4 eV and 516.4 eV, corresponding
to V5þ and V4þ, respectively [48]. Compared to VOH with 13% V4þ
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(Fig. S3b), higher-content V4þ (20%) is found in KVOH (Fig. S3a)
achieving electronic neutrality after positive Kþ insertion. The atomic
ratio of K to V is 1:12 by inductively coupled plasma (ICP) measurements.
Based on ICP and XANES results, the molecular formula can be roughly
estimated as KV(Ⅴ)

8.76V(Ⅳ)
3.24O28.88⋅nH2O by imposing the requirement

of electroneutrality upon Kþ insertion, with more low-valence V4þ and
increased oxygen vacancies in the structure after Kþ incorporation. This
phenomenon can be also observed in the previously published hydrated
Mn2þ inserted vanadate [28].

Fig. 2a shows the galvanostatic charge/discharge (GCD) profiles of
samples. At 0.05 A g�1, KVOH demonstrates a discharge capacity of 436
mAh g�1, which is higher than VOH of 369 mAh g�1. KVOH also pos-
sesses a smaller voltage gap between charge and discharge profiles than
VOH, indicating highly reactive reversibility and reduced polarization
[49]. At a high current density of 5 A g�1, KVOH still maintains its su-
periority in voltage gap and capacity. More GCD profiles at various
current densities are shown in Fig. S4. Fig. 2b reports the corresponding
rate performance of samples at various current densities. KVOH exhibits
capacities of 408, 382, 351, 293 and 227 mAh g�1 at 0.5, 1, 2, 5 and 10 A
g�1, respectively. VOH shows lower values of 267, 253, 228, 187 and 149
mAh g�1 at 0.5, 1, 2, 5 and 10 A g�1, respectively. The capacity gap exists
between KVOH and VOH, up to 140 mAh g�1 at 0.5 A g�1 and 80 mAh
g�1 at 10 A g�1. The capacity enhancement of KVOH is attributed to
higher electrochemical activity and more effective Zn2þ intercalation
kinetics after Kþ introduction. Although some active sites could be
occupied by Kþ, the introduction of Kþ shows more significant effects on
structure stability, which leads to more excellent electrochemical prop-
erties and device performance. As the current density is lowered back to
0.5 A g�1, KVOH illustrates highly reversible capacities and retains the
capacity gap with VOH. The capacity of KVOH is also superior to the
published hydrated vanadates and vanadium oxides, e.g. V5O12⋅6H2O
[50] (355 mAh g�1 at 0.5 A g�1), K2V6O16⋅2.7H2O [35] (237 mAh g�1 at
0.5 A g�1, 178 mAh g�1 at 6 A g�1), K2V8O21 [34] (247 mAh g�1 at 0.3 A
g�1, 92 mAh g�1 at 4 A g�1) and Ca0.24V2O5⋅0.83H2O [51] (340 mAh g�1

at 0.2 C). More detailed comparison of capacities is summarized in
Table S1. The energy efficiency (EE) of samples was calculated based on
the ratio of discharge to charge energy density shown in Fig. 2c, which is
a crucial factor to evaluate the utility of batteries [52]. Generally, un-
desirable redox reactions and resistances and polarizations in batteries
result in some irreversible discharge energy density, leading to the EE
lower than 100%. In the inset of Fig. 2c, KVOH at 0.05 A g�1 exhibits a
narrower voltage hysteresis between charge and discharge profiles, with
a higher EE of 88% than VOH of 82%. And KVOH performs a higher EE
with better reversibility than VOH even as the current density increases
to 10 A g�1. The Ragone plot in Fig. 2d reveals the relationship between
energy density and the corresponding power density. KVOH possesses a
comparable energy density of 308 Wh kg�1 at 402 W kg�1, almost 1.5
times as VOH (201 Wh kg�1 at 375 W kg�1), and significantly greater
than V5O12⋅6H2O [50] (194 Wh kg�1 at 2100 W kg�1), K2V6O16⋅2.7H2O
[35] (128 Wh kg�1 at 5760 W kg�1) and Ca0.24V2O5⋅0.83H2O [51] (267
Wh kg�1 at 53.4 W kg�1) and others shown in Table S1. Moreover, KVOH
demonstrates a high power density of 7502 W kg�1 at 170 Wh kg�1 with
infinite potential for high-rate and large-scale ZIBs. The cycling perfor-
mance and corresponding Coulombic efficiency were performed at 5 A
g�1 in Fig. 2e. KVOH delivers a high capacity of about 300 mAh g�1 at 5
A g�1 and keeps good stability with only 8% capacity decay after 3000
cycles whereas VOH with 28% capacity fading after just 1000 cycles. The
capacity decay per cycle decreases to 0.0027% for KVOH, just one tenth
of 0.028% of VOH. This is hypothesized that KVOH benefits from the
introduction of K–O bond with more ionic character and higher binding
energy than V–O bond, thus allowing enhanced interaction between
layers and higher stability of the crystal structure. The fast capacity
fading for VOH could be attributed to structure aggregation during long
terms, which is difficult for adequate Zn2þ intercalation/deintercalation.
Coulombic efficiency in the first cycle of KVOH is 80%, little lower than
VOH of 85%. It can be explained that KVOH exhibits more side reactions



Fig. 2. (a) GCD profiles collected at 0.05 A g�1 and 5 A g�1 and (b) rate performance of both samples, the capacities were calculated based on the active mass of the
cathode. (c) The energy efficiency of the batteries, inset of (c) is voltage hysteresis profiles of the cathode at 0.05 A g�1 in their corresponding batteries. (d) Ragone
plot of the cathodes. (e) Cycling performance of samples tested at 5 A g�1, KVOH shows great stability with 92% capacity retention even after 3000 cycles.
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than VOH in Fig. 3a, which leads to lower Coulombic efficiency. After
first cycle, KVOH and VOH show high Coulombic efficiency near to
100%. The SEM image of cycled KVOH cathode in Fig. S5a exhibits less
aggregation than cycled VOH (Fig. S5b). Chemically Kþ incorporation
can effectively modify the crystalline behavior and stabilize the material
structure to achieve high reversibility and excellent cycling performance
during the charge/discharge process, with excellent pragmatic value for
next-generation portable electronics and electronic vehicles.

Fig. 3a shows the 1st cycle of CV curves at 0.1 mV s�1 of samples, both
with two main pairs of redox peaks corresponding to multi-step Zn2þ

insertion/extraction inducing redox reactions of V3þ/V4þ (β-β0) and V4þ/
V5þ(α-α’). Other weak peaks result from some slight side reactions and
disappear in the 2nd and 3rd cycles (Fig. S6), indicating excellent reten-
tion of the CV shape after the 1st cycle. KVOH possesses a higher open-
circuit voltage of 1.30 V than VOH of 1.09 V. Comparing the 3rd cycle
12
in Fig. 3b, the superiority of KVOH is evidenced by the larger response
current related to the higher capacity, and more narrow overpotential
gaps (V3þ/V4þ: 0.07 V, V4þ/V5þ: 0 V) with more reversible insertion/
extraction kinetics. In KVOH, the centroid of the two redox peaks shifts to
lower voltages, with 0.98 V for V4þ/V5þ and 0.525 V for V3þ/V4þ,
compared to 1.005 V and 0.535 V for VOH, respectively. It could indicate
the Gibbs free energy of the redox reactions changes after Kþ introduc-
tion. CV curves of KVOH at various scan rates were tested and are shown
in Figs. S7 and b values were calculated, shown in Fig. 3c to estimate
Zn2þ insertion/extraction belongs to either a diffusion-controlled or a
surface-controlled process. The corresponding results for VOH are re-
ported in Fig. S8. Theoretically, the relationship between the response
current and the scan rate can be described by the following equation
[53]:



Fig. 3. CV curves at (a) 1st cycle and (b) 3rd cycle at 0.1 mV s�1 of samples. (c) b values of redox peaks, calculated by CV curves at various scan rates of KVOH. A
larger slope indexes to a higher b value indicating a more surface-controlled process. (d) Overpotential gaps of redox pairs based on CV curves at various scan rates. (e)
Nyquist plots of samples before and after cycling. (f) The relationship between the real part of impedance and low frequencies. The smaller slope means faster
ion diffusion.
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i ¼ aνb (2)

where a and b are adjustable parameters. b ¼ 1 corresponds to a surface-
controlled process, while b ¼ 0.5 is indicative of a diffusion-controlled
process [54]. b values of different redox peaks of KVOH are between
0.5 and 1 indicating a hybrid diffusion-surface controlled process. Higher
b values of KVOH than VOH reveal a higher contribution of a
surface-controlled process for KVOH during charge/discharge cycles.
KVOH also shows higher capacitive contributions than VOH at all scan
rates in Fig. S9. It is beneficial to achieve faster ion diffusion, especially at
high current densities or high scan rates. Fig. 3d performs the over-
potential gaps of redox pairs at various scan rates. As scan rates increase,
overpotential gaps broaden with more serious voltage hysteresis because
of the limited reaction kinetics. KVOH maintains smaller gaps than VOH
at all scan rates with smaller polarization and thus higher energy effi-
ciency (confirmed in Fig. 2c). Fig. 3e and Fig. S10 show the EIS spectra of
samples, with a semicircle at high frequencies and a linear part at low
frequencies. Comparing the semicircular region, pristine KVOH before
cycling shows a small diameter with a charge transfer resistance (Rct) of
25.7 Ω, extremely lower than pristine VOH with 284.7 Ω. After 3 cycles,
electrodes were activated, leading to reduced Rct of both KVOH and VOH
as shown in Fig. S10. After 3000 cycles, the Rct of KVOH increases to
171.5 Ω, but is still smaller than VOH with 219.0 Ω (Fig. 3e). The linear
part at low frequencies can be used to evaluate ion diffusion coefficients
(DZn2þ ) based on slope values in Fig. 3f (details in Experimental Section in
SI) [55]. KVOH in the pristine state exhibits a higher DZn2þ of 6.6� 10�14

cm2 s�1 than VOH of 2.9� 10�14 cm2 s�1 and retains the advantage after
3 cycles and after 3000 cycles, with 6.2� 10�14 cm2 s�1 higher than VOH
of 1.3 � 10�14 cm2 s�1. This can be explained that Kþ incorporation can
efficiently introduce oxygen vacancies and motivate electron hoping
between V4þ and V5þ to improve the conductivity of the electrode ma-
terial and enhance its ion diffusion kinetics, and interact with oxygen in
bilayer structure and interlayer water, playing a stabilizing role for
long-term cycling.

The electrochemical properties of KVOH at different charge/
discharge states are further studied. In Fig. 4a, pristine KVOH performs
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an urchin-like structure with an open-circuit voltage of 1.31 V. At the
current density of 0.05 A g�1, it is first discharged to 0.2 V achieving a
fully discharged state and then charged to 1.6 V to reach a fully charged
state. KVOH exhibits the dispersed nanosheets structure when fully dis-
charged and reverses to microspheres with nanorods when fully charged,
shown in SEM images inset of Fig. 4a. In Fig. 4b, the high-efficiency Zn2þ

intercalation behavior at the fully discharged state from the pristine state
can be observed, which is further confirmed by ICP results with Zn
concentration of 20.57 mg L�1 and a V: Zn atomic ratio of 1: 0.87. The
intensity of Zn 2p peak reduces after Zn2þ deintercalation at fully
charged state with Zn concentration of 7.75 mg L�1 and the atomic ratio
of V to Zn is 1: 0.25. It should be mentioned that the Zn concentration
measured by ICP could be higher than the real content of Zn2þ inserted in
the structure due to the difficulty of removing surface-adsorbed Zn2þ

from materials. The detected intensity is caused by inevitable adsorbed
Zn2þ on the electrode surface. V K-edge XANES spectra of KVOH at
different charge/discharge states are recorded in Fig. 4c, the shaded area
is magnified in Fig. 4d. In the fully discharged state, V5þ is reduced to
lower-valence V4þ and V3þ after Zn2þ insertion to maintain electronic
neutrality. This reflects in the XANES results by a shift of the energy edge
position approaching to the V4þ K-edge position. The pre-edge peaks are
also observed to shift and their corresponding intensities decay which is
consistent with the V4þ and V3þ ions occupying fewer 3 d orbitals than
V5þ [47,56]. The lattice spacing is extended accordingly, which is re-
flected by the XRD patterns in Fig. 4e displaying peaks shift to smaller
angles. TEM images with elemental mappings in Fig. 4f reveal a homo-
geneous Zn distribution in structure. At the fully charged state, V4þ and
V3þ are oxidized to higher-valence V5þ after Zn2þ extraction, with the
edge shifting to higher energies similar to the pristine state. XRD pattern
of KVOH at the full charged state confirms it further, with diffraction
peaks shifting to larger angles. Therefore, KVOH is stretchable for
adequate Zn2þ insertion and reversibly contract to recover the pristine
structure albeit with a reduced lattice spacing compared to VOH. The
excellent accommodation of KVOH to structural transformation during
ion insertion/extraction reveals vast potential for high-performance and



Fig. 4. (a) GCD profiles at the 1st cycle at 0.05 A g�1. The inset of (a) is SEM images of KVOH at different charge/discharge states. (b) Zn 2p XPS spectra and (c) V K-
edge XANES spectra of KVOH at different charge/discharge states. (d) The magnified pattern of the shaded area in (c). (e) XRD patterns of KVOH at different charge/
discharge states. (f) TEM elemental mappings of KVOH at fully discharged, elemental Zn can be clearly detected in KVOH structure.
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long-life secondary batteries.

3. Conclusions

Kþ incorporated hydrated vanadate (KV12O30-y⋅nH2O, KVOH) is
fabricated to achieve an electrochemically stable structure for long-term
efficient ion diffusion as a result of structural engineering. Kþ introduc-
tion leads to a contracted interlayer spacing of 9.9 Å compared to hy-
drated vanadium pentoxide (V2O5⋅nH2O, VOH) of 12.0 Å. The contracted
structure is stretchable to 13.2 Å when Zn2þ inserted and recovers to
10.9 Å when Zn2þ extracted, with fast Zn2þ diffusion kinetics even at
high rates. Kþ also plays a crucial role in increasing mechanical strength
and preventing structural collapse during long-term charge/discharge
cycles. KVOH as a ZIB cathode exhibits an enhanced capacity of 436 mAh
g�1 at 0.05 A g�1, which is higher than VOH of 369 mAh g�1. KVOH
maintains great stability with only 8% capacity decay after 3000 cycles at
5 A g�1 while VOH suffers a 20% fading after 1000 cycles. KVOH also
exhibits both high energy density (308 Wh kg�1 at 402 W kg�1) and high
power density (7502 W kg�1 at 170 Wh kg�1). Consequently, KVOH
possesses tremendous value as a cathode material for next-generation
energy storage systems.
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