ROYAL SOCIETY

Iy
Dalton
PPN OF CHEMISTRY

Transactions

View Article Online

View Journal | View Issue

Intercalation of alkali metal into WTe,, the crystal
structure of Ag sWTe, and observation of a metal-
to-semiconductor transition
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We explore the cationic intercalation of tungsten ditelluride (WTe,) with potassium (K), rubidium (Rb), and
cesium (Cs), yielding intercalation compounds of the form AgsWTe; (A = K, Rb, Cs). Structural characteriz-
ation was performed using powder X-ray diffraction (PXRD), while diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy and temperature-dependent conductivity measurements were employed
to investigate the electronic properties. Density functional theory (DFT) calculations were carried out to
support the experimental findings and to provide insight into the intercalation mechanisms and the result-
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ing material characteristics. All synthesized compounds display semiconducting behavior with narrow
band gaps, emphasizing the influence of alkali metal intercalation on the electronic structure and trans-
port properties of WTe,. These results advance the fundamental understanding of property modulation in
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Introduction

Transition metal dichalcogenides (TMDCs) represent a promi-
nent class of two-dimensional layered materials that continue
to attract significant scientific interest due to their remarkable
chemical and physical properties, which can be systematically
tuned by variations in composition, the number of layers,
applied pressure, and intercalation chemistry."® In these
materials, transition metal atoms are sandwiched between two
layers of chalcogen atoms, forming robust two-dimensional
structures with strong in-plane bonds within each layer and
weak van der Waals forces between layers. This structural
motif enables the formation of a range of polytypes and stack-
ing sequences and allows intercalation of guest species
between the layers, similar to well-known intercalation pro-
cesses in graphite.>”” Such intercalation reactions can involve
different atoms® ™ such as alkali metals, halogen atoms, or
organic molecules,"*™® thereby producing stoichiometric or
nonstoichiometric intercalation compounds whose structural,
electronic, and magnetic properties can strongly differ from
those of the pristine host material.'”° This process can also
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transition-metal dichalcogenides (TMDCs) and highlight their potential for electronic device applications.

serve as a precursor for the exfoliation of single TMDC
layers.>' 26

Among the TMDCs, tungsten ditelluride (WTe,)*” is distin-
guished by its unique low-symmetry distorted T4 structure,
which can be described as a variant of the 1T structure derived
from TiS,.>® In WTe,, each tungsten atom is coordinated in a
distorted octahedral environment by tellurium atoms and is
displaced from the center of the octahedron to form distinctive
W-W zigzag chains running along the g-axis (see Fig. 1). This
unusual arrangement results in a semi-metallic behaviour,**™"

Fig. 1 Projection of the WTe, structure. View along the c-axis of the
distorted T4 structure in which tungsten (grey) atoms follow a CDW
along the a-axis. Tungsten atoms are shifted off the octahedral centers
formed by tellurium (yellow) atoms.

This journal is © The Royal Society of Chemistry 2026
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large non-saturating magnetoresistance,>>** and exotic
phenomena such as charge density waves (CDWs),**™*" super-
conductivity,*> and the realization of type-II Weyl semimetal
states.*>** These properties have made WTe, a model system
for studying the interplay between structural distortions, elec-
tronic topology, and transport phenomena in low-dimensional
materials.

Intercalation of WTe, offers an effective means to tune
these properties further by introducing additional charge car-
riers and modifying the delicate balance of bonding inter-
actions within the layers. For example, the oxidative intercala-
tion of iodine into WTe, has been shown to produce WTe,l, a
phase that displays distinctly different electronic behavior due
to anion insertion.*> Conversely, the cationic intercalation of
alkali metals has long been recognized as a route to electron
doping, local structural distortion, and symmetry lowering.*®*”
Recent work on lithium intercalation is particularly notable,
although single-crystal structure refinement remains challen-
ging due to lithium’s low (X-ray) scattering power. In situ
electrochemical studies have demonstrated that lithium can be
reversibly inserted into the WTe, lattice, driving a metal-to-
semiconductor transition with the emergence of a calculated
small band gap (0.392 eV)*® and charge-density-wave (CDW)
ordering.*®*® These findings highlight the crucial role of the
electron count in modifying the W-W bonding network and
lifting degeneracies at the Fermi level, providing a strong
rationale for systematic studies of alkali-metal intercalation in
this class of low-symmetry TMDCs.

In addition to chemical intercalation, strain and external
stress could have a significant impact on the electronic pro-
perties of WTe,.>*” Theoretical and experimental studies
show that applying uniaxial or biaxial strain can open a band
gap in otherwise semi-metallic WTe,. For instance, DFT calcu-
lations predict that moderate strain along the b-axis can sig-
nificantly increase the band gap in monolayer or nanoribbon
forms, while twisted bilayer WTe, can undergo semiconductor-
to-metal transitions driven by strain and twist angles due to
moiré effects and interlayer coupling. Such strain- and twist-
driven phenomena underline how subtle lattice distortions,
whether induced mechanically or via intercalation, play a deci-
sive role in determining the resulting electronic structure.

A significant challenge in handling alkali intercalation
compounds is their pronounced sensitivity to moisture.'”>%7%*
Initially, the co-intercalation of water is often observed, intro-
ducing additional complexities.®>”° This is typically followed
by hydrolysis, where the intercalated metal reacts with further
water, leading finally to the formation of hydroxides and the
release of hydrogen gas. These reactions degrade the material,
resulting in alterations to its structure and properties. To miti-
gate these issues, it is essential to handle intercalated com-
pounds in inert atmospheres, such as argon-filled glove boxes,
to prevent moisture exposure and the subsequent degradation
reactions that compromise the material’s integrity and
functionality.

The synthesis and stabilization of alkali intercalation com-
pounds require precise control of experimental conditions,
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including temperature, pressure, and the stoichiometry of the
reactants.’®®! The insertion of alkali metals into TMDCs often
involves high-temperature solid-state reactions, solution chem-
istry or electrochemical intercalation methods, which must be
carefully controlled to avoid unwanted side reactions and
ensure uniform intercalation.

Determining the structure of these intercalation compounds
poses another significant challenge.”"”7® The weak van der
Waals interactions and potential disorder within the layers make
single-crystal structure determination particularly difficult."””*””
Single crystals of intercalated TMDCs are often of poor quality,
exhibiting defects and a lack of long-range order, complicating
the collection of high-quality diffraction data. As a result, it is
frequently recommended to use powder X-ray diffraction (PXRD)
rather than relying on single-crystal diffraction methods.”® PXRD
allows for the averaging of structural information over many
crystallites, and can provide a more accurate and reliable deter-
mination of the intercalated structure.

The structural complexity of WTe, adds an additional layer
of difficulty not only to the intercalation process but also to its
accurate characterization. Unlike many TMDCs,”>®*® which
possess relatively straightforward coordination environments
conducive to alkali intercalation, its distorted layers and their
relative arrangement do not provide well-defined octahedral or
tetrahedral voids (see Fig. 2).

In this study, we explore the cationic intercalation of WTe,
with alkali metals, resulting in the formation of 4 sWTe, (A =
K, Rb, Cs). Our goal is to investigate the structural and elec-
tronic changes induced by cationic intercalation and to under-
stand how these alterations influence the material’s overall
properties. Furthermore, we address the challenges associated
with the moisture sensitivity of these compounds and the
difficulties in their structural characterization, emphasizing
the use of powder diffraction techniques for accurate structure
determination.

Fig. 2 Sectional view of the WTe, crystal structure, highlighting tung-
sten (grey) and tellurium (yellow) atoms. The illustration emphasizes the
layered arrangement and distorted octahedral coordination environment
characteristic of WTe,.
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Results and discussion
Preparation of A, sWTe, compounds

The intercalation of WTe, with potassium, rubidium, and
cesium was approached using various methods to ensure suc-
cessful intercalation of the alkali atoms while minimizing dis-
order and reduction of the WTe, host compound.

A direct synthesis from the elements causes a violent reac-
tion of tellurium with liquid alkali metals, resulting in the for-
mation of a mixture of multiple alkali tellurides (4,Te, with A =
K, Rb, Cs; x = 0.4-2). Heating these reaction mixtures yielding
in mixed phases containing W, WTe,, and tellurium-rich A,Te
compounds, highlighting the limitations of direct synthesis
compared to other alkali intercalated TMDCs.*'®* Given
cesium’s lowest melting point among the alkali metals, adding
liquid cesium to WTe, at ~35 °C also resulted in a strong
exothermic reaction, yielding in Cs,Te,®®® unreacted WTe,,
and a small amount of Cs, sWTe,. An alkali vapor intercalation
approach was also attempted, in which cesium metal was
placed inside an open silica ampoule in a larger, vacuum
closed ampoule surrounded by WTe,. Despite using excess
cesium, complete intercalation was not achieved, and Cs,Te
phases were observed in the temperature range of 180-300 °C,
reaffirming the limitations of direct alkali intercalation and
synthesis. As later established, sealed-ampoule experiments
show that all phase-pure A4,;WTe, phases undergo slow
decomposition upon heating above ~100 °C.

Given the inherent limitations of both, direct synthesis and
alkali vapor intercalation, classical solid-state methods proved
unsuitable for producing phase-pure A,WTe,. This necessi-
tated the exploration of low-temperature solution-based
alternatives. A well-established approach is the use of alkali
naphthalenide solutions,*”°> which enables the intercalation
of alkali atoms into the van der Waals gap at low temperatures.
This slow, low-temperature process is crucial as it reduces the
risk of strain- or shear-induced lattice distortion and avoids
the undesirable chemical reduction of the host lattice to form
A,Te and elemental tungsten. Therefore, WTe, was added to a
0.2 M THF solution of alkali naphthalenide, with the reaction
temperature optimized to —80 °C for single crystals and
—50 °C for crystalline powder. While the powder reaction
required typically 3.5 h, single crystals needed to be main-
tained at the lower temperature for over five weeks. Attempts at
higher temperature (e.g. above —40 °C) resulted in rapid inter-
calation dynamics and a detrimental ‘curly’ crystal morphology
(even at low concentrations of 2 mM, see Fig. S1). However,
despite the successful synthesis of single crystals under these
—80 °C conditions, subsequent extreme sensitivity to moisture,
air, and mechanical stress (touch) rendered single-crystal X-ray
diffractometry unfeasible.

Structural studies and stability of A, sWTe,

The crystallographic analysis of A,sWTe, (A = K, Rb, Cs)
reveals significant changes to the host structure, as a conse-
quence of alkali metal intercalation. The key structural change
observed through powder X-ray diffraction (PXRD) is an
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increase in the spacing between adjacent WTe, sheets, which
confirms the successful accommodation of alkali ions into the
van der Waals gaps. The increase in interlayer distance is
directly linked to the size of the intercalating cation; larger
ions such as cesium produce a more pronounced expansion in
layer spacing than rubidium or potassium because of their
greater ionic radii (see Fig. 3, spacing values are given in
Table S1).

The crystal structures of 4, sWTe, compounds with A = K,
RD, Cs were solved from PXRD using EXP02014,%* and refined
by Rietveld methods in FullProf (FP)** with a modified
Thompson-Cox-Hastings  pseudo-Voigt (TCHZ) profile
function.”>® The instrumental resolution function (IRF) was
obtained from the NIST Si640f standard®” and fitted in
WIinPLOTR.?® Additionally, multiple texturing effects, such as
particle form, size, and orientation, were included in the
Rietveld refinements to enhance the accuracy of the model.
The initial structure solution and indexing of RbgsWTe,,
based only on the strongest reflections, yielded a monoclinic
cell in P2,/m. This cell (a = 3.6904(1) A, b = 17.8326(4) A, ¢ =
6.2639(1) A, /= 90.5046(9)°) showed a pronounced layer expan-
sion along b-axis, relative to the corresponding c lattice para-
meter in pristine WTe, *° (a = 3.477(2) A, b = 6.249(4) A, ¢ =
14.018(9)). Despite good refinement values, this initial model
featured disordered alkali sites with a refined occupancy of
~0.50 (Fig. S2). Incorporating weaker reflections revealed a cell
of nearly double the volume and the full resolution of the dis-
ordered alkali atoms (a = 7.29929(6) A, b = 17.8359(2) A, ¢ =
7.24461(6) A, p = 118.9979(4)°, see Fig. 4). The connection
between the initial and final models can be rationalized by an
isomorphic group-subgroup relation, illustrated for Rb, sWTe,
as a Bérnighausen tree in Fig. S3. Similarly, K, sWTe, (Fig. S4)
and CsysWTe, (Fig. S5) refine isotypically to the rubidium
intercalation compound and are provided in the SL'°° All rele-
vant crystallographic parameters are summarized in Table 1.
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Fig. 3 Interlayer spacing of pristine WTe;, and its alkali-metal—-interca-

lated derivatives, determined from PXRD via the (002) Bragg reflection.
Synthetic details for Lip sWTe, and Nag sWTe; are provided in the SI. The
layer spacing increases systematically with cation ionic radius.
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Fig. 4 PXRD structure refinement of Rbg sWTe, with the space group P2;/m at 298 K with the experimental (red) and calculated (black) intensities

of the Rietveld refinement. Bragg positions (green) and the difference curve (blue) are also shown.

Table 1 Crystallographic data of pristine WTe, and its alkali metal-intercalated derivatives (Ao sWTe,, A = K, Rb, Cs) with additional distances and

Rietveld refinement values

WTe, *° Ko.sWTe, Rb, sWTe, Cso.sWTe,
Formula WTe, K,W,Teg Rb,W,Teg Cs,W,Teg
Z 4 2 2 2
Space group Pmn2, P2,/m P2,/m P2,/m
alA 3.477(2) 7.29743(8) 7.29929(6) 7.29984(6)
b/A 6.249(4) 17.2594(2) 17.8359(2) 18.5213(3)
/A 14.018(9) 7.24144(8) 7.24461(6) 7.24484(6)
Bl 90 119.1069(4) 118.9979(4) 118.9297(4)
VIA® 304.6(3) 796.876(16) 824.93(1) 857.29(2)
Number of reflections — 1136 1179 1383
Number of parameters _— 54 45 44
Ruragg — 1.44 1.53 1.72
R /pr — 3.38/4.31 2.92/3.82 3.76/4.95
){f — 1.0222 1.0012 1.1877
CCDC 73323 2392515 2390030 2390900

All intermediate and final structure models were validated
with PLATON.'"!

The validity of our indexing and structure-solution strategy
is substantiated by a similar unit-cell choice, including a g
angle of nearly 120°, previously reported for electrochemically
Li-intercalated WTe, by Muscher et al. - despite their lack of a
fully refined structure.*® For completeness of our study, we
also prepared 4, sWTe, with A = Li and Na, with the synthetic
details provided in the SI. Our structural model for Li, sWTe,
was refined in the same P2, space group as previously reported
by Muscher, revealing similar unit cell dimensions (a = 7.2813
(1) A, b = 14.8109(3) A, ¢ = 7.2324(1) A, § = 119.3428(8)°). The
symmetry reduction from P2,/m to P2, is governed by the rela-
tive stacking of the WTe, layers with respect to one another.
The Na analogue, Na, sWTe,, refines in the space group P2,/m,
yielding distinct parameters (a = 7.2897(2) A, b = 16.1501(3) A,
¢ =7.24837(2) A, ff = 119.1634(5)°). Nevertheless, the structural
refinements for both compounds remain unsatisfactory

This journal is © The Royal Society of Chemistry 2026

because of the weak X-ray scattering power of light atoms like
Li and Na compared to WTe,; we therefore report synthesis
details and Le Bail fits for these intercalation compounds in
the SI (Fig. S6 and S7).

As a result of the alkali metal intercalation into the van der
Waals gap, the WTe, layers are essentially preserved, while
adjacent layers undergo a significant shift relative to each
other along [101], aligning the tungsten chains along the
b-axis (see Fig. 5).

The final structural model reveals an ordered, honeycomb-
like arrangement of the intercalant within the van der Waals
gap (Fig. 6) with representative Rb---Rb separations of 3.7917
(7) to 5.140(1) A. The two crystallographically distinct alkali-
metal positions exhibit distorted cubic coordination (CN = 8)
environment (see Fig. 7), with Rb-Te distances ranging from
3.556(4) to 4.122(5) A.

Although the overall topology of individual WTe, layers
remains largely unchanged in A,sWTe,, slight distortions in

Dalton Trans., 2026, 55, 3296-3309 | 3299
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Fig. 5 Structural transformation of WTe, (top) to ApsWTe, (bottom)
induced by alkali intercalation. The adjacent WTe, layers experience a
significant shift, highlighted by the tungsten telluride chains (W: grey,
Te: yellow, A: turquoise).

the positions of the tungsten and tellurium atoms are
observed compared to those in WTe,. The intercalation lowers
the symmetry from orthorhombic Pmn2, of the pristine WTe,,
to monoclinic P2,/m for the intercalated A, sWTe, phases (4 =
K, Rb, Cs), or even P2; for the lithium-intercalated com-
pound.*® The symmetry reduction between monoclinic space
groups is accompanied by a doubling of the unit cell, which in
turn doubles the number of crystallographically distinct
atomic sites and facilitates the observed distortions.

A closer examination of bond distances in Table 2 and
Fig. 8 reveals that the distortion in the tungsten chain is likely
driven by the formal addition of half an electron per WTe,
formula unit, introduced by the alkali metal. Departing from
an equidistant pattern of W-W distances in the structure of
WTe, we note a distortion involving clustering of metal atoms
when going to Rb,sWTe,, with distances ranging be-tween
2.794(3) and 3.146(3) A (see Fig. 8(a) and (b)).

A gradually increased distortion pattern between rhenium
atoms is observed in the structure of ReSe, (see Fig. 8c), which
is another 2D TMDC with one additional d electron compared
to WTe,. Despite crystallizing in a triclinic space group, ReSe,
exhibits a similar layered structure with pronounced in-plane
distortions of the Re-Re chains, respectively clustering. If the

3300 | Dalton Trans., 2026, 55, 3296-3309
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Fig. 6 Section of the RbysWTe, crystal structure. (a) View along the
tungsten zigzag chains. (b) View along the b-axis showing the arrange-
ments of Rb ions, shown turquoise, one of them semi-transparent (75%
opacity), separated by one central WTe; layer (W: grey, Te: yellow).

largest bond connecting the rhenium zig-zag chains is neg-
lected, one observes Re, clusters with bond lengths ranging
from 2.6471(3) to 2.9273(3) A. This highlights how electron
count can drive comparable bonding and symmetry-lowering
effects across group 6 and 7 dichalcogenides.'®>"%?

If we assign electrons to a series of rhombic M, clusters, we
count 10 e~ per rhombic cluster (Rb,W,Teg) in Rb, sWTe, and
12 e~ per rhombic cluster (Re,Seg) in ReSe,, wherein two elec-
trons can formally be assigned to inter-cluster bonding. A com-

parable, isolated rhombic M, cluster is known in the structure

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Distorted cubic coordination environment of the rubidium
atoms in Rbgy sWTe; (W: grey, Te: yellow, Rb: turquoise).

Table 2 Selected interatomic distance (A) for the refined structures

WTe, %° Ko.sWTe, Rb, sWTe, CsosWTe,
dw-w/A  2.85(1) 2.825(1), 2.794(3), 2.791(3),
2.860(2), 2.850(3), 2.846(3),
3.160(1) 3.146(3) 3.181(3)
dwrel  2.70(1)-  2.667(1)- 2.691(6)- 2.659(4)-
A 2.800) 2.865(3) 2.860(5) 2.899(6)
dres/A — 3.433(1)- 3.556(4)- 3.712(6)-
3.576(1) 3.673(3) 3.821(6)
WTe: Rbo.sWTez
2.85 3.14
2.85 285
2.85 : 2.79
3.48 3.321
585 ' 285
2‘_;5\‘ 3.14
a) b) c)

Fig. 8 Section of the (a) WTe, (b) RbgsWTe, and (c) ReSe, structure
visualizing the distortion of the metal chain with metal-to-metal dis-
tances given in A (tungsten/rhenium in grey, chalcogens in high opacity
yellow).

of CsNb,Cl;4, which can be explained with the presence of 10
e~ being semi-localized in five metal-to-metal bonds."®* This
simplified assignment of cluster electrons will be corroborated
by density functional theory in a following section.

All obtained alkali-intercalated phases are extremely sensi-
tive to moisture. A time-resolved PXRD analysis of Rb, sWTe,
(Fig. 9; sample placed between two Mylar foils and not herme-
tically sealed with Lithelen grease) reveals discrete stages of
H,0 co-intercalation that precede subsequent hydrolysis. The

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Time resolved PXRD analysis of RbosWTe, showing structural
evolution under hydrolysis (for full 20 range see Fig. S8).

(002) reflection in the PXRD pattern - directly displaying the
interlayer spacing - shifts stepwise from 26 = 9.91° (dgo, =
8.9815 A) to as low as 20 = 8.12° (dyg, = 10.8953 A), consistent
with an interlayer gallery expansion of ~1.91 A (~21%).
Concurrent shifts of reflections in the 14-18° 20 range indicate
adjustments of a and/or b lattice parameter. Upon subsequent
hydrolysis/de-intercalation, Bragg intensities diminish and
reflections broaden, evidencing loss of long-range order and
increased stacking disorder.

ICP-OES

A chemical analysis of 4y sWTe, for A = Li, K, Rb by inductively
coupled plasma optical emission spectrometry (ICP-OES) and
RFA confirmed the identity of the product with an average
elemental ratio (from a multiple measurements) corres-
ponding to A: W:Te = 0.50(3):1:1.98(3).

SEM and EDX

Scanning Electron Microscopy (SEM) analysis of Rb,sWTe,
samples revealed that the crystallites exhibit a pronounced
platelet morphology (see Fig. 10 and Fig. S9), indicative of
their layered structure. Although individual layers and their
interlayer spacings could not be resolved, the observed mor-
phology aligns with the expected anisotropic growth patterns
characteristic of such materials. This suggests a preferential
growth along specific crystallographic planes, resulting in the
formation of thin, plate-like structures.

The pronounced planar habitus observed in SEM images is
consistent with the inherent two-dimensional nature of the
crystal lattice, which promotes extensive lateral extension
while limiting perpendicular growth. Consequently, the orien-
tation of the platelets has also been considered in powder
X-ray diffraction (PXRD) analysis, as it may lead to preferred
orientation effects that influence the diffraction pattern.

Energy Dispersive X-ray (EDX) measurements further
confirm the elemental composition of the samples, with an
average ratio of Rb: W: Te = 0.50(2): 1:2.02(4), consistent with
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Fig. 10 Scanning electron microscopy (SEM) images of Rbg sWTe; crys-
tals at 200x (a) and 10 000x (b) magnification, highlighting the layered
morphology.

the stoichiometry of Rb,s;WTe, (see Fig. S10). Notably, the
morphology and elemental composition are representative of
the analogous compounds containing potassium (K) and
cesium (Cs), highlighting the broader applicability of these
observations across the family of alkali-metal-intercalated
WTe, materials.

Electrical properties

Temperature-dependent conductivity measurements were con-
ducted on Rb,sWTe, single crystals in a range from 75 K to
300 K. Fig. 11 shows the current vs. voltage curves, revealing

1x102 4

| [—— 75K
——100 K
——125 K
——150 K
——175K
——200 K|
——225K
——250 K
——275 K
——300 K

1x10" 4

Current (nA)
o

-Ax10"

T T T T T T T
-04 -02 00 02 04 06 08 10

Voltage (V)

Fig. 11 Current voltage characteristic for the different temperatures
measured in the range between 75 K and 300 K from -1V to 1 V.
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ohmic behavior over the entire temperature range with a
maximal conductivity of p = 24.3 mS m™" at 300 K.

Decreasing currents for decreasing voltages indicates semi-
conducting behavior of the Rb,;WTe, crystals. For tempera-
tures below 125 K, the used measurement setup is at its
resolution limit and thus cannot show a reliable result. In
Fig. 12, this data is presented in an Arrhenius-like plot. By
fitting the conductivities from room temperature down to
150 K an activation barrier to transport of 0.476 eV can be esti-
mated under the assumption of a fixed value of the Fermi

energy-105_108

Photoelectric properties

Further proof of the semiconducting behavior can be found by
measuring the crystal under illumination with a 779 nm CW-
laser at a constant bias of 0.2 V. The obtained photoresponse,
displayed in Fig. 13, shows a rapid, steep increase which pre-
cedes a slower second component. The first rise can be tenta-
tively attributed to photoexcited charge carriers; the second, to
the effect of the crystal’s concurrent heating.

-12 4

T
4 6 8 10 12 14
T1in 1/K-10°

Fig. 12 Arrhenius plot of the electrical conductivity of RbgsWTe, at
temperatures in the range of 75 K to 300 K. The red line is a linear fit for
the range between 150 K and 300 K.

Photocurrent (nA)

i [ W

0 5 10 15 20 25
Time (s)

Fig. 13 Photoresponse of a Rbg sWTe; crystal toward a 779 nm laser at
250 K under a bias of 0.2 V.
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Electronic structure

The electronic structures of the A, sWTe, compounds, and the
general effects of cationic substitution on the electronic pro-
perties of WTe, were investigated using density functional
theory (DFT). The calculated electronic band structures are
shown in Fig. 14. All three materials (A = K, Rb, and Cs) are
predicted by DFT to be semiconductors with indirect band
gaps of 0.35 to 0.4 eV. In all cases, the valence band maximum
is at the " (0 0 0) point in reciprocal space. The conduction
band maximum is at Y, (—0.5 0 0) in K, sWTe, and Rb, sWTe,
and at a nearby point at (—0.37 0 0) in Csys;WTe,. The
minimum direct band gap of ca. 0.5 eV is located at the con-
duction band maximum in all cases. In all three materials, the
bands near the Fermi energy have contributions from W 5d
and Te 5p orbitals, with somewhat more W character. The
cation orbitals are located far below the Fermi energy.

The underestimation of band gaps in DFT is a well-known
problem, and therefore the significant overestimation of the
indirect bandgap of K,sWTe, in DFT is not expected.'” To
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Fig. 14 Calculated electronic band structures of KosWTe, (a),
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literature.*°
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better understand the effects of alkali metal intercalation on
WTe,, including the possible role of defects and disorder on
the electronic structure, we performed calculations of the crys-
tallographic and electronic structures of WTe, in the P2;/m
space group but without cations, both in its neutral state and
with a —4 charge per unit cell (WgTe;q and WgTe6* ™, Fig. 15).
The changes to the electronic structure are significant; the
neutral form (Fig. 15a) becomes a semimetal with a negative
band gap (as is expected for WTe,), whereas the negatively
charged form interestingly is also predicted to be semimetal-
lic, but with zero band gap. This zero-gap state suggests that
the very small band gap detected in K, sWTe, experimentally
could be due to the presence of charged vacancies in the
crystal structure.

The crystal structure of WTe, in the P2,/m space group also
changes significantly between the charged and uncharged
state (similar to Fig. 8a and Fig. S11a). The relaxed structure of
the charged state closely resembles that of the intercalated
compounds, featuring a reduced interlayer distance and three
short W-W bond lengths ranging from 2.783(1) to 2.805(1) A,
along with one longer bond of 3.118(1) A (similar to Fig. 8b
and Fig. S11b). In the neutral state, the internal Te-W-Te
angles within the layers are more linear, leading to an
increased layer thickness and nearly equal W-W bond lengths
of 2.827(1)-2.834 A, closely resembling the known crystal struc-
ture of WTe, reported in the literature (Fig. 8a).”® These dis-
tances are in good agreement to what has been shown in Fig. 8
and lead to a significant change in the electronic structure, as
additional bands with Te character (blue) appear near the
Fermi energy in Fig. 15a. Without this structural rearrange-
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Fig. 15 Calculated electronic band structures of WTe, in the P2;/m
space group (of the intercalated structures but with the cations
removed) (a) in the neutral state and (b) with a —4 charge per unit cell.
Bands are colored by their tungsten character. Special points in and
paths through reciprocal space were chosen following the literature.*°
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ment, the two band structures (Fig. 15a and b) would be iden-
tical, apart from a rigid shift of the Fermi energy.

To further understand the effect of structural distortion on
the electronic structure of intercalated WTe,, we calculated the
band structure of K,sWTe, as a function of strain along the
interlayer direction (Fig. 16 and 17). Interestingly, moderate
compressive (Fig. 17a) and tensile (Fig. 17c) strain both
decrease the band gap.

In the compressive case, the bands near the Fermi energy
are largely undistorted, however in the tensile case we see a
change in the curvature and character of the highest occupied
band. 2% compressive strain is sufficient to turn the material
metallic, whereas 2% tensile strain leads to a zero band gap
semimetal due to the appearance of some unoccupied Te orbi-
tals at the Fermi energy. These results again show how local
distortions due to disorder in the material could introduce
unoccupied states at or near the Fermi energy, thereby leading
to the small band gap seen in the experiments. Notably, the
changes in the band structure from introducing tensile strain
are much more dramatic than those arising from increasing
the interlayer spacing by intercalating larger cations (Fig. 14).
This could indicate the importance of the electrostatic inter-
actions between the cation and the WTe, layers to retain their
bond geometry.

DRIFT optical band gap determination

Diffuse reflectance (DRIFT) spectra of the intercalated
AosWTe, phases were evaluated using the Kubelka-Munk
transformation

a  (1—R)
FRa) = 2= O Ra)
S 2R
R
with Re = —2P the reflectance of an infinitely thick speci-
standard

men, « is the absorption and S is the scattering coefficient. For
particle sizes greater than the light wavelengths measured, the
scattering coefficient is understood to be approximately inde-
pendent of frequency (F(R.) ~ @) and therefore F(R,,) could be
understood as a “pseudo-absorbance” coefficient.'''™*'” The
transformed spectra exhibit a very broad absorption edge,
typical for layered materials with weak interlayer interactions
and small, anisotropic gaps. Notably, we observe that while the
absolute absorption edge energy remains essentially constant
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Fig. 16 Local structural arrangement of KosWTe, in the P2;/m space
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between different synthesis batches, the slope of the edge
varies considerably, reflecting texturing effects such as dis-
order, stress and microstructure. Attempts to extract a band
gap using conventional Tauc analysis, [ahv]” « (v — Eg) with n
= 2 for direct allowed and n = 0.5 for indirect allowed tran-
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sitions, give highly inconsistent results. While the direct tran-
sition extrapolation results in values around 0.4-0.5 eV, the
indirect treatment yields unrealistically small values.

An alternative band gap determination according to Zanatta
et al. was performed."® In this method, the energy-dependent
absorption coefficient a(E) is fitted with a Boltzmann-type sig-
moidal function:

Amin — 4,
a(E) = Gmax + —— 2
1te E —E}
o EE"
P\ —%E

where dmin (@max) stands for the minimum (maximum) absorp-
tion coefficient; ES° is the energy coordinate at which the
absorption coefficient is halfway between amin and anmax; and
8E is associated with the slope of the sigmoid and indicates
the energy range over which most optical transitions occur.™*®
The optical band gap is then estimated using the relation:
E?OI‘Z = gholz _ ngi"r]/tizndir-SE, with nB9% = 0.3 for direct and nZol
= 4.3 for indirect transitions.

Both the Tauc and Zanatta approaches yield reasonable and
consistent results when assuming a direct transition. However,
both methods fail to produce meaningful band gap values
under the assumption of an indirect transition, not due to the
optical data itself but because of intrinsic limitations in the
derivation of the corresponding formalisms. Despite this, the
Zanatta model allows a more precise and consistent determi-
nation of the absorption edge energy EE°'?, which represents
the most robust physical observable. For K, sWTe, (see Fig. 18,
Fig. S12 and S13), an analysis of Kubelka-Munk-transformed
spectra with Zanata’s method yields E§™* = 0.431 eV
(RbysWTe, = 0.448 and CsysWTe, = 0.440). These values
correspond closely to the band gap of 0.476 eV determined
from temperature-dependent conductivity measurements
and closely to the values of the DFT-calculated band gaps
(0.35-0.4 eV).

o(normalized)

T T T T T T

T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
hv (eV)
Fig. 18 Optical absorption coefficient spectrum of KosWTe, with the

Boltzmann function (R*> = 0.997, > = 4.00 x 107 used to fit a
(normalized).
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The broadness of the absorption edge and the mismatch
between different extrapolations reflect the intrinsic sensitivity
of the electronic structure to weak van der Waals bonding and
distortions. Even slight shifts of the layers alter orbital overlap
and band dispersion. First-principles calculations confirm that
a semiconductor-metal transition can be induced in K, sWTe,
by applying only +2% uniaxial strain along the interlayer axis,
collapsing the gap entirely under compression. Similar behav-
ior is predicted for pristine WTe,, where both tensile and com-
pressive strain change the balance of electron and hole
pockets and lead to a semimetallic state. Further perturbations
such as hydrostatic pressure, uniaxial stress from substrate
mismatch, or moiré-type stacking in twisted bilayers also
produce pronounced band structure modifications, including
complete bandgap closure at twist angles of about 15°. These
combined results demonstrate that the diffuse absorption
edge seen experimentally does not represent a sharp bandgap
in the conventional sense but rather the response of a system
whose band structure is highly susceptible to strain, stacking,
and interlayer distortions, making any rigid assignment of a
direct or indirect gap challenging.

Experimental
Synthesis of WTe, and 4, sWTe,

All material handling and manipulations were performed in
an argon-filled glove box (MBraun Labmaster 130, O, < 1 ppm,
H,0 < 1 ppm). All synthesis steps consistently afforded yields
greater than 95%.

WTe, was synthesized by combining tungsten powder
(1256.24 mg, 6.84 mmol, ABCR GmbH, 99.95%, particle size
0.6-0.9 pm), tellurium pieces (1830.95 mg, 14.35 mmol,
Evochem, 99.999%), and tungsten(vi) chloride (WClg;
135.49 mg, 0.34 mmol, Arcos, 99.9+%) in a 1:2.1:0.05 molar
ratio, with WClg serving as an oxygen getter. The mixture was
sealed in a dry, evacuated silica ampoule (40 mm length,
16 mm diameter) and heated in a commercial (Carbolite)
furnace to 800 °C for 6 hours, employing heating and cooling
rates of 2 K min~".

The resulting product was thoroughly ground, vacuum-
sealed in a second silica ampoule (200 mm length, 16 mm dia-
meter), and heated to 500 °C for 20 hours under a temperature
gradient, with the opposite end of the ampoule maintained at
room temperature, to facilitate the removal of excess tellurium,
tungsten oxychloride impurities and unreacted WCls.

Ay sWTe, with A = K, Rb, Cs (Strem Chemicals, 99.9+%) was
synthesized by reacting WTe, with a 1.5 molar excess of 0.2 M
alkali naphthalenide solutions (in anhydrous THF, naphtha-
lene >99% Sigma-Aldrich) at —50 °C for 3.5 hours under vigor-
ous stirring with a glass stir bar. The reaction mixture was
washed multiple times with absolute THF at —50 °C and sub-
sequently dried under vacuum, yielding a black powder
product. Single crystals were grown by maintaining the reac-
tion at —80 °C for five weeks without stirring, followed by the
same washing and drying procedures described above.
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Powder X-ray diffraction

PXRD patterns of products were collected with a Stadi-P
(STOE, Darmstadt) powder diffractometer using germanium
monochromated Cu-K,, radiation (1 = 1.5406 A) and a Mythen
1 K detector.

ICP-OES

After dissolving of A4, sWTe, (A = Li, K, Rb) in 3.3 wt% HNO;/
H,0,/oxalic acid, the W/Te/A ratio was determined by ICP-OES
(iCAP 7400 Thermo Fisher Scientific).

TXRF (total internal reflection X-ray fluorescence) spectroscopy

TXRF studies were performed using a S2 Picofox (Bruker AXS
Microanalysis, Berlin, Germany) equipped with a Mo X-ray
tube, which was operated at 50 kv and 600 pA. The measure-
ment period for each sample was 1000 s (live time). Fitting of
the resulting spectra was done using the Spectra software
(Bruker Nano GmbH) in the super byas mode (maximum strip-
ping cycles of 2000).

DFT calculations

Calculations were performed using the ABINIT software
package with the projector augmented-wave (PAW) method
and a plane-wave basis set."'*'*° The Perdew-Burke-Ernzerhof
exchange-correlation functional was used with the vdw-
DFT-D3 dispersion correction."*"'*> PAW data files were used
as received from the ABINIT library.">®> Methfessel-Paxton
smearing was used to determine band occupation.'**
Convergence studies were used to choose a 26 Ha (K, ;WTe,,
WTe,), 22 Ha (Rb,sWTe,), and 20 Ha (CsysWTe,) plane wave
basis set cutoff energy outside the PAW spheres; a 5 times
larger cutoff was used within the spheres. The Brillouin zone
was sampled with a 4 x 2 x 4 (K, sWTe,, CsysWTe,, WTe,) or 5
x 4 x 5 (RbysWTe,) grid of k-points. Structural relaxation was
performed prior to calculation of the electronic structure in all
cases. Negatively charged structures were simulated using a
uniform background compensating positive charge. Example
input files are available as part of the SI.

DRIFT (diffuse reflectance infrared Fourier transformation)
spectroscopy

Samples were measured at room temperature under inert con-
ditions in diffuse reflectance with a Harrick Praying Mantis
attachment equipped with an inert chamber attachment
custom-made for the original sample holder (details provided
in the SI). Measurements were conducted on a Bruker Vertex
70 infrared spectrophotometer with a deuterated triglycine
sulfate (DTGS) detector and KBr beam splitter. The back-
ground spectra were collected using pure dried KBr in powder
form.

Electrical characterization

Conductivity measurements were performed at a Lake Shore
Cryotronics CRX-6.5 K probe station with a Keithley 2636B
source meter unit. Needle-shaped crystals of Rb,sWTe, were
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transferred into the chamber under protective gas and con-
tacted with silver paste on a silicon substrate with 770 nm
dioxide layer. The conductive silver pads at each end of the
crystals were then connected to the circuit with tungsten tips.
The chamber was kept under vacuum (<5 x 10~> mbar) and the
temperature was varied between 20 K and 300 K. Before each
measurement, sufficient time was allowed for the sample to
reach the chosen temperature. Two-point conductivity
measurements were performed by varying the applied source-
drain voltage from —1 V to 1 V while detecting the current. For
time-resolved photocurrent measurements, using a picosecond
pulsed laser driver (Taiko PDL M1, PicoQuant) together with a
laser head 779 nm (pulse length <500 ps), the crystals were
illuminated at 40 mW laser output power using the continuous
wave mode while a constant voltage of 1 V was applied.

SEM and EDX

Energy Dispersive X-ray Spectroscopy (EDX) and Scanning
Electron Microscopy (SEM) analyses were conducted using a
HITACHI SU8030 scanning electron microscope equipped with
a Bruker QUANTAX 6G EDX detector. Samples of RbysWTe,,
including both powders and crystals, were mounted on carbon
tape and transferred via the transfer chamber technique as
described by Grahlow.'”® The average elemental ratio, deter-
mined from multiple measurement points, were W:Te:Rb =
1:2.02(4):0.50(2) and W: Te: Cs = 1:1.99(5) : 0.51(4).

Conclusions

The successful cationic intercalation of tungsten ditelluride
(WTe,) with potassium, rubidium, and cesium resulted in the
formation of A,;WTe, compounds, which exhibit notable
modifications in both their structural and electronic pro-
perties. The crystallographic analysis reveals an expansion of
the interlayer distance, consistent with alkali metal incorpor-
ation, leading to subtle structural distortions and a reduction
in symmetry. These changes correlate with a transition from
semi-metallic to semiconducting behavior, demonstrating the
tunability of WTe,’s electronic properties through alkali
intercalation.

The synthesis of these intercalation compounds required
careful control of conditions to accommodate the high reactiv-
ity of alkali metals. Powder X-ray diffraction and diffuse reflec-
tance spectroscopy were key to providing accurate structural
and electronic characterization of the materials.

The ability of the WTe, framework to accommodate
different alkali metals while maintaining structural integrity
highlights its potential as a versatile material for applications
in electronic and energy storage devices. The tunable pro-
perties observed in 4,;WTe, compounds open new possibili-
ties for engineering the electronic characteristics of transition
metal dichalcogenides, contributing to advancements in
materials design for future electronic applications.

This journal is © The Royal Society of Chemistry 2026
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