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ABSTRACT: 2D materials showcase unconventional properties
emerging from quantum confinement effects. In this work, a “soft
chemical” route allows for the deintercalation of K+ from the
layered antimonide KV6Sb6, resulting in the discovery of a new
metastable 2D-Kagome antimonide K0.1(1)V6Sb6 with a van der
Waals gap of 3.2 Å. The structure of K0.1(1)V6Sb6 was determined
via the synergistic techniques, including X-ray pair distribution
function analysis, advanced transmission electron microscopy, and
density functional theory calculations. The K0.1(1)V6Sb6 compound
crystallizes in the monoclinic space group C2/m (a = 9.57(2) Å, b
= 5.502(8) Å, c = 10.23(2) Å, β = 97.6(2)°, Z = 2). The [V6Sb6]
layers in K0.1(1)V6Sb6 are retained upon deintercalation and closely
resemble the layers in the parent compound, yet deintercalation
results in a relative shift of the adjacent [V6Sb6] layers. The magnetic properties of the K0.1(1)V6Sb6 phase in the 2−300 K range are
comparable to those of KV6Sb6 and another Kagome antimonide KV3Sb5, consistent with nearly temperature-independent
paramagnetism. Electronic band structure calculation suggests a nontrivial band topology with flat bands and opening of band
crossing afforded by deintercalation. Transport property measurements reveal a metallic nature for K0.1(1)V6Sb6 and a low thermal
conductivity of 0.6 W K−1 m−1 at 300 K. Additionally, ion exchange in KV6Sb6 via a solvothermal route leads to a successful partial
exchange of K+ with A+ (A = Na, Rb, and Cs). This study highlights the tunability of the layered structure of the KV6Sb6 compound,
providing a rich playground for the realization of new 2D materials.

■ INTRODUCTION

The potential of realizing emergent material properties that
arise from the confinement of charge and heat transport to a
plane has fueled the quest for two-dimensional (2D)
materials.1,2 As 2D materials possess layered structures,
where individual layers are held together by van der Waals
(vdW) interactions, they boast electronic, magnetic, thermal,
mechanical, and optical properties significantly different from
their three-dimensional (3D) analogs.1,3,4 A notable example is
the discovery of unconventional superconductivity in bilayer
graphene,3,4 a 2D analog of non-superconducting graphite.
The motivation to expand the library of 2D materials

beyond graphene has led to extensive study of other classes of
2D materials, such as the transition metal dichalcogenides
(TMDs) MX2 (M = transition metal, X = S−Te),5 MXenes
derived from MAX phases (M = transition metal, A = Al, Si,
Ga, X = C or N),6−8 and, more recently, the boride analogs of
MXenes, i.e., MBenes obtained from MAB phases (M =
transition metal, A = Al, In, and B = boron).9,10 TMDs,
MXenes, and MBenes have been explored for many applications,
including optoelectronics, energy storage, and catalysis.5,7−9

Many of the methods that enable synthesis of the above 2D
materials employ low-temperature “soft chemistry”
routes.6,10−19 Reaction pathways in “soft chemistry” methods
are oftentimes kinetically controlled, providing access to
metastable 2D materials.20−22 One of the methods used for
2D material synthesis is topochemical deintercalation, which is
the selective removal of atoms/ions from a host material while
preserving the structural features of the host.10−14

While deintercalation of the TMD, MAX, and MAB phases
has been extensively explored, the route remains underex-
plored for layered compounds within the Kagome class of
materials. Structures of Kagome compounds feature a Kagome
sublattice, which is a flat network of atoms composed of
hexagonal and triangular motifs forming a star-like pat-
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tern.23−28 The geometry of the Kagome lattice does not allow
for perfect antiferromagnetic alignment of magnetic moments,
leading to magnetic frustration. Such structural features render
Kagome compounds with distinctive properties, such as
superconductivity, Dirac Fermion behavior, quantum spin
liquid behavior, and charge density waves.23−31 In Kagome
compounds, the Kagome sublattice can either be a part of a
three-dimensional crystal structure like in the MgCo6Ge6 and
ScV6Sn6 intermetallics32,33 or form (bi)layers like in the Fe3Sn2
compound.30,34 There are also examples where the Kagome
sublattice is part of covalently bonded layers that are well
separated from each other by layers of electropositive cations,
such as in Cs2Pd3S4 or CsCu3S2, where the layers containing
the Pd/Cu Kagome-net alternate with the Cs layers.35,36
Although rare, similar layered compounds are found among
the pnictides, for instance, the K3Cu3P2 phase.37 For the
heavier pnictides (Sb and Bi), the family of layered Kagome
compounds was recently extended with the discovery of
AV3Sb5, AV6Sb6 (A = K, Rb, Cs), and ATi3Bi5 (A = Rb, Cs)
compounds.26,31,38−43 The layered structure of these new
families of compounds, where the Kagome network of
transition metals (Ti or V) is well separated by layers of alkali
metal cations, makes them suitable candidates for deinterca-
lation studies, such that selective removal of alkali metal
cations can pave the way toward the synthesis of new 2D
materials while preserving the Kagome net. The exciting
physics of 2D materials combined with the unique electronic
structures afforded by the Kagome lattice is an attractive
pursuit in the discovery of novel 2D materials with emergent
properties.44,45
Herein, we studied the deintercalation of K+ from the

layered Kagome antimonide KV6Sb6, where the [V6Sb6] layers
are separated by the layers of K+ cations. A single [V6Sb6] layer
comprises double layers of [V3Sb], featuring a Kagome bilayer
of V atoms, terminated by a single layer of Sb atoms on either
side. Using water, a nearly complete deintercalation of K+ from
KV6Sb6 is achieved, leading to the discovery of a new pnictide-
based metastable 2D-Kagome material with a vdW gap of 3.2
Å. The crystal structure of the deintercalated product was
unveiled by utilizing a synergistic combination of X-ray pair
distribution function (PDF) analysis, scanning transmission
electron microscopy (STEM), and density functional theory
(DFT) calculations, an approach successfully used earlier for
atomic structure determination of metastable Li∼0.5NiB.

11 We
investigated the effect of K+ removal on the low-temperature
magnetic and transport properties. Through our work, we
provide an example of facile synthesis and strategy for
structural determination of new metastable 2D compounds.
Such a strategy can be extended toward other layered pnictides
to expand the library of novel 2D materials.

■ EXPERIMENTAL SECTION

Synthesis of the deintercalated K0.1(1)V6Sb6 phase starts with
the preparation of the parent KV6Sb6 compound using KH, V,
and Sb powders, as described in our earlier work,39 followed by
the topotactic deintercalation of K+ using water. Deintercala-
tion was also attempted using other solvents, such as 0.1 M
HCl, methanol, and ethanol. We performed ion exchange
experiments with KV6Sb6 under nonsolvothermal and
solvothermal conditions. The experimental design for the
nonsolvothermal ion-exchange reactions was adopted from the
work by Manos et al.46 For the solvothermal ion exchange
experiment, KV6Sb6, a suitable alkali metal salt, and the desired

solvent were placed inside a stainless-steel autoclave with a
subsequent reaction in a solvothermal furnace.
The synthesized samples were analyzed by powder X-ray

diffraction (PXRD) using a Rigaku MiniFlex600 powder
diffractometer with Cu Kα radiation (λ = 1.54051 Å). To
determine the K content in the parent KV6Sb6 and
deintercalated K0.1(1)V6Sb6 compounds, the samples were
analyzed using a nitrogen (N2)-sustained microwave induc-
tively coupled atmospheric pressure plasma mass spectrometer
(MICAP-MS, Analytik Jena, Germany). Operation details and
applications of the N2-MICAP-MS for elemental analysis have
been described elsewhere.47−51

Total scattering data suitable for PDF analysis were collected
at beamline 11 ID-B at the Advanced Photon Source at
Argonne National Lab (APS ANL) using λ = 0.1432 Å. The
PDF, G(r), was obtained by direct Fourier transformation of
scattering structure function S(Q) obtained using the program
PDF Suite/PDFgetX3.52 PDF data were analyzed using the
program PDFgui.53 High-temperature synchrotron PXRD data
were collected at synchrotron beamline 17-BM at APS ANL (λ
= 0.24089 Å).54
Scanning electron microscopy-energy dispersive X-ray

analysis (SEM-EDX) was performed using an FEI Quanta
250 field-emission SEM equipped with an Oxford X-Max 80
detector to determine the sample elemental composition.
Transmission electron microscopy (TEM), including electron
diffraction and high-angle annular dark field (HAADF)-STEM,
studies were performed using a JEM ARM200F cold FEG
double aberration corrected electron microscope operated at
80 kV/200 kV.
Measurement of magnetic properties was performed using a

Quantum Design MPMS XL-7 magnetometer. Transport
properties were measured by using the commercial multi-
purpose Physical Properties Measurement System Evercool I
(PPMS, Quantum Design). A PerkinElmer Lambda 1050+
UV/vis/NIR spectrometer equipped with a 150 mm
Spectralon-coated integrating sphere was used for the diffuse
reflectance measurements.
Crystal structures were optimized by DFT calculations,

which were performed using the projector augmented wave55
method implemented in the VASP code.56,57 The exchange
and correlation energy were treated with the generalized
gradient approximation (GGA) and parametrized by the
Perdew−Burke−Ernzerhof (PBE) formula.58 The calculations
of full Brillouin-zone electron−phonon coupling (EPC)
constant and the superconducting temperature (Tc) were
performed based on density functional perturbation theory59
implemented in the Quantum ESPRESSO code.60,61
Further details about the synthesis and characterization

methods used in this work can be found in the Supporting
Information.

■ RESULTS AND DISCUSSION

Synthesis. Various deintercalation methods have been
employed for the synthesis of layered materials, including
electrochemical (de)intercalation19 and various chemical
etchants.11−16 Examples include deintercalation of K+ from
K2xMnxSn1−xS2 using I2/acetonitrile solution16 and deinterca-
lation of Li+ from LiNiB by exposing the material to air.11 In
this work, we used DI water for deintercalation of K+ from the
KV6Sb6 layered phase. As seen in Figures 1 and S1,
deintercalation leads to a product with broad diffraction
peaks, suggesting a decrease in particle size or a diminished
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long-range order in the structure. TS1o evaluate the extent of
K+ deintercalation, we used ICP-MS to determine that up to
90(10)% of K+ can be removed (Table 1). SEM-EDX results
(Table 1 and Figure S2) are also consistent with nearly
complete K+ deintercalation, but a higher standard deviation in
this method is attributed to the variation in the residual K+

content from particle to particle. From the results of ICP-MS,
we estimated the residual K+ content in deintercalated samples
as 0.1(1); therefore, throughout the text, we will refer to the
deintercalated phase as K0.1(1)V6Sb6. A basic pH of the
supernatant after washing with water is likely due to the
formation of KOH from the deintercalation of K+, further
supporting the findings of ICP-MS and SEM-EDX.
A qualitative comparison of the PXRD patterns for the

parent KV6Sb6 compound and the deintercalated product
K0.1(1)V6Sb6 provides insights into the structural change upon
deintercalation. The majority of the diffraction peaks for the
deintercalated phase are shifted to a higher Q value compared
to those for the parent KV6Sb6, indicating a reduction in the
unit cell size upon removal of K+ (peaks highlighted in yellow

in Figure 1). This includes the (001) peak at Q ∼ 0.5 Å−1

corresponding to the K−K interlayer distance (d = 11.4 Å) in
KV6Sb6. The similarities in PXRD patterns for the two indicate
that the structures of the parent KV6Sb6 and the deintercalated
phases are related, with possible preservation of certain
structural motifs upon deintercalation from KV6Sb6. Since
ICP-MS and SEM-EDX suggest nearly complete removal of K+

and a V/Sb ratio close to 1:1 (Table 1), we speculate that the
preserved motif is the [V6Sb6] layer. Notably, while most of the
diffraction peaks are shifted upon deintercalation, an
emergence of a new diffraction peak is seen at Q = 2.5 Å−1

(highlighted in green in Figure 1), indicating structural
variation brought about by deintercalation. A direct reaction
of KH, V, and Sb in a 0.2:6:6 molar ratio at 1073 K for 72 h
results in the formation of the KV6Sb6 phase along with V3Sb2.
This indicates that the K0.1(1)V6Sb6 phase can be obtained by
deintercalation of K+ from the parent KV6Sb6 compound using
the “soft chemistry” route and is most likely metastable.
Other solvents were tried for deintercalation of K+ from

KV6Sb6, including an aqueous solution of 0.1 M HCl,
methanol (MeOH), and ethanol (EtOH) (Figure S1). The
rate of deintercalation of K+ in 0.1 M HCl (aq) is similar to
that in water (nearly complete deintercalation in ∼12 h),
resulting in the same product based on the comparison of
PXRD patterns. The rate of deintercalation of K+ in MeOH
and EtOH is slower, indicated by remnants of diffraction peaks
of KV6Sb6 and the onset of the characteristic diffraction peak at
Q = 2.5 Å−1. The PXRD results indicate that a greater extent of
deintercalation is achieved in aqueous solutions. Mild
effervescence is observed for deintercalation in aqueous
solutions, indicating the formation of gaseous products during
the process. Comparing the deintercalation of K+ from KV6Sb6
to that in the layered chalcogenide KCo2Ch2 (Ch = S, Se),13

we hypothesize the gaseous product to be H2 gas.
In addition to testing the deintercalation in different

solvents, we also tested the effect of sonication on the rate
of deintercalation in water. From PXRD data, sonication of the
powder in water results in the same product (Figure S1). We
hypothesize that in water and other aqueous media, most of
the K+ is removed instantly during the initial interaction of the
KV6Sb6 phase with water, followed by subsequent slower
removal of the remaining K+. Hence, sonication does not have
a drastic effect on the rate of deintercalation. SEM images in
Figure S2 show smaller particle sizes for the sonicated product
caused by the breaking of the particles during sonication. The
particles of the deintercalated K0.1(1)V6Sb6 phase display a

Figure 1. Experimental PXRD patterns for parent KV6Sb6 (red) and
the deintercalated K0.1(1)V6Sb6 phase (blue) together with the
calculated pattern (black) for the C2/m structure of KV6Sb6. Select
diffraction peaks (highlighted in yellow) indicate a reduction in unit
cell parameters upon deintercalation, while the new diffraction peak
(highlighted in green) emerges upon deintercalation. Diffraction
peaks are broad, signaling reduced particle size and/or diminished
long-range order.

Table 1. Elemental Compositions of Parent KV6Sb6 and Deintercalated KxV6Sb6 Phases Obtained by Using ICP-MS and SEM-
EDX to Determine the Extent of K+ Deintercalation

KV6Sb6 KxV6Sb6 LOD (μg/L) LOQ (μg/L)
K (μg/L) 4.1 ± 0.1 0.3 ± 0.1 0.07 0.24
V (μg/L) 22.9 ± 0.1 31.9 ± 0.3 0.01 0.04
Sb (μg/L) 56.1 ± 0.6 71.1 ± 0.6 0.05 0.16
K/V/Sb from ICP-MS 1.4(1):5.9(1):6.0(1) 0.1(1):6.4(1):6.0(1)
K/V/Sb from SEM-EDX for KxV6Sb6 0.2(1):5.2(1): 6.0(2)a

aThe composition determined by EDX was averaged from 6 different areas of the sample. The precision in compositional analysis of samples by the
EDX method at 1 wt % K is 0.1%, i.e., ∼10% relative standard deviation. A greater standard deviation in the estimation of K content from EDX
indicates variability in the K content across the sample. The limits of detection (LOD) and limits of quantification (LOQ) for ICP-MS are
calculated from calibration plots using 3.0σ/slope and 10.0σ/slope, respectively, where σ is the standard deviation of response (the molar ratios are
normalized to 6 Sb atoms per f.u. in KV6Sb6).
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remarkable layered morphology, not immediately visible in
SEM images for the KV6Sb6 parent compound (Figure S2).
Overall, the deintercalation of K+ from the KV6Sb6 phase in

aqueous solution is facile and fast, leading to the formation of a
new metastable K0.1(1)V6Sb6 phase. K0.1(1)V6Sb6 displays
diminished crystallinity compared to the parent compound,
as indicated by the general broadening of the diffraction peaks
(Figure 1). PXRD data indicate the preservation of the [V6Sb6]
layers in the deintercalated product, while a combination of
ICP-MS and SEM-EDX suggests nearly complete removal of
K+.
Thermal Stability and Metastability of K0.1(1)V6Sb6. To

determine the thermal stability and confirm the metastability of
K0.1(1)V6Sb6, we collected high-temperature in situ synchrotron
PXRD data for a sample of K0.1(1)V6Sb6 (containing ∼10 wt %
Sb) sealed into a silica capillary under vacuum. As seen in
Figure 2, the K0.1(1)V6Sb6 phase begins to decompose into

stable binary VSb2 and Sb at a temperature as low as 500 K.
The K0.1(1)V6Sb6 phase continues to decompose on heating
and, above 730 K, completely decomposes into VSb2 and the
V3Sb2-like intermediate. Further heating to ∼1000 K converts
the intermediate to stable V3Sb2 and VSb2 binary compounds.
Once the two binaries are formed, they remain during the
entire cooling cycle, while the K0.1(1)V6Sb6 phase does not
recrystallize upon cooling, further confirming the nearly K-free
composition of K0.1(1)V6Sb6.
Crystal Structure. The deintercalation of K+ from KV6Sb6

results in the synthesis of the metastable K0.1(1)V6Sb6 phase,
which is thermally unstable, ruling out structural elucidation
using single-crystal X-ray diffraction due to the unavailability of
single crystals and diminished crystallinity, as seen by PXRD.
Hence, we applied a combination of complementary

techniques, X-ray PDF analysis, STEM, and DFT calculations,
for a thorough and precise structural characterization of the
deintercalated compound. This approach was successfully
implemented in the past on semicrystalline phases in the Li−
Ni−B system obtained via Li+ deintercalation.11,62 From
PXRD data, similarities between the structures of KV6Sb6
and K0.1(1)V6Sb6 became apparent. Therefore, we examined the
structures of both phases using the above strategy to draw a
comparison and eventually construct the structural model for
the deintercalated K0.1(1)V6Sb6 phase.
We began with the analysis of the X-ray PDF data for the

parent KV6Sb6 phase. In our previous work,39 we determined
the R3̅m crystal structure for the KV6Sb6 phase using high-
resolution PXRD data. During structural determination, the
monoclinic C2/m (a = 9.57 Å, b = 5.53 Å, c = 11.87 Å, γ =
105.96°, Z = 2) structure was initially suggested, which upon
further analysis with Platon63 provided the higher symmetry
R3̅m model (a = 5.53 Å, c = 34.23 Å, Z = 3), making KV6Sb6
isostructural to the RbV6Sb6 and CsV6Sb6 phases.40,41 The
R3̅m and C2/m models bear close resemblance to one another,
except for the splitting of certain diffraction peaks in the PXRD
pattern. Due to the broadening of diffraction peaks, such
splitting was not observed even in the high-resolution PXRD
data; thus, the higher symmetry R3̅m model was proposed for
the KV6Sb6 phase.39 Refer to Figure S4 in the SI for a
comparison of the two structural models of KV6Sb6 and the
splitting of the Wyckoff positions associated with trans-
formation from the higher symmetry R3̅m model to the
lower symmetry C2/m model. The X-ray PDF data for the
parent KV6Sb6 phase was analyzed using both R3̅m and C2/m
models. Figure 3 shows the fitting of the experimental X-ray
PDF data in the r = 2−45 Å range. Both models provide a
decent fit, as indicated by the residual curve and refinement
parameter Rw (Figure 3a,b). The C2/m model performs better
compared to R3̅m as more parameters are refined for the lower
symmetry monoclinic space group compared to the
rhombohedral one; however, the difference in the quality of
the fit is minor (Figure 3). A similar trend is observed for the
fit of the PDF data using the R3̅m and C2/m models in the
short (r = 2−15 Å), middle (r = 15−30 Å), and long (r = 30−
45 Å) ranges, as shown in Figure S5. The above findings
suggest the R3̅m model to be a better representation of the
structure of the KV6Sb6 phase.
As mentioned earlier, a comparison of the PXRD patterns

for KV6Sb6 and K0.1(1)V6Sb6 hinted a similar layered structure
for the two, with possible retention of the [V6Sb6] layers.
Intriguingly, the structural similarity is also manifested in the
PDF data, as KV6Sb6 and K0.1(1)V6Sb6 have similar G(r) values
in the shorter range of r = 2−11 Å (Figure S6a). A similar PDF
in the r = 2−11 Å range implies that the atomic interactions in
the specified range essentially come from V and Sb atoms in a
single [V6Sb6] layer and are independent of K, given that the
K−K interlayer distance in KV6Sb6 is ∼11 Å (Figure S6b) and
the nearly complete deintercalation of K+ is observed (Table
1). Pairwise correlations calculated using the R3̅m and C2/m
models in the r = 2−16 Å range further support the claim. As
seen in Figure S7, the pairwise correlations are comparable for
the two structures, with the major contributions from Sb−Sb
and V−Sb correlations. The atomic correlations involving the
lightest K atom contribute the least to the total PDF and the
contribution is nearly zero for the K−K correlation.
Based on these observations, we hypothesized that the

refinement of the PDF data for K0.1(1)V6Sb6 should remain

Figure 2. Waterfall diagram representing the high-temperature in situ
synchrotron PXRD data for the K0.1(1)V6Sb6 phase collected upon
heating and cooling in a vacuum. The diagram shows sequential
changes in PXRD patterns as the sample is heated to 1073 K and
cooled to room temperature, where each vertical line represents a
diffraction peak in the PXRD pattern. The temperature range with
distinct crystalline phases is highlighted in blue, green, red, and
yellow. The K0.1(1)V6Sb6 phase has limited thermal stability and is
metastable in nature. In fact, a similar decomposition of K0.1(1)V6Sb6
to yield Sb is seen during spark plasma sintering (SPS) attempted at
473 K, further supporting that K0.1(1)V6Sb6 is not stable above 500 K.
Figure S3 shows the select PXRD patterns for the in situ PXRD
analysis with the diffraction peaks assigned to the crystalline phases
formed in temperature ranges highlighted in blue, green, red, and
yellow in Figure 2. The above discussion suggests limited thermal
stability for K0.1(1)V6Sb6 and serves as additional proof of the
metastability of the K0.1(1)V6Sb6 phase.
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unaffected by the presence or absence of K atoms in the
structural model. Hence, the fitting of the PDF data for
K0.1(1)V6Sb6 was performed in the r = 2−11 Å range using the
R3̅m and C2/m models with 100% K and no K at all. Both
models in the C2/m space group (100% and no K) fail to
provide a good fit for the PDF data even in the short range
(Figure S8). Using the R3̅m-based models resulted in an even
worse fit of the PDF data. The above PDF analysis pointed to
the inadequacies of the current models being used. Therefore,
we utilized advanced high-resolution STEM to construct an
adequate structural model for the K0.1(1)V6Sb6 compound.
Figures 4 and 5 show the high-angle annular dark field

scanning transmission electron microscopy (HAADF-STEM)
images and HAADF-STEM intensity profiles for the KV6Sb6
and K0.1(1)V6Sb6 phases. Figure S9 displays the energy-
dispersive X-ray spectra for the two. The HAADF images
confirm the layered structures for both KV6Sb6 and
K0.1(1)V6Sb6 with similar [V6Sb6] layers (Figures 4a and 5a),
in excellent agreement with the PXRD and PDF data. Along
with retaining the [V6Sb6] layers, the hexagonal symmetry of
the Sb layers is also preserved (Figures 4e and 5e). Since the
intensity in HAADF-STEM images is proportional to ∼ Z2 (Z
is the atomic number), the wide dark stripes correspond to the
layers of lighter K atoms (Figures 4a,c,d and 5a,c,d). The C2/
m model allows for the refinement of a greater number of
parameters compared to the R3̅m model, hence we used the

C2/m model of KV6Sb6 as the basis for the analysis of
K0.1(1)V6Sb6 structure.
For the parent KV6Sb6 phase, the simulated images using the

C2/m model fit exceptionally well with HAADF-STEM images
along the [010] direction (Figure 4d). The intensity scan line
profile (Figure 4b) along the stacking direction of [V6Sb6]
layers (shown by the white arrow in Figure 4a) reveals a
periodic variation in STEM intensity and, together with the
TEM-EDX spectrum (Figure S9), confirms that dark stripes in
the HAADF-STEM images are due to K-layers alternating with
the [V6Sb6] layers. The K atomic columns appear as low-
contrast dots between the [V6Sb6] layers (Figure 4c).
Additionally, we observed a “waving” of K layers, i.e., variation
in layer thickness (highlighted with a yellow box in Figure 4a).
We attribute this to the denser K-ion packing within certain K-
monolayers. This minor variability of K+ filling within the
monolayer is consistent with our synthesis optimization of the
KV6Sb6 phase, where an excess of KH is required to achieve
better crystallinity and to suppress the splitting of certain
diffraction peaks emerging from incomplete K filling.39 A
similar phenomenon was observed in the case of layered Li−
Ni−B compounds.64
For the deintercalated product K0.1(1)V6Sb6 (Figure 5), the

dark stripes corresponding to the K+ layers become less
abundant due to the deintercalation of K+ (Figure 5a).
Deintercalation is further confirmed by the HAADF-STEM
intensity profile and EDX analysis (Figures 5b and S9). Upon
K+ deintercalation, the distance between the adjacent [V6Sb6]
layers decreases from ∼4.2 to ∼3.2 Å (i.e., shrinking of the unit
cell along the c-direction), rationalizing the shift of diffraction
peaks to higher Q for the K0.1(1)V6Sb6 phase in the PXRD
pattern (Figure 1, diffraction peaks highlighted in yellow).
A close-up analysis of the HAADF-STEM images revealed a

difference in the relative shift between the adjacent [V6Sb6]

Figure 3. Fitting of the experimental X-ray PDF data in the r = 2−45
Å range for the KV6Sb6 phase using the (a) monoclinic model (C2/
m) and (b) rhombohedral model (R3̅m).

Figure 4. HAADF-STEM data for the KV6Sb6 parent phase. (a)
HAADF-STEM image along the [010] direction, with the inset
showing electron diffraction patterns obtained via fast Fourier
transform. The yellow box highlights the variation in thickness of
K-layers, signifying areas with denser packing within the K-
monolayers. (b) Intensity scan line profiles measured along the line
shown with a white double-head arrow in panel (a). (c) Magnified
HAADF-STEM image displaying the layered crystal structure. Inset:
simulated HAADF-STEM image based on the C2/m model showing a
good match to the experimental one. (d) STEM image together with
the KV6Sb6 C2/m structure overlaid (K: yellow, V: blue, Sb: red
spheres). (e) [001] HAADF-STEM image showing a hexagonal
symmetry of Sb atoms along the [001] direction. The simulated
image is given as an inset.
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layers across the stacking direction in the absence of K layers
between them (Figure 5c, red ovals). When the K+ layer
separates [V6Sb6] layers, the terminating Sb atoms from the
two adjacent layers are aligned (red ovals to the left in Figure
5c), as also seen for the HAADF-STEM images of the parent
KV6Sb6 phase (Figure 4a,c,d). However, in the absence of
interlayer K+ ions, there is a relative “sliding” of [V6Sb6] layers
with respect to each other (red ovals to the right in Figure 5c).
Additionally, the STEM images for K0.1(1)V6Sb6 uncovered one
more feature, not seen for the parent KV6Sb6 phase: in certain
crystallites, a different orientation of adjacent [V6Sb6] layers is
sporadically seen in selected areas of the sample. These
adjacent [V6Sb6] layers are related by C2 rotation along the c-
axis (180° rotation) (Figure 5d). None of these features were
accounted for by the initial models used for structural
refinement. Based on the inputs from STEM analysis, we
embarked on constructing new models using the scheme
shown in Figure 6 to account for the structural features seen in
HAADF-STEM images of K0.1(1)V6Sb6.
The general workflow on how various structural models

were built for the deintercalated K0.1(1)V6Sb6 phase is briefly
discussed here and more extensively in the Supporting
Information (Figure S10 and Table S1). For each model, the
structure was optimized by DFT using vdW relaxation, and
their energies are also included for comparison. We started
with the R3̅m model of the parent KV6Sb6 structure and
removed K+ layers (MODEL 1, Figure 6a). In this model, the
adjacent [V6Sb6] layers are shifted according to R-centering
and do not produce a desired relative shift (green rectangle in
Figure 6a). In the next step, R-centering was removed,

resulting in a model with three identical layers (MODEL 2).
To model the relative shift between the layers, each layer was
shifted relative to the previous layer by (1/6, 1/6, and 0), and
the number of layers was extended to six to account for the
periodicity of the structure (MODEL 3). Alternatively, to
model the relative shift between the layers starting with just
two [V6Sb6] layers with no relative shift, the α-angle was
changed from 90° to ∼105° (MODEL 5) or one layer was
shifted by (1/6; 1/6; 0) with respect to other (MODEL 6).
Finally, to account for 180° rotation (C2 rotation along the
stacking direction) between the adjacent [V6Sb6] layers, as
seen in HAADF-STEM images (Figure 5d), MODEL 4 and
MODEL 7 were constructed. In MODEL 4, the top three
layers were rotated by 180° around the C2 axis with respect to
the bottom three layers while maintaining the (1/6, 1/6, 0)
relative shift. In MODEL 7, the same 180° rotation was
performed for the top layer, shifted by (1/6, 1/6, 0) with
respect to the bottom layer.
The DFT-optimized MODELS 1−7 were used for the

refinement of the experimental X-ray PDF data for the
K0.1(1)V6Sb6 phase, and the refinement using MODEL 5
produced the plausible fit of the PDF data, finally uncovering
the crystal structure of the K0.1(1)V6Sb6 phase (Figure 7). It
should be noted that DFT optimization with vdW relaxation
proved to be a crucial step, providing structural models with
low energies, optimized bonding, and reduced interlayer
spacing between the adjacent [V6Sb6] layers. Table S1
summarizes the unit cell parameters, space group, and DFT-
calculated energies of all seven relaxed models. The models
without DFT optimization did not yield a good fit to the

Figure 5. HAADF-STEM data for the K0.1(1)V6Sb6 phase. (a) [010] HAADF-STEM image indicating the preservation of the [V6Sb6] layers upon
K+ deintercalation. The white box highlights the absence of K+ between the [V6Sb6] layers and blue arrows indicate the domain size. (b) HAADF-
STEM intensity scan line profile confirming the removal of K+ and shortening of the interlayer distance between the adjacent [V6Sb6] layers upon
deintercalation. (c) Magnified [010] HAADF-STEM image revealing the relative shift between the adjacent [V6Sb6] layers upon deintercalation.
(d) HAADF-STEM image highlighting the different orientation of adjacent [V6Sb6] related by C2 rotation along the c-axis. (e) [001] HAADF-
STEM image showing a hexagonal symmetry of layers is preserved in the [001] direction; the inset includes the simulated image using the C2/m
model. The red ovals in parts (a) and (c) mark the terminating Sb atoms from the adjacent [V6Sb6] layers to highlight the relative shift between the
layers brought about by deintercalation.
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experimental PDF data even in the short range (r = 2−11 Å)
and resulted in considerable discrepancies between the
calculated and experimental PXRD patterns. While DFT
optimization was important, the selection of models solely
based on DFT-calculated energies without experimental input,
such as PDF data refinement, is not viable either. The models
have similar energies (Figure 6, Table S1), and MODEL 5 that
resulted in the best fit of PDF data is not the one with the
lowest energy.
Based on the refinement of PDF data using MODEL 5, the

K0.1(1)V6Sb6 crystallizes in the triclinic space group P1̅ (a =
5.52(1) Å, b = 5.54(2) Å, c = 10.24(2) Å, α = 83.6(2)°, β =
83.0(3)°, γ = 59.6(2)°, Z = 2). Analysis of the P1̅ model with
Platon63 to check for higher symmetry suggested the
monoclinic C2/m model (a = 9.57(2) Å, b = 5.502(8) Å, c
= 10.23(2) Å, β = 97.6(2)°, Z = 2). This model is similar to
the C2/m model for the parent KV6Sb6 phase, except for the
absence of K atoms and distinctly larger β angle in KV6Sb6
(105.96° in KV6Sb6 v.s. 97.6(2)° in K0.1(1)V6Sb6). The C2/m
model of K0.1(1)V6Sb6 accounts for the relative shift between
the adjacent [V6Sb6] layers (highlighted in the green box in
Figure 7a) and shows a clear decrease in the interlayer distance
between the [V6Sb6] layers to 3.2 Å upon K+ deintercalation,
in excellent agreement with the interlayer distance obtained
from STEM analysis. The model works well for the fitting of
the experimental PDF data over the r = 2−22 Å range (Figure
7b), equivalent to two unit cells, and also provides a good
match to the experimental PXRD data (Figure S11). Since
ICP-MS confirms nearly complete K+ deintercalation from the
layered structure, the remaining K+ can be thought of as

nonuniformly dispersed between the [V6Sb6] layers, as also
seen in the HAADF images (Figure 5a,c). Figure S12a
compares the lower symmetry P1̅ and the higher symmetry
C2/m models for the K0.1(1)V6Sb6 phase. The lack of certain
symmetry constraints for the P1̅ space group in comparison to
the C2/m space group allows for greater variability in the
modeling of the V−V, V−Sb, and Sb−Sb bonding environ-
ments, not permitted for the higher symmetry monoclinic
model. However, the modeled bond distances for the P1̅ model
do not significantly differ from the range of distances already
accounted for in the C2/m model (Figure S12a). This is
reflected in the refinement of the experimental X-ray PDF data,
where comparable fitting is observed for the two models
(Figure S12b). Please note that a slightly better fitting of the
PDF data with the P1̅ model is expected, as a greater number
of parameters are permitted to be refined.
To further improve the PDF fitting, we refined the

anisotropic ADPs (atomic displacement parameters) U11,
U22, and U33 using the following conditions: U11 = U22 and
U33 = n*U11, where U11 and U22 are used to account for the in-
plane atomic displacement (within the [V6Sb6] layer) and U33
accounts for the out-of-plane displacement (across the stacking
direction).65 As seen in Figure S12b, the refinement of
anisotropic ADPs using the above constraints further improves
the fitting of the PDF data, and for the C2/m model, provides a
value of n = 1.8 (n = 2.0 for the P1̅ model). A greater value of
U33 compared to U11 and U22 is indicative of weaker
interatomic correlations between atoms in the stacking
direction compared to those within the [V6Sb6] layers. The
modeling software compensates for these weak out-of-plane

Figure 6. (a−g) Schematic representing the workflow to construct various structural models (MODELS 1−7) for the K0.1(1)V6Sb6 phase based on
the insights from PDF analysis and STEM data. Green rectangles highlight the relative shift (or an absence of it), while the gray regions indicate
different orientations of the [V6Sb6] layers related by C2 rotation around the axis shown with a black arrow in panels (d,g). The DFT-calculated
energies (eV/atom) obtained from vdW relaxation are included for each model.
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interatomic correlations with an enlarged ADP in the stacking
direction. The enlarged ADP is most likely indicative of
stacking faults, as the [V6Sb6] layers stack along the c-axis. A
similar phenomenon is observed in other materials, such as
layered graphite and CdSe nanoparticles.66,67 Based on the
above discussion, the greater variability in modeling of the
structural parameters afforded by the lower symmetry P1 space
group can be considered minor features of the local structure
but not a feature of the structure at large. Therefore, we
propose the C2/m crystal structure to be a plausible model for
the K0.1(1)V6Sb6 phase. Table S2 lists the atomic coordinates,
site multiplicity, anisotropic atomic displacement parameters,
and occupancy of all of the atomic sites in the C2/m structure
of K0.1(1)V6Sb6.

Based on the PDF data refinement, a domain size of ∼50 Å
can be estimated for the deintercalated phase, which is further
supported by STEM, where periodicity is observed over five
[V6Sb6] layers, each ∼10 Å wide (blue arrows in Figure 5a).
Domain size estimation from PXRD data is unreliable because
of the uneven broadness of the diffraction peaks; however, a
good fitting of the experimental PXRD supports the plausibility
of the determined C2/m crystal structure for the deintercalated
phase (Figure S11).
Other models were also used for the refinement of the

experimental PDF data for K0.1(1)V6Sb6. A r-dependent fitting
up to r = 27 Å (Figure S13), as well as fitting in the short (r =
2−9 Å), middle (r = 9−18 Å), and long (r = 18−27 Å) ranges
(Figure S14), was performed using MODELS 3−7. MODELS
3, 4, 6, and 7 contain a significantly higher number of atoms
and/or have a lower symmetry compared to the C2/m model
(MODEL 5); therefore, more parameters could be refined.
However, the resulting structural models display unreasonably
short V−Sb bond distances of 2−2.3 Å. Such short distances
are not observed for refinements with MODEL 5 (C2/m
model). MODEL 5 for the K0.1(1)V6Sb6 phase provides the best
fit in the r = 2−27 Å range, as well as for fitting in the short,
middle, and long ranges, confirming its plausibility. Refer to
Figures S13 and S14 for further details. Note that the C2/m
model does not account for a trace amount of residual K+ and
the sporadically observed different orientations of [V6Sb6]
layers (Figure 5d). We hypothesize that layer-by-layer K+

deintercalation could result in crystallites with certain faults.
Nonetheless, the proposed monoclinic model (C2/m) is a
good representation of the average structure for the 2D
Kagome antimonide K0.1(1)V6Sb6, leading to a decent fit of the
PDF data (Figures 7, S13, and S14).
Figure 8 compares the C2/m crystal structures of the parent

KV6Sb6 and K0.1(1)V6Sb6 phases. Consistent with PXRD, PDF,
DFT, and STEM data, the [V6Sb6] layers in K0.1(1)V6Sb6 bear
close resemblance to those in parent KV6Sb6. Careful analysis
reveals the variation in the V−Sb, V−V, and Sb−Sb bond
distances, which is a direct consequence of the change in unit
cell parameters upon deintercalation (Figure 8b). The bonding
environments for V and Sb atoms are maintained (Figure 8b)
but with small variations in the bond distances, as indicated in
Figure 8b. The pairwise correlations (V−V, Sb−Sb, and V−
Sb) calculated for the C2/m model of KV6Sb6 and K0.1(1)V6Sb6
are comparable, supporting our claim of similar bond distances
for the two (Figure S15). The V-Kagome network in KV6Sb6
remains corrugated upon deintercalation with a V−V distance
in the 2.71−2.91 Å range. The terminating Sb atoms from the
[V6Sb6] layer in K0.1(1)V6Sb6 form a hexagonal network with
the Sb−Sb distances of 3.17 and 3.21 Å, as compared to the
Sb−Sb distances of 3.13 and 3.29 Å in KV6Sb6.
While the interlayer distance between [V6Sb6] layers in

K0.1(1)V6Sb6 is 3.2 Å, the shortest distance between terminating
Sb atoms from the adjacent [V6Sb6] layers is 3.5 Å, suggestive
of vdW interaction (Figure 8). In inorganic solids, a Sb−Sb
distance of 2.8−3.2 Å is expected for Sb−Sb covalent
bonding.68,69 For example, a Sb−Sb distance of ∼3.1 Å is
seen between Sb atoms forming a flat square net in the layered
REGaSb2 (RE = La−Nd, Sm) compounds.68 Another example
is provided by the RE14MSb11 (RE = Yb, Eu, M = Mn, Zn, Cd)
family, where Sb atoms form a linear Sb37− anionic unit with a
Sb−Sb distance of ∼3.2 Å.69 Thus, we estimate the upper limit
of covalent Sb−Sb bonding as 3.2 Å. The vdW radius for the
Sb atom is ∼2.0 Å,70,71 and hence, an expected Sb−Sb distance

Figure 7. (a) Monoclinic (C2/m) crystal structure of K0.1(1)V6Sb6
revealed via the PDF-STEM-DFT synergistic approach and (b) fitting
of the X-ray PDF data in the r = 2−22 Å range using the C2/m model
resulting in a good fit.
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for vdW interaction is 4.0 Å. In K0.1(1)V6Sb6, the shortest Sb−
Sb distance of 3.5 Å between the adjacent [V6Sb6] layers falls
in the range of 3.2−4.0 Å, suggestive of comparatively strong
vdW interactions between the adjacent [V6Sb6] layers. In fact,
the Sb−Sb distance in K0.1(1)V6Sb6 is longer than the Sb−Sb
distance of 3.3 Å in the naturally occurring vdW material
elemental Sb, where each Sb atom has 3 + 3 coordination
consisting of three short 2.9 Å distances (covalent bonds) and
three longer 3.3 Å contacts (vdW interaction).72 Therefore, the
new K0.1(1)V6Sb6 compound obtained via K+ deintercalation is
a 2D material with a vdW gap of 3.2 Å.
Overall, the structure of K0.1(1)V6Sb6 produced via

deintercalation of K+ from KV6Sb6 closely resembles the
parent phase, yet nearly complete deintercalation of K+ results
in the relative shift between the adjacent [V6Sb6] layers, not
seen for the parent phase. As a result, the 2D metastable
vanadium antimonide with a vdW gap of 3.2 Å arising from the
weakly bonded Sb atoms from the adjacent [V6Sb6] layers is
obtained. Deintercalation of K+ only slightly alters the bond
distances and coordination environments within the [V6Sb6]
layers, proving the substantial flexibility of the layered
structure.
Calculation of the Electronic Structure and Tc of

K0.1(1)V6Sb6. As mentioned earlier, the parent KV6Sb6
compound features a Kagome bilayer of V atoms.39−41 The
Kagome lattice consisting of moment-bearing atoms often-
times introduces magnetic frustration, yielding intriguing
electronic and magnetic properties.23−27,31 DFT electronic

structure calculations for the KV6Sb6 compound reveal Dirac
Fermion behavior.40,42 Additionally, band crossing close to the
Fermi level discloses a nontrivial band topology, desirable for
quantum spin liquid and superconductivity.27,40 In fact,
KV6Sb6 displays pressure-induced superconductivity with a
Tc,max of 0.37 K at 31 GPa.41 Considering the retention of the
V-Kagome net in K0.1(1)V6Sb6, we calculated the electronic and
phonon band structure for K0.1(1)V6Sb6.
DFT calculations of the electronic band structure and

density of states (DOS) were performed for the K-free C2/m
structural model of K0.1(1)V6Sb6, using the experimentally
obtained, room-temperature unit cell parameters (Figure 9).

The Dirac band crossing identified in KV6Sb6
40,42 opens up in

the K0.1(1)V6Sb6 structure (inset in Figure 9). The spin−orbit
coupling has little effect on the calculated band structure. The
change in the band topology upon deintercalation can be
attributed to the local symmetry breaking in the K0.1(1)V6Sb6
structure. A comparison of the band structures for KV6Sb6 and
K0.1(1)V6Sb6 reveals flatter bands along the L2-Γ-V for
K0.1(1)V6Sb6, suggesting more localized electrons in the
[V6Sb6] layers as a result of deintercalation. A nonzero DOS
at the Fermi level (Ef) suggests metallic behavior for the
K0.1(1)V6Sb6 compound with considerable contribution from V-
3d atomic orbitals compared to the Sb-5p orbitals, both above
and below the Ef (Figure 9). The calculated phonon band
structure for the experimental C2/m model of K0.1(1)V6Sb6 has
imaginary modes, indicative of an increased dynamic instability
upon deintercalation and consistent with the metastability of
K0.1(1)V6Sb6 (Figure S16).
To perform the electron-phonon coupling (EPC) calcu-

lations while maintaining the layered structure, the C2/m
structure was transformed into the lower symmetry P1̅ model
and fully relaxed. The relaxation leads to a shorter Sb−Sb
interlayer distance of 2.7 Å and a slightly lower energy (−7.28
eV/atom for the relaxed model vs −7.16 eV/atom for the
experimental model), while a minor variation in the calculated
band structure (Figures S17a,b) is observed. The EPC
calculations performed on the P1̅ relaxed model suggest a
decent degree of EPC, with a coupling constant, λ = 0.42,
comparable to λ ∼ 0.60 for the superconductor MgB2 (Figure

Figure 8. Comparison of (a) C2/m crystal structure of the parent
KV6Sb6 compound and its deintercalated derivative K0.1(1)V6Sb6, (b)
coordination environments for V and Sb atoms, and (c) networks for
V and Sb atoms, indicating minor changes in V−Sb, V−V, and Sb−Sb
distances or bonding environment upon deintercalation.

Figure 9. DFT-calculated electronic band structure and DOS diagram
for the experimental C2/m model of the K0.1(1)V6Sb6 compound. The
inset panels show zoomed-in parts of the band structure to highlight
the opening of the band crossing along A-L2-Γ, not seen in the band
structure of KV6Sb6.
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S17c). A comparable value of λ indicates the possibility of a
superconducting transition. However, extremely low phonon
frequencies imply a Tc close to 0 K (0.47 K). The EPC remains
unchanged with the inclusion of the vdW correction (Figure
S17d). Overall, electronic structure calculations performed for
the K-free structural models of K0.1(1)V6Sb6 suggest the
variation in the band structure due to deintercalation, while
the topological band structure features inherited from the
KV6Sb6 parent are preserved.
Magnetic and Transport Properties of K0.1(1)V6Sb6.

(De)intercalation of atoms/ions in a layered material often
leads to alteration of its electronic structure and, thus, physical
properties.11 Previously,39 we characterized the magnetic and
transport properties of the parent KV6Sb6 phase and will use it
and another ternary compound, KV3Sb5,

38 with a Kagome
monolayer of V atoms for a direct comparison with the
deintercalated K0.1(1)V6Sb6 phase (Figure S18).
Figure 10a shows the temperature dependence of molar

susceptibility (χ) for K0.1(1)V6Sb6 measured at a 0.1 T applied
magnetic field. Magnetic susceptibility of the K0.1(1)V6Sb6
phase (χ ∼ 5 × 10−4 emu/mol per V atom in the 100−300
K range) is comparable to that of the parent KV6Sb6 phase (χ

= 6.0 × 10−4 emu/mol per V atom in the 20−300 K range).39
Neither a splitting of the zero-field cooled (ZFC) and field
cooled (FC) curves nor a superconducting transition is
observed for the deintercalated phase down to 2 K, as
confirmed by ac susceptibility measurement.
The fitting of the FC curve for K0.1(1)V6Sb6 using the

modified Curie−Weiss law (χ = χ0 + C/[T − θw], where χ0 is
the temperature independent term, C is the Curie constant,
and θw is the Weiss temperature) results in a low value of θw =
−1.2 K and a low effective moment per V atom (μeff per V
atom = 0.30 μB), consistent with a nearly temperature-
independent paramagnetism in K0.1(1)V6Sb6. The Curie−Weiss
parameters for ternary phases KV6Sb6 and KV3Sb5 are similar
to those obtained for K0.1(1)V6Sb6 (Figure S18). The
paramagnetism in K0.1(1)V6Sb6 is further supported by a linear
dependence of magnetization on the field at 300 K (Figure
10b). A deviation from linearity at 2 K is a result of weakly
interacting moments with an applied magnetic field at
temperatures near absolute zero.
In conclusion, K0.1(1)V6Sb6 is a Curie−Weiss paramagnet

with a strong temperature-independent contribution and low
effective moment per V atom, displaying similar temperature
and field-dependent magnetic properties as the parent KV6Sb6
and structurally related KV3Sb5 compounds. Essentially, the
deintercalation of K+ does not affect the magnetic behavior to a
great extent.
We also investigated the low-temperature transport proper-

ties of the K0.1(1)V6Sb6 phase to determine its potential for
thermoelectric applications. Thermoelectric materials convert
heat into electricity and vice versa and are characterized by a
unitless figure of merit zT = S2T/ρκ, where T is the
temperature, ρ is the electrical resistivity, S is the Seebeck
coefficient, and κ is the thermal conductivity. For efficient
thermoelectric materials, high zT values could be achieved via
optimizing carrier concentrations to tune the electrical and
thermal transport properties. Narrow-band semiconductors
with complex structures and/or heavy atoms are the best
candidates for thermoelectric applications, and there is a
handful of thermoelectric antimonides reported.73,74
Measurements of electrical resistivity (ρ), Seebeck Co-

efficient (S), and thermal conductivity (κ) were performed on
a cold-pressed pellet of K0.1(1)V6Sb6 with ∼75% compactness in
the 5−300 K temperature range (Figure 11). Attempts were
made at sintering powders using SPS; however, decomposition
to form Sb was observed at temperatures as low as 473 K,
consistent with high-temperature in situ studies (Figure 2).
While the magnetic properties of the deintercalated and the
parent phases are similar, the transport properties of the two
are distinct. Resistivity (ρ) decreases almost linearly with an
increase in temperature, revealing a heavily doped semi-
conductor behavior for K0.1(1)V6Sb6, different from the metallic
behavior observed in KV6Sb6.

39 The resistivity at 300 K is
∼210 mΩ cm, which is 2 orders of magnitude higher
compared to the resistivity of KV6Sb6 (ρ = 1.65 mΩ cm at
300 K).39 DFT calculations show a nonzero DOS at Ef (Figure
9) and the Tauc plot obtained from the measurement of
diffused reflectance of the K0.1(1)V6Sb6 phase (Figure S19)
shows no band gap down to 0.5 eV, both suggesting a metallic/
heavily doped semiconductor behavior for K0.1(1)V6Sb6.
The metallic nature of the K0.1(1)V6Sb6 compound is further

supported by a low value of the Seebeck coefficient (S = −3 μV
K−1 at 300 K). Both K0.1(1)V6Sb6 and KV6Sb6 (S = 8 μV K−1 at
300 K)39 have a low value of Seebeck coefficient, but

Figure 10. Magnetic properties for the deintercalated K0.1(1)V6Sb6
phase: (a) ZFC-FC temperature dependence of molar susceptibility
(χ) obtained at a 0.1 T applied magnetic field in the 2−300 K
temperature range and (b) field dependence of magnetization at 2 and
300 K.
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deintercalation changes the type of charge carrier from holes in
KV6Sb6 to electrons in K0.1(1)V6Sb6. The thermal conductivity
κtotal and its temperature dependence are similar for the two
antimonides: 0.6 W K−1 m−1 for K0.1(1)V6Sb6 v.s. 1.0 W K−1

m−1 for KV6Sb6 at 300 K.39 Lattice thermal conductivity
(κlattice) accounts for 99% of the total thermal conductivity,
indicating very low electronic contribution (κel) for
K0.1(1)V6Sb6. An overall low thermal conductivity is desirable
for thermoelectric applications, yet we ought to mention that
the transport properties of K0.1(1)V6Sb6 were measured on a

cold-pressed sample with a moderate compactness of 75%,
hindering the evaluation of intrinsic properties of K0.1(1)V6Sb6.
With a low value of thermal conductivity, structural and

compositional tuning to optimize ρ and S can be performed to
enhance the thermoelectric properties of the material.
However, given the metastable nature of the K0.1(1)V6Sb6
phase, an alternative way would be to first perform doping of
the parent KV6Sb6 phase, followed by deintercalation of K+ to
access doped variants of the [V6Sb6] layers. The ease of K+

deintercalation from KV6Sb6 resulting in K0.1(1)V6Sb6 suggests
that the [V6Sb6] layered structure might be amenable for
doping, offering a flexible platform for new 2D materials.
Motivated by this, we attempted ion exchange in KV6Sb6.

Proof-of-Concept Ion-Exchange Studies on KV6Sb6.
The KV6Sb6 compound containing alternating layers of K+ and
[V6Sb6]− is an attractive candidate for ion-exchange studies.
Encouraged by examples of successful exchange of Sr2+ for K+

in the layered sulfide K2xMnxSn3−xS6 (KMS-1) by Manos et
al.,46 we explored ion exchange in the KV6Sb6 compound using
solvothermal and nonsolvothermal routes. The obtained data
show that the K+ ion can be exchanged with Na+, Rb+, and Cs+
(Figures S20−S22, Table S4). The analogs of the KV6Sb6
phase are reported for Rb and Cs40,41 but not for Na, Ca, Sr, or
Ba. Similarly, only K, Rb, and Cs analogs have been reported
for the AV3Sb5 family. While successful ion exchange of K with
Rb and Cs would serve as a proof-of-concept, for other ions,
ion exchange could provide a suitable avenue for the synthesis
of the AV6Sb6 analogs, not accessible via high-temperature
routes.
For the nonsolvothermal ion exchange with chloride salts of

alkali and alkaline earth metals, PXRD data indicate successful
partial ion exchange only with Rb+ and Cs+. Deintercalation
was instead observed in the case of Na+, Ca2+, Sr2+, and Ba2+
ions (Figure S20). The ion exchange was evaluated using SEM-
EDX analysis, the results of which are summarized in Table S4.
Decent levels of exchange are observed for RbCl and CsCl
(∼25−45%); however, a decrease in the overall amount of
alkali metals indicates the beginning of deintercalation during
the ion exchange process when carried out in water (Table S4,
experiments 2 and 3). This suggested a competition between
the deintercalation and ion exchange processes in an aqueous
medium.
To eliminate this competition, it was necessary to use a

nonaqueous solvent, in which the parent KV6Sb6 undergoes
little, to preferably, no deintercalation. Therefore, we
performed the ion exchange in MeOH since a lower rate of
K+ deintercalation was observed in MeOH compared to that in
water (Figure S1). To make up for the poor solubility of
chloride salts in MeOH compared to water (RbCl = 1.07 g/
100 mL and CsCl = 2.59 g/100 mL at 298 K),75 we resorted to
the solvothermal route for ion exchange. Solvothermal
synthesis allows for exchange reactions at elevated temper-
atures and pressures, which improves the dissolution of a salt
in a given solvent. Using MeOH successfully eliminated
deintercalation; however, the extent of exchange with RbCl
under solvothermal conditions was lower than that previously
observed in water (Table S4, experiments 2 vs 4). When the
chlorides were replaced with carbonates, Rb2CO3 and Cs2CO3,
an increased rate of exchange was achieved (Table S4,
experiments 4 vs 5 and 11) due to the significantly improved
solubility of the carbonate salts in MeOH (Rb2CO3 = 19.76 g/
100 mL and Cs2CO3 = 44.52 g/100 mL at 298 K). With
enhanced ion exchange under solvothermal conditions for the

Figure 11. Measurement of low-temperature transport properties of
the K0.1(1)V6Sb6 phase: (a) resistivity (ρ), (b) Seebeck coefficient (S),
and (c) thermal conductivity (κ). Measurements were performed on a
pellet with 75% density.
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carbonates, the reaction temperature and time were varied in
an effort to further maximize the ion exchange for Rb+ and Cs+,
details of which are included in the SI (Figures S21 and S22,
Table S4, experiments 4−12). The highest exchange rate of K+

at around 50% was achieved at 423 K for 2 h for both Rb+ and
Cs+ (Table S4, experiments 7 and 12).
Encouraged by the success of the solvothermal route for ion

exchange in KV6Sb6, we attempted Na+ exchange in MeOH
using CH3COONa. During our exploration of new phases in
the K−V−Sb system using the hydride route,39 we also
explored the Na−V−Sb and Na−K−V-Sb systems. Both ex
situ and in situ experiments suggested the presence of a
structurally related “NaV6Sb6” phase, albeit these efforts
remained inconclusive. SEM-EDX analysis of solvothermal
reactions of KV6Sb6 with CH3COONa indicates that ∼17% K+

can be exchanged with Na+ (Table S4, experiment 13),
providing the first example of a compound with Na+ cations
introduced between [V−Sb] layers. The Na exchange is
nonuniform, and the extent of ion exchange is lower compared
to those of Rb+ and Cs+. Refer to Figure S23 for more
information on Na exchange.
The above results clearly demonstrate that the ion exchange

can be successfully achieved in the layered KV6Sb6 phase,
further showcasing its flexibility for structural manipulation.
Alternative routes, such as electrochemical ion exchange, can
be used to improve the efficiency of the process and hold
promise in obtaining structurally related materials, especially
metastable phases, which cannot be synthesized via high-
temperature routes.

■ CONCLUSIONS

A new metastable 2D-Kagome pnictide K0.1(1)V6Sb6 was
synthesized via a “soft chemical” route, involving facile
deintercalation of K+ from the layered KV6Sb6 compound
using water. Deintercalation is irreversible and quantitatively
determined by using ICP-MS and SEM-EDX. PXRD, PDF,
and STEM analyses confirm the preservation of the [V6Sb6]
layers upon deintercalation, separated by a vdW gap of 3.2 Å.
The structure of the K0.1(1)V6Sb6 phase was determined by
using the complementary PDF-STEM-DFT techniques, high-
lighting the importance of utilizing synergistic methods for the
bulk structural determination of metastable 2D materials. The
K0.1(1)V6Sb6 phase crystallizes in the C2/m space group similar
to the parent KV6Sb6 phase, albeit with a relative shift of the
[V6Sb6] layers in K0.1(1)V6Sb6. The magnetic properties of the
parent and deintercalated phases are comparable, both
displaying nearly temperature-independent paramagnetism.
Calculation of the electronic band structure reveals the
nontrivial band topology with flat bands and opening of
band crossing afforded by deintercalation. Measurement of
transport properties reveals a low thermal conductivity of 0.6
W K−1 m−1 for K0.1(1)V6Sb6, similar to parent KV6Sb6. The
overall low electrical resistivity and thermopower of
K0.1(1)V6Sb6 suggest metallic/heavily doped semiconductor
behavior. Additionally, we show that the layered antimonide
KV6Sb6 is prone to ion exchange via a solvothermal route and
confirm the inclusion of Na+ between the [V−Sb] layers,
which is unattainable via high-temperature routes.
The methodologies discussed in this work can be extended

to other layered pnictides in search of new pnictide-based 2D
materials that are barely studied compared to their 2D
chalcogenide counterparts. The demonstrated flexibility of
the KV6Sb6 layered structure opens up new avenues for

structural manipulation via doping or electrochemical ion
exchange, providing a rich playground to access new 2D
materials with emergent properties.
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