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Capacitance enhancement by ion-laminated
borophene-like layered materials

Tetsuya Kambe 1,2,3,4,5 , Masahiro Katakura 2, Hinayo Taya2,
Hirona Nakamura2, Takuya Yamashita2, Masataka Yoshida2, Akiyoshi Kuzume4,6,
Kaori Akagami3, Ryota Imai3, Jumpei Kawaguchi3, Shigeyuki Masaoka 3,5,
Shoichi Kubo 2, Hiroaki Iino 7, Atsushi Shishido 2,8 &
Kimihisa Yamamoto 2,4

Atomically flat two-dimensional networks of boron are attracting attention as
post-graphene materials. An introduction of cations between the boron
atomic layers can exhibit unique electronic functions that are not achieved by
neutral graphene or its derivatives. In the present study, we propose a synth-
esis strategy for ion-laminated boron layered materials in a solution phase,
which enables the preparation of analogs by changing the alkali-metal species.
The introduction of large cations extends the thermal range of the liquid-
crystal phases because of weakened ionic interactions between borophene-
like layers. An investigation of the capacitance of ion-laminated structures
revealed a 105-fold or better increase in capacitance when the borophene-like
materials were introduced between electrodes. That is difficult for general
materials since the dielectric constant of common materials is below several
thousand.

Inorganic two-dimensional materials have been widely investigated
and used in various electronic devices that play important roles in
society. For example, clay minerals or perovskite-structured materials
can increase the device capacitances between electrodes. Such mate-
rials include BaTiO3, which exhibits ferroelectricity and high permit-
tivity as a result of shifts of its ions during phase transitions1–3.
Recently, layer control of perovskites has also been reported, and their
dielectric properties have been elucidated4. Because these functions
are based on two-dimensionally arranged ions, neutral materials such
as graphite or graphene analogs are not suitable for use in the afore-
mentioned applications. In addition, the high physical and chemical
stability of inorganic materials is a critical feature that cannot be
matched by organic molecular materials and is an important property

for materials used in practical devices. However, the structural rigidity
of inorganic materials severely limits their performance and makes
them unsuitable for use in high-performance next-generation devices.
A rigid structure generally inhibits movement of atoms or molecules
under an external stimulus, which might set the upper limit on per-
formance. Because rigidity is a fundamental feature of common inor-
ganic materials, this problem is difficult to overcome.

Single atomic layers of inorganic materials are attracting
increasing attention. The preparation of thin films of layered inorganic
materials such as MoS2, WS2, MoSe2, MoTe2, TaSe2, NbSe2, NiTe2, BN,
and Bi2Te3 has been reported5,6. In addition, monolayer materials
composed of only a single element have been studied, with particular
emphasis on main-group elements such as silicene7,8, borophene9,10,
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and other materials referred to as “Xenes”11–15. Although Xenes have
been intensively investigated as Dirac electron systems, the low sta-
bility causes various problems to be used as functional materials. In
particular, borophene, which has a boron network, has been theore-
tically proposed as a highly flexible material16; however, immediate
oxidation of borophene in air is a serious problem10. Recently, bilayer
borophenes have been focused to overcome the low stability17–19,
however, a single layered borophene requires a metal surface for its
existence. In addition, borophane,which is composedofB-H andB-H-B
bonds, are also arising as a hydrogenating material. They are synthe-
sized by hydrogenated reaction from borophene20. Focusing on the
preparation methods, chemical bottom-up synthesis for the single
atomic layers is attractive. Nishihara et al. have reported the design and
synthesis of graphene-like inorganic materials with interfacial reac-
tions, where the building blocks are two-dimensionalmetal complexes
with organic ligands21,22.

A material composed of borophene oxide layers, which are
graphene-like atomic sheets composed of only inorganic elements,
was reported by our research group as alternating layers of single
anionic borophene analogs and potassium cations23,24. The borophene
oxide layers are chemically synthesized from molecular potassium
borohydride. The introduction of metal cations between layers is sig-
nificant for this material since it enables the formation of a thin film.
Metal borides, including MgB2, are similar to this material; however,
the two-dimensional sheet is difficult without chemical bonding for-
mations such as B-Hbondings25. Therefore, theseproperties are totally
different. Suchmetal-intercalated borophene has alsobeen focusedon
as a new material due to its high in-plane thermal conductivity26. The
single-layer thickness of borophene analogs makes their structure
flexible, unlike the structures of other clay minerals or perovskite-type
materials, despite being composed of only inorganic components. A
dehydration reaction of borophene oxide crystals (BoCs) yields liquid
crystals (LCs) (borophene oxide liquid crystals: BoLCs) because of
their flexibility, resulting in the development of an inorganic LC device
that operates on the basis of dynamic scattering27. Solutions of two-
dimensional materials such as antimony phosphate nanosheets28,
niobium oxide layered compounds29–31, clay minerals32–34, and gra-
phene or graphene oxides35–38 have been reported to show LC phases.
In contrast to these lyotropic LCswith organic solvents, BoLCswithout
solvents have enough and unique possibilities for device applications.
The dynamic features of BoLCs are attributable to the potassium
cations between layers and the flexible skeleton of the borophene
analog, which contributes to generate polarization of charges. In

addition, the BoLC has a substantial advantage in the synthesis of
variants because a BoLC with potassium cations (K-BoLC) is prepared
by chemical synthesis in a solution phase frompotassiumborohydride
(KBH4). The metal cations of a BoLC, which directly affect its polar-
ization function, can be simply changed by switching the starting
material. In the present study, we synthesized two-dimensional inor-
ganic LC materials, in which alkali cations are alternately stacked in a
single layer; we then elucidated the ability of the materials to enhance
capacitance between electrodes. The amplification of capacitance by
the factor of more than 105 achieved by the BoLC samples is not
available using existing high-permittivity materials though they have
relative dielectric constants of several thousand.

Results
Synthesis of inorganic liquid crystals
Atfirst, BoCswith potassiumcations (K-BoC)were synthesized froman
acetonitrile solution of KBH4 according to the method reported in the
literature23. This method, in which the growth of the boron network
was controlled by simultaneous crystallization, allows the BoCs to be
prepared with other alkali-metal cations (Fig. 1A, B). BoCs with Rb+

cations (Rb-BoC) or Cs+ cations (Cs-BoC)were synthesized by the same
method using RbBH4 and CsBH4 as raw materials, respectively. In the
case of Cs-BoC, crystallization was promoted by using toluene as a
poor solvent and concentrating the solution through evaporation. The
corresponding LCs (Rb-BoLC and Cs-BoLC) were prepared from the
BoCs by heating under vacuum or inert-gas conditions in the same
manner as K-BoLC, which proceeded via a dehydration reaction27.

Scanning electron microscopy (SEM) (Fig. 1C) and optical micro-
scopy (Supplementary Fig. 1) images of the synthesized M-BoCs
(M =Rb, Cs) reveal a flake-like appearance. In the corresponding
infrared (IR) spectra, most of the peaks, including the B–O stretching
peaks, appear at similar positions (Supplementary Fig. 2). These
structures are also confirmed by Raman spectra ofM-BoCs (M =K, Rb,
Cs) complementary (Supplementary Fig. 3). In addition, the B 1s
binding energies in M-BoCs (M = Rb, Cs) determined by X-ray photo-
electron spectroscopy (XPS) are close to that for K-BoC (Supplemen-
tary Fig. 4). Collectively, these results suggest that the synthesized M-
BoCs (M =Rb, Cs) samples have in-planeboronnetworks similar to that
of K-BoC. However, the cations strongly affect the layer spacing of the
crystal structure. We characterized the structure of each sample by
X-raydiffraction (XRD) analysis (Fig. 2). The observedpeakswere fitted
withmodel structures (Supplementary Fig. 5). The initial structure was
based on that of K-BoC, whose structure has been determined by

Fig. 1 | Synthesis of borophene oxide layers with metal cations. A Schematic of
synthesis with structure control. The orange arrows show the reaction of water
vapor with MBH4 (M =K, Rb, Cs). B Structure of borophene oxide layers (green:

boron, red: oxygen, purple: alkali metal). C, D Scanning electron microscopy ima-
ges of Rb-BoC (scale bar: 100μm) and Cs-BoC (scale bar: 10μm), respectively.
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single-crystal structure analysis23. In the XRD pattern simulated using
the corresponding cations and suggested cell parameters obtained
from the XRDmeasurements, almost all the peak positions agree with
the observed values. The slight difference in peak intensities is con-
sidered to be due to the influence of occupancy of oxygen atoms. The
XRD results show that peaks such as (001) and (101), which include c-
axis components, are shifted to lower angles in theXRDpatterns forM-
BoCs (M = Rb, Cs) compared with those in the pattern for K-BoC,
whereas peaks not related to the c-axis (i.e., 100 and 110) change only
slightly. With increasing size of the cations, the 2θ values for the peaks
decrease, indicating an increase in the interplanar spacing corre-
sponding to the c-axis direction. Therefore, increasing cation size
directly increases the interplanar spacing. The in-plane peak is also
shifted, although the change is small; this shift is likely attributable to
the cations interacting with oxygen atoms present in the borophene
skeleton and the change in size affecting the hexagonal in-plane

structure. As a result, the M-BoCs (M =Rb, Cs) were found to have a
crystal structure similar to that of K-BoC,with different cell parameters
(Rb-BoC: a = b = 6.2 Å, c = 3.7 Å; Cs-BoC: a = b = 6.4 Å, c = 4.0Å) (Fig. 2).

Liquid-crystal features of M-BoLCs (M=Rb, Cs)
The M-BoC (M =Rb, Cs) samples were subjected to a thermal dehy-
dration reaction, resulting in the formation of LC phase of M-BoLCs
(M =Rb, Cs) (Fig. 3) after dehydration at 70–150 °C. Decreasing of
weight was detected by TGmeasurements (Supplementary Fig. 6). The
details of this change to liquid crystals were already reported in the
previous work27. We also confirmed that the in-plane chemical struc-
ture was maintained by comparing Raman spectra before and after
liquid crystallization (Supplementary Fig. 7). Liquefaction of the mul-
tiple crystals and assembly into droplets were observed. Observation
of the droplets with a polarized optical microscope under crossed
nicols showed four dark areas in the cross direction at the peripheral

Fig. 2 | Structure analysis ofM-BoCs (M =Rb, Cs). A XRD spectra of Rb-BoC and
Cs-BoC are demonstrated with that of K-BoC. Filled circle: (100), unfilled inverted
triangle: (001), filled triange: (110), unfilled square: (101), filled rhombus: (200),

unfilled circle: (111).BCalculated cell lengths (a = b = 6.2 Å, and c = 3.7 Å for Rb-BoC,
and a = b = 6.4 Å, and c = 4.0 Å for Cs-BoC). *Values of single crystal analysis23.

A Rb-BoC
E

B Cs-BoC

C Rb-BoLC D Cs-BoLC

Fig. 3 | Liquid crystalline features ofM-BoLCs (M =Rb, Cs). A, B Polarized optical
microscopy images ofM-BoCs (M = Rb, Cs) under crossed polarizers (white double
arrows). Scale bar: 500μm. C, D Polarized optical microscopy images of M-BoLCs
(M = Rb, Cs) under crossed polarizers (white double arrows). Scale bar: 500μm.

E Differential scanning calorimetry (DSC) curves for M-BoLCs (M = Rb, Cs) on
heating and cooling processes. Filled circles on the curves are starting points of the
measurements.
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region at ~200 °C, indicating a spherulite-like orientation similar to the
case for K-BoLC (Fig. 3C, D). The temperature corresponding to the
crystal to LC shift was approximately the same irrespective of
the cation species (Supplementary Fig. 6). However, variation of the
cations led to a change in the temperature of the phase transition of
the BoLCs. K-BoLC has been reported to undergo a thermal phase
transition27. Notably, the low-temperature state is totally different
from that for BoC because BoLCs are produced by an irreversible
dehydration reaction from BoCs; thus, BoLCs are not obtained by the
phase transition of BoCs. Thermal analysis of theM-BoLCs (M = Rb, Cs)
reveals that the temperature of the phase transition is lowered to near
room temperature as the cation size increases (Fig. 3E), indicating
active inorganic LCs over a wider temperature range. This shift of the
phase transition temperature to lower values by changing the inter-
layer cations occurs because the introduction of large Cs+, whose
surface charge is lower than that of K+, weakens the electrostatic
interactions between the layers and decreases the crystallinity of the
Cs-BoLCs. In the case of Rb-BoLC, a sharp peak was observed in the
cooling process. This sharp peak was observed with reproducibility
(Supplementary Fig. 8). It is considered that there is a barrier when a
large two-dimensionalmaterial undergoes a phase transition, resulting
in a sudden structural change at a certain temperature. The structures
of BoLCswere revealed by powder XRDmeasurement. In the case of K-
BoLC, slight expansion of the distance between layers is reported due
to the chemical change in defective B-OH structures via the dehydra-
tion process27. In the case ofM-BoLC (M = Rb, Cs), the shift of peaks is
not observed compared with the corresponding crystals (Supple-
mentary Fig. 9). The reason is considered to be that, by increasing the
size of the cations, the interlayers were already sufficiently expanded,
and thus the effect of the chemical reaction at the terminal part was
not reflected in the crystal structure.

Capacitance enhancement by BoLCs
The electrostatic capacitance was significantly improved by introdu-
cing the BoLCs between the electrodes of a capacitor. Al electrodes
were prepared by vapor deposition, with a Cr metal layer for adhesion
to the silica substrate (Supplementary Fig. 10). The oxide surface on
the Al electrodes was controlled to be 7 nm thick (Fig. 4A). The intro-
duction of K-BoLCs to the electrodes led to a 105-fold increase in
capacitance at 200 °C comparedwith thatwhen dryArwas introduced
(Fig. 4B). High dielectric permittivity values of LCs are current hot
topics39,40. Though the discussion on the value is difficult due to the
effect of interfacial polarizations on the electrode41, we have estimated
that the relative permittivity (εr) value of K-BoLC was over 105 in this
device (e.g., 1.2 × 105 at 200 °C and 10 at 30 °C) through the thickness
dependency of the device (Fig. 4C). This value surpasses that of many
liquid crystals (≈104) focused on by researchers39,40. The equation is
demonstrated in method section. Comparison with the device con-
taining crystal (K-BoC) revealed that the high temperature phase of the
K-BoLC is essential for this high dielectric constant in this sample
(Supplementary Fig. 11). The capacitance decreased substantially with
decreasing temperature (Fig. 4D and Supplementary Fig. 12). As
demonstrated in Fig. 4E, the high capacitance was recovered by
heatingprocess. This changewas found tobe reversible, and theon/off
ratio exceeded 104 times (Fig. 4F and Table 1). The transition tem-
perature was 120–130 °C (Fig. 4F), which is similar to the reported
phase transition temperature determined from the differential scan-
ning calorimetry (DSC)27. The temperature difference between cooling
and heating processes is considered to be derived from supercooling.
Stability inmultiple charge-discharge processes was also evaluated. At
200 °C, the capacitance in a wide frequency region hardly changed
during 10 measurements (Fig. 4G, H), confirming enough stability. We
note that the stability of a sample decreased at 275 °C (Supplementary
Fig. 13). The frequency dependence shows a decrease in capacitance in
the high-frequency area (Supplementary Fig. 14), suggesting that the

polarization of the sample under the electric field was caused by the
migration of ions in a fluid state (Supplementary Fig. 15). Generally,
interfacial, dipoles, ionic and electronic contributions are considerable
for the increase of the polarization42. In the case of K-BoLC, a large
decrease was observed when the frequency exceeded about 103Hz.
Therefore,major influenceof the interfacial polarization is considered.
This feature suggests that the cations are unbound andmovable in the
K-BoLC layers. The cations can move on with low frequency; on the
other hand, the cations cannot move on with high frequency. There-
fore, it is suggested that this motion of cations enhances the capaci-
tance of the K-BoLC in low frequency region. In this frequency region,
the loss tangent is restricted. In high frequency, the values of loss
tangent, which is an index of energy loss, increased according to the
frequency (Supplementary Fig. 16), because the cations of K-BoLC do
not perfectly but halfway follow the frequency.

Discussions
The formation of the K-BoLCs between the plates was proved by
temperature-dependent XRD analysis. Two sapphire substrates were
used for sandwiching K-BoLC because of the silent background peaks
of sapphire. As a result, the diffraction peaks disappeared except for
one broad peak originating from the ordered structures under the
high-temperature condition associated with high capacitance (Sup-
plementary Figs. 17 and 18). Since multiple peaks were observed upon
returning to room temperature, the structural change is reversible,
similar to the change in dielectric constant (Supplementary Fig. 17).
The results suggest that the cations and the two-dimensional boron
sheets maintain the layered structures even at high temperatures. In
this device, a homogeneous alignment of BoLCs to the electrodes was
not observed. Polarized optical microscopy images suggested that the
BoLCs between glass plates (thickness: 0.1–0.2mm) formed poly-
domain structures (Supplementary Fig. 19), implying that those
oriented perpendicular to the electrodes affect the interfacial
polarization.

The capacitance change behavior was also observed in the case of
the other investigated cations. The capacitances of M-BoLCs (M =Rb,
Cs) measured at 200 °C show similar values for K-BoLC (Fig. 5A). Also,
the temperature at which the capacitance changes is about 100 °C for
both Rb-BoLC and Cs-BoLC; the temperatures are lower than the
corresponding temperature forK-BoLC. The trend in temperature shift
is consistent with the phase transition temperatures of the LCs. The
introduced cations also strongly affected the frequency dependence
(Fig. 5B). The retention of high capacitance in the high-frequency
region was observed in the case of larger cations. This is attributed to
increased distances between layers for the larger cations, which allows
ions with weak ionic bindings to move in a wide space. Since theore-
tical calculations are a powerful method to clarify the effects of
cations, we demonstrated the movement of potassium ions in K-BoC
based on molecular dynamics calculations using a model with partial
potassium deficiency (Supplementary Movie 1). This result suggested
that the distance of 1.13 nm between layers is required in order for
potassium cations to move in the plane at 500K (202 °C). First-
principles calculations to investigate the interlayer distance depen-
dency in K-BoC revealed that it takes multiple minimum structures
with the change of themagneticmoment (Supplementary Fig. 20).We
are considering that this structural feature may assist the partial
opening between layers for the movement of potassium cations.
However, detailed discussion is difficult at present because positions
of oxygens are still ambiguous in BoC and BoLC.

In conclusion, a synthesis strategy for ion-laminated boron
layered materials in a solution phase was demonstrated, allowing the
generation of analogs by varying the alkali-metal species. The incor-
poration of large cations expanded the thermal stability range of LC
phases due to weakened ionic interactions between borophene-like
layers. Evaluating the capacitance of ion-laminated structures revealed
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a 105-fold or greater increase when borophene-like materials were
introduced between electrodes. This achievement significantly con-
tributes to the advancement of novel device applications for bor-
ophene analogs, which are anticipated as post-graphene materials.

Methods
Fabrication of M-BoC (M=K, Rb, Cs)
MBH4 (M =K: 125mg, M = Rb: 80mg, M =Cs: 137mg) was added to
acetonitrile (M =K: 500mL,M =Rb or Cs: 200mL) in an Ar-filled glove

Fig. 4 | Electrostatic capacity enhancement by K-BoLCs. A Set-up of the capa-
citance measurement device for BoLCs. Details are described in Supplementary
Materials. B Change of the electrostatic capacity by introducing K-BoLC between
electrodeswith0.13mmdistance. The applied voltage and temperature are 100mV
and 275 °C, respectively.C Thickness dependency of the capacitance device at 200
and 30 °C. Temperature dependency of the electrostatic capacity of the K-BoLC
device during cooling (D) or heating (E) processes. The transition temperature is

corresponding to the phase transition of K-BoLC. Error bars in (D) and (E) stand for
the standard deviation of four or five observed values. These data were obtained
using a separately prepared device. F Reversibility of the electrostatic capacity of
the K-BoLC device against temperature changes.G,H Stability of the device during
multiple measurements. Frequency dependence (G) and capacitance decay (H) are
demonstrated.
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box. Themixturewas stirred for 1 h. The solutionwas thenheated in air
at 40 °C for 1 h and left to stand for 20 h. Afterward, the solution was
filtered to remove any undissolved solids. The filtered solution was
then placed in a vial with the lid slightly open and left undisturbed for
several days until crystals formed. In the case of Cs-BoC, crystallization
was promoted by using toluene as a poor solvent and concentrating
the solution through evaporation.

Preparation of M-BoLC (M=K, Rb, Cs)
Crushed M-BoC (M =K, Rb, Cs) was sandwiched between substrates
and heated at 200 °C for 2 h under vacuum.

Characterization
Field-emission SEM observations were carried out with a Hitachi High-
Technologies S5500. Polarized optical microscopy images were
acquired using an Olympus BX50 or BX53-P, or a Nikon Eclipse E400
POL with halogen lamps; the temperature of the specimens was con-
trolled using a Mettler Toledo FP-90 or FP-82HT or an Instec HCS402.

The samples shown in Fig. 3A–D were prepared using glass cells
and polyimide film (Kapton) as a spacer. The sides of the cells were
fastened with Araldite bond (Araldite RT30). DSC curves were recor-
ded using a Rigaku DSC 8230 or a Hitachi High-Technologies DSC
7000X. The DSC curves in Fig. 3E were recorded after thermal treat-
ment of Rb-BoC (4.7mg) and Cs-BoC (3.3mg) in an Al sample pan
under a N2 atmosphere. FT-IR spectra were acquired using a Jasco FT/
IR-4700; samples were prepared as KBr pellets. XRD data were col-
lected using a Rigaku SmartLab. Raman spectra were recorded using a
confocal microscope laser Raman spectrometer (Horiba LabRAM HR
Evolution) with the excitation wavelength set to 632.8 nm from a He-
Ne laserwith a typical power of 0.5mWon the sample surface. Samples
for Fig. S7 were placed in a glass capillary for measurement to avid
decomposition due to air exposure. Glass capillaries were heated at
200 °C for 5min allowing to transform to LCs. XPS spectra were
measured by using an ESCA-3400 (Shimadzu) or a PHI 5000 VersaP-
robe (Ulvac-Phi, Inc.) equipped with an Al Kα (15 kV, 25W). The mea-
sured samples on a carbon tapewere crushed by a spatula to bare flesh

surfaces before measurements. Obtained data were analyzed with the
PHI Multipack software.

TG-DTAandDSCcurveswere recordedbyusing aRigakuTG8120,
and a DSC 7000X (Hitach High-Tech Science Corporation), respec-
tively. Mettler thermo system: METTLER TOLEDO FP90 Hot Stage
(METTLER TOLEDO) and LCR meter: Precision LCR meter, 4284A,
20Hz–1MHz (Agilent) was used for capacitance measurements.

Capacitance measurements
Crashed BoCs were evenly placed on the aluminum electrode. Kapton
filmswere alsoput next to the sample asa space to control thedistance
(0.1–0.2mm) between the electrodes as need. Then it was sandwiched
with another electrode, and three sides of the both electrodes were
sealed with an epoxy-based adhesive (Araldite Rapid). After fixed, it
washeated to 200 °Cunder vacuum toprepareBoLCs. After cooling to
room temperature, the remaining one side was sealed with Araldite
Rapid under an inert gas condition. Electric wires are attached to the
aluminum electrodes with ultrasonic soldering for capacitance mea-
surements. The thickness of the device was changed by varying the
amount of BoC samples before thermal treatment to produce BoLCs.

The relative permittivity (εr) is evaluated from the Eq. (1) and
Fig. 4C. Cb: capacitance of sample, Ci: interfacial capacitance, εr:
vacuum permittivity, S: surface area of the electrode, d: distance of
sample:

ð1Þ

A capacitancemeasurement device of BoCwas prepared with the
thickness of 0.1–0.2mm. After sealing the sides of the device, capaci-
tance measurements were subjected without heating treatment
at 200 °C.

Calculation
The Vienna ab initio simulation package (VASP)43–46 was used to eval-
uate the thermal stability of the structure of themodelized borophene
oxide layer in the framework of density functional theory (DFT). We
used the generalized gradient approximation of Perdew, Burke, and
Ernzerhof47 as the exchange-correlation potential. The projector aug-
mented wave method48,49 was used to solve the Korn-Sham equation.
The cut-off energy is set to 500 eV. Thus, we did not apply it in this

Fig. 5 | Electrostatic capacitymeasurement ofM-BoLCs (M =K,Rb, and Cs).Temperature (A) or frequency (B) dependencies of the electrostatic capacities forM-BoLCs
(M =K, Rb, Cs). The frequency of (A) is 20Hz, and the temperature of (B) is 275 °C.

Table 1 | The electrostatic capacity values of the K-BoLC
device during cooling or heating processes

Temperature/°C C/pF

Cooling Heating

275 (4.9 ± 0.5) × 105 (4.1 ± 0.3) × 105

150 (2.0 ± 0.5) × 105 (5.4 ± 3.5) × 104

100 42 ± 34 12 ± 4

The error values stand for the standard deviation of four or five observed values.
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study to save computational cost. VESTA50 was used for drawing the
structures and simulating the scattering patterns.

VASP version 5.4.1 was used for the simulation. GGA-PBEwas used
for exchange-correlation functionals, and PAW method was used for
pseudopotentials. In order to investigate the effect of interlayer dis-
tance, one-point calculations were performed while changing inter-
layer distance in 5% increments based on the experimentally observed
value, preserving the relative atomic coordinates within the cell
(Supplementary Fig. 20). The molecular dynamics simulations were in
the NVT ensemble with a time step of 1 fs. The in-plane structure of the
calculated system is prepared after optimization from the experi-
mental data. To reveal the transition of potassium cations, one defect
was introduced with a fixed boron network.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data in the main text or the Supplementary Materials are available
upon request.
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