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HIGHLIGHTS

Bilayered 3-Ko 51V2Os nanobelts
were developed via
reconstruction of a-V,Os

A new phase was reversibly
generated upon K insertion and
extraction

Large interlayer space and
optimized growth orientation
enabled fast K™ diffusion

To unlock the compact structure of a-V,0s for the diffusion of K*, we developed

single-crystalline bilayered 3-Kg 51V205 nanobelts via reconstruction of a-V,0s.
Benefiting from the large interlayer space and optimized growth orientation, 8-
Ko.51V20s exhibits suitable accommodation sites and fast diffusion paths for K*,
enabling high capacity and rate capability. Additionally, the achievement of a
high-energy- and high-power-density full K-ion battery proves its feasibility in
large-scale energy storage systems.
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SUMMARY

Potassium-ion batteries (KIBs) are a promising alternative to lithium-ion batte-
ries because of the abundance, low cost, and redox potential of K; however,
the significantly larger radius of K* inevitably destabilizes the crystal structure
of the cathode material, impeding the diffusion of K*. Here, to lower the
insertion energetics and diffusion barriers of K*, we synthesizedd-K 51V205
nanobelts (KVOs) with a large interlayered structure and optimized growth
orientation by reconstructing the V-O polyhedra of orthorhombic V,0s; these
exhibited a high average voltage (3.2 V), high capacity (131 mAh g~ "), and supe-
rior rate capability even at 10 A g~ '. By coupling the electrochemical experi-
ments with theoretical calculations, we found that the excellent K-ion storage
performance of KVO is attributed to its large interlayered structure and unique
1D morphology. Additionally, we assembled a full KIB composed of KVO and
graphite with high energy and power densities, proving its feasibility as a prom-
ising new battery.

INTRODUCTION

With the rapid development of renewable energy sources such as solar and wind, a
large-scale energy storage system for integration with these sources is highly
desired.' As the most popular energy storage technology, rechargeable Li-ion bat-
teries (LIBs) are expected to contribute to the solution; however, the use of Li is
impeded by its high cost, limited reserves, and uneven distribution.? Recently,
research has turned to batteries composed of low-cost and earth-abundant ele-
ments, including Na, K, Mg, and Al, which are extremely favorable for energy storage
systems.”® Among them, emerging potassium-ion batteries (KIBs) have attracted
increasing interest as an appealing alternative to LIBs because of the low standard
potential of K/K* (-2.92 V versus standard hydrogen electrode) and high natural
abundance of K.”~'% Unlike sodium-ion batteries (SIBs), which are limited by the
lack of suitable anode materials, conventional carbon materials, such as graphite
and soft and hard carbon, can be used as anode materials for KIBs. However, the
significantly larger radius of the K ion (Li* < Na* < K*, 0.76 < 1.02 < 1.38 A) causes
greater structural changes and distortions in the host structure upon insertion and
removal, which often results in short cycle life and, in particular, poor rate capability
of the cathode material."""? Up until now, very few promising KIB cathode materials
have been successfully demonstrated, although positive examples include KVPO,F,
K3V(PQOy)3, Prussian blue analogs, Ko 7FeqsMngsOz, Ko ,CoO,, KosMnO,, and
Ko.5V20s."*"?° However, achieving high capacity and average voltage, especially in
conjunction with high power density, remains a daunting challenge.
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The Bigger Picture

As a result of increased energy
demand and the prices of fossil
fuels, rational use of renewable
energy sources has become a
growing global concern.
Rechargeable potassium-ion
batteries (KIBs) are emerging as a
promising large-scale energy
storage system for storing
renewable energy because of the
abundance and low cost of
potassium resources. However,
the significantly larger radius of K*
destabilizes the crystal structure
of host materials, impeding the
successful application of KIBs.
Here, to unlock the compact
structure of a-V,Os5 for the
diffusion of K*, we developed
single-crystalline bilayered 3-
Ko.51V205 nanobelts (KVOs) via
reconstruction of a-V,0O5 and
achieved excellent K-storage
performance. Importantly, the
high-energy- and high-power-
density KIB constructed with KVO
and graphite proves its feasibility
in large-scale energy storage
systems.
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Orthorhombic vanadium pentoxide (2-V,Os) is a representative intercalation host
and has been used in LIBs and SIBs because of its low cost and ability to exist in
different oxidation states from V?* to V>*.?"?? Generally, insertions of exotic cation
occur at the six-fold oxygen coordinated site inside the a-b plane of a-V,0s. Unfor-
tunately, because of its compact interlayer space of a-b plane (4.379 A), in which sin-
gle V=0 layers composed of VOs square pyramids are tightly arranged,”*** the
insertion and diffusion of K" in ¢-V,0s have proved to be very difficult. Unlocking
the compact crystal structures to create suitable accommodation sites and diffusion
paths for K™ in @-V,0s remains challenging. Theoretically, lowering the oxidation
state of vanadium in a-V,Os could induce the transformation of the V-O square pyr-
amids to octahedra, followed by the subsequent rearrangement of the crystal struc-
ture into a double-layered structure with a larger interlayer space. As a result, the
expanded a-V,0s would allow rapid K-ion diffusion. However, because of the
various oxidation states of vanadium, uncontrollable changes in the valence of
vanadium always result in an impure product. Nevertheless, even with the ideally re-
constructed crystal structure of -V,0Os, obtaining maximum utilization of the K-ion
storage sites and diffusion channels in real materials is also difficult, especially for
the insertion and diffusion of large K ions. Theoretically, because of the weak van
der Waals force between each of two V-O layers, the crystal growth along c axis
could be suppressed, leading to the crystal expansion within the a-b plane, wherein
K-ion storage sites and diffusion channels are located. In consequence, controlling
the crystal growth of V-O structure within the a-b plane is the key to efficiently uti-
lizing the K-ion storage sites and diffusion channels. Considering that 1D structured
nanomaterials facilitate full use of cation storage sites thanks to their large specific
surface area, it is reasonable to believe that 1D structured nanomaterials could
significantly improve the K-ion storage capacity. However, in reality, inappropriate
growth orientation does not actually shorten the diffusion distance for inserted
cation in real materials, such as the diffusions along the growth orientation of 1D
structured nanomaterial. Therefore, to achieve the efficient storage and rapid diffu-
sion of Kiions in a-V,0s5, we adopted a two-pronged strategy that combines recon-
struction of the crystal structure and design of the morphology with oriented growth.

Herein, as a proof-of-concept experiment, to lower the insertion energetics and
diffusion barriers of K* via reconstructing the V-O polyhedra of a-V,0s, we synthe-
sized single-crystalline bilayered 3-Ky 51,05 nanobelts (KVOs) with a large interlay-
ered structure (9.5 A) and optimized growth orientation ([010] orientation) by using a
scalable, facile, and low-cost chemical preintercalation method. When applied in
KIBs, the as-prepared KVO delivers a reversible capacity of 131 mAh g™
average storage voltage of 3.2 V and superior rate capability even at 10 Ag™". Com-

at an

bined with ex situ testing methods, we demonstrate that KVO transforms reversibly
into a new phase upon K-ion deintercalation and intercalation. Density functional
theory (DFT) calculations further revealed that the large interlayered structure and
unique 1D morphology along the [010] orientation are responsible for the ultrahigh
rate performance. In addition, we also assembled full KVO-graphite KIBs that exhibit
high energy (238 Wh kg’1) and power (5,480 W kg’1) densities (based on the mass of
cathodes). These promising electrochemical results and insight into the K-storage
mechanism brings low-cost room-temperature KIBs a step closer to realization as
a sustainable large-scale energy storage system.

RESULTS AND DISCUSSION

Commercial a-V,0s powder has an orthorhombic structure (space group Pmmn)
with irregular particle morphology (Figure S1). Simple solution treatment by the

Cell

"Key Laboratory of Automobile Materials,
Ministry of Education, Department of Materials
Science and Engineering, Jilin University,
Changchun 130022, China

?State Key Laboratory of Rare Earth Resource
Utilization, Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences,
Changchun 130022, China

3Beijing National Laboratory for Condensed
Matter Physics, Institute of Physics, Chinese
Academy of Sciences, Beijing 100190, China
4These authors contributed equally

SLead Contact

*Correspondence: junminyan@jlu.edu.cn

https://doi.org/10.1016/j.chempr.2018.10.004

Chem 5, 168-179, January 10, 2019 169


mailto:junminyan@jlu.edu.cn
https://doi.org/10.1016/j.chempr.2018.10.004

Chem Cell

A
K-l-
° WW
o3 M Y, Y ' Yy '
o Q.——' ‘ ‘ Layer sllp °
O "~ Layer slip
Se % MM M
B g %  Observation ¢
—_— e Difference g :
=: | gragg Position o C’ OG C, o O
< &
.‘? =2
7
8
4 [l II! I_I L IJII A0E U0 1RO ORE 0D O T [o01] O O o GC’ G 0
. 1—»[1001W
10 20 30 40 50 60 70 80
2 Theta (degree)
D

;‘&,E

ZA[010]

Figure 1. Structure and Morphology of KVO

(A) Schematic diagrams of the structural evolution from @-V,0s5 to KVO.

(B and C) XRD pattern (B) and schematic representation of the crystal structure (C) of KVO.
(D and E) SEM (D; scale bar, 2 um) and TEM (E; scale bar, 50 nm) images of KVO.

(F) SAED pattern of a single KVO nanobelt (scale bar, 5 1/nm).

controllable reduction of commercial @-V,Os in K™-containing solution preferen-
tially produces KVO. Figure 1A clearly shows the mechanism of structural evolution
from a-V,05 to KVO.?>2° First, the insertion and diffusion of K ions into the layers
leads to layer slippage. Notably, the distortion at the edge of the lattice makes the
insertion process more likely to occur at every two layers. Subsequently, the VOs
square pyramid would rotate backward following the classic motion of VOs.
Then, driven by the lower thermodynamically energy, the vanadium atoms would
rearrange in the lattice and re-bond with the oxygen atoms to form stable VOq
octahedra. Finally, after this structural evolution process, the KVO layered structure
is formed. Rietveld-refined X-ray diffraction (XRD) was used to identify the crystal
structure of the as-prepared KVO (Figure 1B). All diffraction peaks in the XRD
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patterns can be indexed to the monoclinic phase with space group C2/m, indi-
cating phase-pure KVO with no impurities (detailed structural parameters are
shown in Table ST and Figure S2). The X-ray photoelectron spectroscopy (XPS)
spectra in Figure S3 further confirm the high purity of the obtained KVO. The cor-
responding refined structural models are also shown in Figures 1C and S4, where
two single sheets of VO, polyhedra alternately stack together by edge sharing,
yielding a double-layered structure, and the alkali metal atoms are sandwiched
in the weakly bound V-O areas. Furthermore, from inductively coupled plasma
and thermogravimetric analysis (Figure S5), the composition of the samples is
defined as Kg51V,0s.

The morphologies of KVO were explored by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). As presented in Figures 1D, 1E,
and S6, the as-prepared KVO shows a highly regular nanobelt morphology
approximately 26-148 nm in width and micrometers in length and grown along
the [010] orientation.”® Each belt is composed of a single-crystalline domain, as
shown by selected-area electron diffraction (SAED, Figure 1F), and the set of diffrac-
tion spots can be indexed to the (600) and (001) planes along the [010] zone axis. In
fact, single-crystal materials possess no significant grain boundaries and few de-
fects, which in principle can facilitate ionic diffusion.?’ Importantly, the (001) facet
of the nanobelts is dominant (Figures 1E and 1F) and possesses a large layer distance
of 9.5 A. Theoretically, this kind of large layered structure could provide open and
stable channels for facile ion insertion and extraction.

Inspired by the structural and purity advantages, we investigated the electrochem-
ical performance of the KVO toward K by using coin cells with metallic K as the
counter electrode. The galvanostatic charge-discharge technique was used to eval-
uate the electrochemical performance of the KVO. As shown in Figure 2A, the as-
prepared bilayered KVO delivered an initial charge capacity of 68.9 mAh g~". Sub-

sequently, the discharge capacity reached a high level of 131 mAh g~

, correspond-
ing to the insertion of approximately 1 Kion per formula. In the following cycles (Fig-
ure S7A), the capacity was almost unchanged, demonstrating excellent
electrochemical reversibility. In contrast, the K-ion storage performance of the
a-V,05 electrodes (Figure S7B) was very poor, showing a reversible discharge ca-
pacity of only 14 mA hr g~'. Apparently, the voltage-capacity profile of the KVO
electrodes displayed three distinct plateaus, and the precise potentials were further
analyzed with the differential galvanostatic (dQ/dV) curve (Figure 2B). During the
discharge process, the KVO electrodes revealed three main peaks at approximately
3.94 (Rq), 3.16 (Rp), and 2.48 V (R3). During the following charge process, three main
peaks at4.17, 3.21, and 2.91 V were observed, which were assigned to O4, O, and
O3, respectively, corresponding to the R;, R, and R; reduction reactions,
respectively.

To investigate the reversible structural evolution of KVO upon K* insertion and
extraction, we performed ex situ XRD measurements on the electrodes at different
charge-discharge states (Figure 2C), corresponding to points 1-15 in Figure 2A.
During the first charge process (from 1 to 3), the peak assigned to (003) exhibited
a minor shift to high angle (Figure S8), indicating a decrease in the lattice param-
eter caused by K" extraction. Subsequently, the reverse behavior was observed
during potassiation (from 3 to 5). In stage | (from 1 to 5), all patterns remained
almost unchanged, implying a single-phase reaction in this region (Figure 58).%%2
The result was further confirmed by the XRD Rietveld refinement of the fully
charged KVO (Figures S9 and S10; Table S2). In the following discharge process
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Figure 2. Structural Evolution of Electrochemical Potassiation

(A and B) Galvanostatic charge-discharge curves (A) and the corresponding dQ/dV curves (B) of
KVO at a current density of 30 mA g~".

(C) Ex situ XRD patterns of the KVO electrodes at the different states in (A).

(D) Structural evolution of KVO upon K" insertion and extraction.

(from 5 to 7), the peaks corresponding to 3-K,V,0s became less intense and grad-
ually disappeared, and some new peaks appeared (Figure S11). In stage Il (from
5 to 7), a new phase (denoted as n-K,V,Os) was generated and the old phase
(8-KV,0s) disappeared, indicating the formation of a biphasic domain.?’ Finally,
at the end of potassiation (from 7 to 9), all patterns remained nearly unchanged,
indicating that K" insertion and extraction occur in stage lll via a single-phase
reaction (Figure S12). Additionally, on the basis of XRD Rietveld refinement of
the fully discharged KVO, the n-K,V,0s can be indexed to the monoclinic
phase with space group C2/m (Figures S13 and S14; Table S3). Although the
length of the V-O bond changed significantly, the n-K,V,0s still maintained a
bilayered structure, meaning a stable structure for accommodation of the K ion.
More importantly, the reverse behavior was observed in the second charge
process, where the XRD pattern returned to the pristine state at the end of
charging, demonstrating the structural reversibility of KVO. Meanwhile, we employ
TEM to identify the morphology change of KVO upon K* insertion and extraction.
As shown in Figure S15, the nanobelts were found in both fully charged
(Figure S15A) and discharged (Figure S15C) KVO electrodes. In the fully
charged KVO electrodes, the lattice fringes of 9.4 A were observed (Figure S15B),
corresponding to the (001) planes of 8-V,Os. In the fully discharged KVO
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electrodes, the lattice fringes of 9.0 A were found (Figure S15D), which originated
from (001) planes of n-KV;Os. In conclusion, the KVO underwent a single-phase
reaction (8-V,O0s to 3-K,V,0s), a phase-transition reaction (3-K,V,Os to
n-K\V,0s), and a subsequent single-phase reaction (n-K,V,O0s5 to n-KV,Os) upon
K* insertion and extraction, as shown in Figure 2D.

To further study the phase change of KVO upon K™ insertion and extraction, we em-
ployed XPS on KVO at different charge-discharge states (Figures S16 and S17). As
shown in Figure S17, the high-resolution V2p 3/2 spectrum of all examples was de-
convoluted into two regions: V>* (at approximately 517.7 eV) and V** (at approxi-
mately 516.3 eV).”® During charging, the peak assigned to V>* increased in intensity,
whereas the peak attributed to V** decreased in intensity. During discharging, the
reverse behavior was observed, indicating that the reversible vanadium interchange
from V°* to V** dominated the K-ion insertion and extraction process.

From the ex situ XRD and XPS analyses, we demonstrated that KVO can provide a sta-
ble crystal framework during K-ion insertion and extraction. As shown in Figure 3A, the
KVO electrodes delivered remarkably high rate capability. As the current density
increased from 0.05 to 0.2, 0.4, 1, 2, and 6 A g’1, the KVO electrode delivered
good capacity retention, varying from 125 to 117, 107, 97, 89, and 76 mA hr 971,
respectively. Remarkably, even at a high rate of 10 A g7', the reversible capacity still
reached 64 mA hr g=', corresponding to 51.2% capacity retention. To evaluate
possible practical applications of the KVO cathode, we calculated its power (rate)
and energy density on the basis of its working potential and capacity at various rates
and the mass of the cathode material; this value is represented in a Ragone plot
together with those of other advanced KIBs cathodes (Figure 3B; Table S4). The
KVO cathode exhibited a high gravimetric energy of 397 W hr kg™" at a low specific
power of 0.16 kW kg™ and was able to maintain 50% of the energy (198 W hr kg™")
when the power was increased 2 orders of magnitude (30.82 kW kg™"). Such perfor-
mance is significantly better than that of current state-of-the-art cathodes in KIBs,
such as KVPO4F, " K3V,(PO,)3/C,"* KFeTFe™(CN),],° K1 ¢Mn[Fe(CN)glo 96 -0.27H,0, "¢
Ko.7Feo.sMng.502,"” Ko ¢CoOs,"® Ko sMnO,,"” and Kq 5V,0s,%° indicating that our KVO
is a very promising candidate for building superior electrochemical energy storage de-
vices with both high power density and high energy density. Inspired by the excellent
rate capability of KVO, we then tested the cycling stability under high current densities.
As shown in Figures 3C and S18, the KVO electrodes exhibited stable capacities of
77.8,51.4, and 45.6 mAhg™" at current densities of 0.1, 2, and 4 A g™, respectively,
even after 100 cycles. These correspond to 61.3%, 60.5%, and 60.7% of the initial
reversible capacity, respectively.

To gain further insight into the underlying mechanism of the aforementioned
outstanding electrochemical performance, we investigated the K-insertion energetics,
electronic structures, and K-diffusion barriers for 8-V,0s and a-V,0s by using DFT. Note
that we constructed the calculated structure of 3-V,Os by removing the K of 3-Kq 51V,0s5
and then performing structure optimization (Figure S19). From the results of the theo-
retical calculations (Figures S20-S22; Table S5), we found that bilayered 3-V,Os is a
more attractive cathode material for KIBs than a-V,Os because of the more suitable
insertion site for K ions (Figure S20; Table S5), higher electronic conductivity (Fig-
ure S21), and more favorable electron structure (Figure S22).

To examine the potassiation dynamics, we investigated the K-diffusion barriers of
various trajectories for a-V,0s and 3-V,05 by the climbing image nudged elastic
band (CI-NEB) method.*° As shown in Figure 523, a-V,0s5 exhibited two typical
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Figure 3. K Storage Performance of KVO

(A) Charge-discharge curves of the KVO electrodes at different current densities.

(B) Ragone plots of our KVO cathode other advanced KIB cathodes, including KVPO4F, K3V,(PO,)5/C, KFe'[Fe"(CN),], K1 sMn[Fe(CN)glo.o6-0.27H,0,
Ko.7Feq.sMng 505, Ko ¢CoOjy, Ko sMnO,, and Ky 5V,Os.

(C) Cycle performance of the KVO electrodes at different current densities.

K-diffusion paths along the x and z directions with diffusion barriers of 1.78 and 5.40
eV (Figures S24-526), respectively. In contrast, 3-V,O5 possessed three possible
paths, two of which, named path 1 and path 2, were in the interlayer of the (001) lattice
plane (Figures 4A and 4C) and one of which (path 3) was along the [001] orientation
(Figure S27). For K-ion diffusion through path 1 (Figures 4A and 4B), the diffusion
direction was along the [010] orientation (1—2—3—4), and the results showed
that K atoms diffused from the different points with the same energy barrier of 0.89
eV (Figures 4B, S28, and S29). For path 2 (Figures 4C and 4D), K atoms first diffused
from site 1 to site 2 with an energy barrier of 0.85 eV (Figures S28 and S30). As Katoms
diffused further from the site 2 to site 3, the energy barrier decreased to 0.08 eV (Fig-
ures S28 and S31). When Kions diffused through path 3, as shown in Figures S27, 528,
and S32, the large energy barrier (6.58 eV) to pass from site 1 to site 2 prohibited
K diffusion along the [001] orientation at room temperature. Notably, both a-V,05
and 3-V,05 possessed a large energy barrier along the [001] orientation, which was
probably due to the obvious increase in the interlayer spacing and expansion of
the diffusion tunnel during diffusion (Figures S26 and S32). Overall, 3-V,0s
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Figure 4. Diffusion Pathways for K lons in KVO

(A-D) K-ion diffusion pathways (A and C) and the corresponding migration activation energy (B and D) through the interlayer of the (001) lattice plane of 3-V,Os.
(E) Structure of the as-prepared bilayered 3-Kg 51V,05 nanobelts.
(F and G) Schematic diagram of the diffusion of K ions through path 1 (F) and path 2 (G) in the selected area of (E).

possessed a larger number of K-ion diffusion tunnels, and these tunnels had lower
diffusion barriers than those of a-V,Os. The rich and fast K-ion diffusion channels in
3-V,05 led to superior rate performance.

Notably, 3-Ko 51V2O0s nanobelts grew along the [010] direction, as shown in Figure 4E.
Assuming that each nanobelt has an average length of | and an average width of d,
when Kions diffuse along the [001] orientation in path 1, the average diffusion distance
is 0.5l. In contrast, when K ions diffuse along path 2, the average diffusion distance is
0.53d (for a detailed calculation process, see Figure S33). As mentioned above, the
3-Ko.51V20s nanobelts had an average width of 74 nm (inset in Figure S6A) and a length
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Figure 5. Demonstration of a K-lon Full Battery

(A) Schematic illustration of the K-ion full cell.

(B) Lit LED screen driven by K-ion full batteries.

(C) Galvanostatic charge-discharge curves of the K-ion full batteries at a current density of 100 mA g~
(D) Galvanostatic charge-discharge curves of the K-ion full batteries at different current densities.
(E) Cycle performance of the K-ion full batteries at a current density of 300 mA g~".

in micrometers, indicating that the diffusion distance along path 1 would be approxi-
mately 100 times (or more) that of path 2. The diffusion time (1), diffusion distance
(L), and diffusion coefficient (D) can be described by the following equation'y'32

7=1%/D.

Because the diffusion coefficient (D) of path 2 is larger than that of path 1 as a result
of the smaller diffusion barriers of path 2, the diffusion time of path 1is 10,000 times
longer than that of path 2. These results indicate that diffusion along path 2 is mainly
responsible for the ultrahigh rate performance of KVO.

In real applications, a metallic K battery would be highly dangerous and unrealistic
because of the high activity of K metal. Therefore, we demonstrated a rocking-chair
K-ion full battery with KVO as the cathode and potassiated graphite as the anode (for
detailed information, see Figure S34). During the charge process, K ions were ex-
tracted from KVO and inserted into graphite, and the reverse behavior occured
upon discharging (Figure 5A). The lit LED screen powered by the K-ion full cell indi-
cates that this energy system is feasible (Figure 5B). As shown in Figure 5C, the full
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battery delivered a reversible capacity of 94 mAh g™ (based on the mass of the cath-
ode) with a mean operating voltage of 2.53 V, corresponding to a high energy den-
sity of approximately 238 Wh kg ™" (based on the mass of cathodes). In addition, this
full cell also exhibited superior rate capability (Figure 5D) and cycle performance
(Figures 5E and S35). As shown in Figure 5D, a reversible capacity of 60 mA hr g™
could be reached even at a high current rate of 2 A g™, corresponding to 4% ca-
pacity retention. Meanwhile, the good capacity retention of 84% after 100 cycles
manifests the considerable long-term cycling stability of our full cell (Figure 5E).
More importantly, in the Ragone plot shown in Figure S36, the full cell has both
higher energy (238 Wh kg‘1) and power (5480 W kg_1) densities (based on the
mass of cathodes) than most reported full KIBs (Table Sé). Such superior electro-
chemical performance suggests promising applications of KVO in full KIBs for
large-scale energy storage systems.

In summary, as a proof-of-concept experiment, to alleviate the high insertion
energetics and diffusion barriers of K ions through the reconstruction of V-O
polyhedra of a-V,0s, we synthesized single-crystalline bilayered KVO with an
optimized growth orientation along the [010] direction to form a stable bilayered
structure to endure reversible K-ion insertion and extraction via a facile chemical
preintercalation synthetic approach by using low-cost a-V,0s as the raw material.
The as-prepared KVO has a large layered structure (9.5 A) and 1D nanobelt
morphology, which could theoretically facilitate K-ion insertion, extraction, and
diffusion. When used as the cathode material for KIBs, between 2 and 4.5V,
KVO exhibits superior K-storage performance, including high average voltage
(3.2 V), high capacity (131 mAh 971), and superior rate capability even at
10 A g~". The combined analysis of ex situ XRD and XPS reveals that the & phase
of Ko.51V20s transforms reversibly into a new phase upon K-ion deintercalation and
intercalation. Additionally, DFT calculations indicate that the excellent K-ion
storage performance of KVO could be attributed to its large interlayered
structure and unique 1D morphology along the [010] orientation, which lead to
low diffusion barriers and short diffusion distances, allowing rapid K-ion diffusion
inside the layer. More importantly, we also proposed and demonstrated a rock-
ing-chair full cell with KVO as the cathode material and graphite as the anode
material, which exhibits a high energy density (238 Wh kg™") and a high power
density (5,480 W kg’1) (based on the mass of cathodes). We believe that the
promising electrochemical results obtained herein, as well as the insight into the
K-storage mechanisms, brings low-cost room-temperature KiBs a step closer to
becoming sustainable large-scale energy storage systems.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.
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