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Abstract: The new compound WTe2I was prepared by a re-
action of WTe2 with iodine in a fused silica vessel at tempera-
tures between 40 and 200 °C. Iodine atoms are intercalated 
into the van der Waals gap between tungsten ditelluride layers. 
As a result, the WTe2 layer separation and therefore the c-axis 
length is significantly increased, and the orthorhombic space 
group is preserved. Iodine atoms form planar layers between 
each tungsten ditelluride layer. Due to oxidation by iodine the 
semi-metallic nature of WTe2 is changed, as shown by com-
parative band structure calculations for WTe2 and WTe2I 
based on density functional theory. The calculated phonon 
band structure of WTe2I suggests a charge density wave in-
stability at low temperature.  

Introduction 

Transition metal dichalcogenides (TMDCs) are quasi-two-di-
mensional layered materials, formed by monolayers of metal 
atoms sandwiched between layers of chalcogen atoms. Weak 
van der Waals interlayer bonding between building blocks of 
hexagonal chalcogen layers with nearly octahedral or nearly 
trigonal prismatic metal atoms allow many polytypes to form.[1] 
The weak interlayer bonding permits intercalations, quite akin 
to other layered materials such as graphite,[2] allowing the in-
corporation of various metal atoms[3] and organic molecules[4] 
between the layers to form stoichiometric or nonstoichiometric 
compounds. Depending on the intercalated species, changes 

in the physical properties of the host can occur. In addition, 
such intercalated species can be used as precursors for the 
exfoliation of single TMDC layers.[5] 
Tungsten ditelluride (WTe2)[6] is a typical TMDC that crystal-
lizes with the so-called distorted 1T (Td) structure. The struc-
ture resembles a distorted derivative of TiS2[7] with distorted 
tellurium octahedra and tungsten atoms shifted away from oc-
tahedral centers, thereby forming zigzag chains along the b-
axis direction (Figure 1). The arrangement of tungsten atoms 
in the structure plays a significant role in the remarkable elec-
tronic properties of WTe2. Electronic structure calculations 
have revealed WTe2 to be a semi-metal.[8] Physical studies 
have revealed many excellent properties for WTe2, including 
charge density wave (CDW)[9] formation, superconductivity,[10] 
large magnetoresistance[11] and the presence of nontrivial top-
ological properties such as the appearance of type-II Weyl fer-
mions,[12] making this material interesting for a variety of elec-
tronic applications. The oxidation of WTe2 with iodine and the 
formation of the intercalated species WTe2I modifies the elec-
tronic structure and therefore changes the properties of this 
material. Moreover, this type of anionic intercalation has not 
been reported before in a TMDC, according to our knowledge, 
and may be applicable to other TMDC systems as well. 

Results and Discussion 

Reactions of metal dichalcogenides with halides have been 
reported to yield mixed chalcogenide-halide cluster com-
pounds. An example is the formation of Re3Se2Br5 from ReSe2 
with Br2 (at 450 °C).[13] Following this example we have ex-
plored the reaction of WTe2 with iodine. WTe2 can be prepared 
from well-known transport reactions of the elements in fused 
silica tubing, like other transition metal chalcogenides.[6, 8a, 14] 
A detailed study of the reaction of WTe2 with iodine in a fused 
silica ampoule reveals several reaction steps with increasing 
temperature and iodine pressure. The first step is an interca-
lation of iodine into interlayers of the WTe2 structure, yielding 
the new compound WTe2I, which occurs following heating 
above 40 °C in a closed vessel. When heated above 200 °C, 
iodine and TeI4 are released until (TeI3)2[W6I14] is formed at 
250 °C.[15] 

A chemical analysis of WTe2I by inductively coupled plasma 
optical emission spectrometry (ICP-OES) confirmed the iden-
tity of the product with resulting averaged ratios of elements 
corresponding to W : Te : I = 1 : 1.98 : 0.99.  

The crystal structure of WTe2I, as refined from X-ray powder 
diffraction data, is closely related to that of WTe2, both crys-
tallizing with the same orthorhombic space group (Table 1). 
Individual WTe2 layers and corresponding W–W and W–Te 
distances remain almost unchanged before and after the re-
action with I2 (Table 1). However, the c-axis of the unit cell 
increases by approximately 50% (Table 1) due to the interca-
lation of iodine atoms between adjacent WTe2-layers. The ori-
entation of the WTe2 layers in the ab-plane changes by 
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Figure 1. Projection of the WTe2 structure. View along the c-axis of the dis-
torted Td 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. 
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moving every second layer in opposite b-directions so that the 
tungsten chains are aligned along the c-axis (Figure 2).  

 
Table 1. Crystallographic data, and W–W and W–Te dis-
tances of WTe2 and WTe2I. 

 WTe2[16] WTe2I 
Space group Pmn21 Pmn21 

a / Å 3.477(2) 3.4736(1) 
b / Å 6.249(4) 6.3236(1) 
c / Å 14.018(9) 21.8818(3) 
V / Å3 304.6(3) 480.66(1) 

d(W–W) / Å 2.85(1), 3.48(1) 2.88, 3.47 
d(W–Te) / Å 2.70(1)–2.80(1) 2.66–2.90 

 
Iodine atoms form nearly rectangular, planar layers within the 
ab-plane with I–I distances of 3.14 Å and 3.47 Å. A similar 
arrangement of iodine layers with values of 3.32 and 3.84 Å 
was reported in the unusual intercalation compound 
(Te2)2(I2)[17]. Another, more closely related, TMDC intercala-
tion compound containing a planar iodine network is AuTe2I[18], 
which has I–I distances of 4.06(1) and 4.74(1) Å. 
As noted above, the incorporation of iodine atoms into the 
structure of WTe2 yields a significant increase of the interlayer 
distances (increase from 7.052 Å in WTe2 to 10.943 Å in 
WTe2I). This increase is huge compared to cationic 

intercalation compounds like in WS2In (increasing from 
6.162 Å in WS2 to 6.183 Å in WS2In).[19] As a result of this 
strong interlayer expansion and weak interaction forces be-
tween layers, dislocations are typically obtained (see Figure 
S1). 
The intercalation reaction between iodine and WTe2 under au-
toclave conditions proceeds without a detectable calorimetric 
effect. The deintercalation of iodine from WTe2I under ambient 
pressure can be observed above 100 °C (Figure 4). The ob-
served exothermic effect corresponds to the sublimation en-
ergy of the released iodine (in a constant argon flow) and has 
no correlation with the intercalation energy. 

Electronic structure 

The calculated electronic band structure of WTe2I is shown in 
Figure 5. Comparison to the band structure of WTe2 (Figure 
6) shows that the addition of iodine layers to the structure in-
creases the density of states (DOS) at the Fermi level signifi-
cantly, leading to a transition from a semimetal to a metal. 
These additional states are largely located between the Γ ([0 
0 0]), Z ([0 0 ½]), and Y ([0 ½ 0]) points in reciprocal space. 
The projected density of states shows that the states around 
the Fermi level have contributions from W, Te, and I atoms; 
many of the states project onto interatomic regions which can-
not be assigned to a single atom. 
 
Along the Γ–X–U–Z–Γ path in reciprocal space (Figure 5), the 
calculated band structure of WTe2I closely resembles that of 
WTe2 with the Fermi level shifted downwards by approxi-
mately 0.5 eV. The significant increase in the DOS at the 
Fermi level following the addition of iodine can therefore be 
partially attributed to the depletion of some electron density 
from the tungsten telluride layers into the iodine layers. In 
WTe2, an avoided crossing of two bands due to spin-orbit cou-
pling near the Fermi level along the Γ–X direction gives rise to 
Weyl semimetal behavior.[12, 20] The addition of iodine to form 

Figure 4. DTA/TG measurement of WTe2I in an open SiO2 container up to 
350 °C with complete iodine loss (DTA: red line, TG: black line). 

Figure 2. Projection of the crystal structure of WTe2I, showing a layered ar-
rangement. Tungsten atoms are shown grey, iodine violet and tellurium atoms 
yellow. 

Figure 3. Arrangement of a rectangular net of iodine atoms on top of a WTe2 
layer of the WTe2 structure (W = grey, Te = yellow, I = violet).  
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WTe2I moves the Fermi level away from this feature, into a 
region with more conventional bands at the Fermi surface.  
 
The addition of iodine to WTe2 also creates additional bands 
at the Fermi level between S ([½ ½ 0]) and X ([½ 0 0]) and 
between U ([½ 0 ½]) and R (compare Figure 5 and Figure 10). 
These bands have very high dispersion, indicating small ef-
fective electron masses and large charge carrier mobility. 
They are associated with Dirac cone-like anticrossings lying 
approximately 0.5 eV below the Fermi level. Several methods 
were used to investigate the nature of these highly dispersive 

bands. Projections of the wavefunctions near each atom onto 
spherical harmonics were used to determine the atomic and 
orbital character of the wavefunctions corresponding to the 
bands. As shown in Figure Z, this indicated that the bands of 
interest can be largely assigned to iodine py orbitals. To vali-
date this result, the electronic band structure of the iodine 
layer alone was calculated, and the features between S and X 
and U and R can also be found there (Figure 10). 
 
Examination of the electron density around the iodine atoms 
(Figure 8) shows some evidence of bonding (i.e., interstitial 
electron density) in chains along b. Stronger bonding is indi-
cated between iodine atoms with an interatomic distance of 
3.14 Å in the crystal structure. The formation of dimers along 
b indicates that the bands with py character (Figure 8) corre-
spond to σ bonding and antibonding orbitals.  
The effect of these modifications of the structure and Fermi 
surface was assessed by calculation of the phonon band 
structure (Figure 9). Several soft modes (modes with imagi-
nary frequencies, shown as negative values in Figure 9) are 
present. These modes correspond to instabilities of the room 
temperature structure which would appear upon cooling (as 
the calculated phonon band structure corresponds to 0 K). 
They can be identified as Kohn anomalies, that is, they cause 
the formation of charge density waves (CDW) and a conse-
quent symmetry-lowering phase transition on cooling.[1a] The 
Kohn anomalies are related to nesting vectors of the Fermi 

Figure 5. The electronic band structure and density of states of WTe2I, calcu-
lated with spin-orbit coupling. The projected densities of states within the PAW 
spheres are shown as coloured lines at right. Special points in the Brillouin zone 
are shown as an inset. 

Figure 6. The electronic band structure and density of states of WTe2, calcu-
lated without spin-orbit coupling (see Ref. [8c] for the band structure with spin-
orbit coupling). The projected densities of states within the PAW spheres are 
shown as coloured lines at right. 

Figure 8. The density of valence electrons, in a section through iodine atoms 
in the ab plane. The W atoms above the plane are shown for comparison. 

Figure 7. Projected contributions of py spherical harmonics to electronic 
bands in WTe2I, shown in red as fatbands. Figure 9. The calculated phonon band structure of WTe2I. 
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surface; the introduction of additional bands crossing the 
Fermi level therefore opens new possibilities for such nesting. 
The phonon band structure also shows numerous triply-de-
generate nodal points between S and X and U and R, where 
optic bands invert and become lower in energy than the 
acoustic bands. These topological features can act as addi-
tional phonon scattering centers and lead to glass-like thermal 
conductivity.[21] There are also numerous crossings and near-

crossings of bands, especially near Γ, which may correspond 
to topologically charged Weyl phonons.[21] 
 
The nature of the CDW can be determined by examination of 
the eigenvectors of the soft modes, which are shown in car-
toon form in Figure 11. These modes all involve oscillations 

of iodine atoms along b, with rocking motions of the WTe2 lay-
ers being incorporated in some cases. Due to the large num-
ber of soft modes, the phase which is formed upon cooling 
cannot be predicted from this data. Formation of a disordered 
or incommensurately modulated phase is certainly possible 
given the shallowness of the potential energy surface between 
the various soft modes. 

Conclusions 

The crystal structure of tungsten ditelluride and various prop-
erties have been well studied. Although intercalation com-
pounds of WTe2 with alkali ions are known, no crystal struc-
tures has been reported in ICSD.[22] Herein we present the re-
versible intercalation of iodine into the structure of WTe2, and 
we report the crystal structure of WTe2I. In the light of the 
many interesting physical properties of WTe2, this intercalate 
with an oxidized tungsten species represents an interesting 
material. Electronic band structure calculations reveal a me-
tallic behavior of WTe2I, revealing steep bands with dominant 
iodine p-band character crossing the Fermi level. The phonon 
band structure indicates electronic instability within the iodine 
layers. Halogen intercalation is therefore demonstrated to pre-
sent a potential method to reversibly modify the physical prop-
erties of WTe2. 

Experimental Section 

Synthesis of WTe2 and WTe2I: Manipulations of starting ma-
terials were performed in an argon-filled glove box (MBraun, 
labmaster 130, O2 < 1 ppm, H2O < 1 ppm). WTe2 was pre-
pared in a dry, vacuum sealed silica ampoule with a 1:2 molar 
ratio of tungsten powder (ABCR GmbH, 99.95 %, 0.6–0.9 mi-
cron) and tellurium pieces (Evochem, 99.999 %) heated at 
800 °C for 24 h (total mass 1 g). Additional 0.1 eq. WCl6 (Arcos, 
99.9+ %) has been added as an oxygen getter. 
WTe2I was prepared by heating a 1:2 molar mixture of WTe2 
and iodine (Honeywell, ≥99.8 %) in a dry, vacuum sealed silica 
ampoule at 100 °C for 16 hours. The product appeared as 
black powder.    
  
Powder X-ray diffraction: PXRD patterns of products were 
collected with a Stadi-P (STOE, Darmstadt) powder diffrac-
tometer using germanium monochromated Cu-Kα1 radiation 
(λ = 1.5406 Å) and a Mythen 1K detector. 

ICP-OES: After dissolution of WTe2I in 2-w% NaOH/H2O2 the 
W/Te/I ratio was determined by ICP-OES (iCAP 7400 Thermo 
Fisher Scientific). 

Thermal Analysis: Differential thermal analysis (DTA) and 
thermal gravimetry (TG) measurements were performed with 
a Netzsch Jupiter, STA 449 F3 apparatus between room tem-
perature and 350 °C with a heating and cooling rate of 2 

Figure 11. A cartoon view of several soft modes in WTe2I. The modes 
with the largest imaginary frequency (most negative values in Figure 8) at 
the Y, S, R, and T points are shown. Linear oscillations of I atoms are 
shown as black arrows, and rocking motions of the WTe2 layers are 
shown as curved arrows. 

Figure 10. The electronic band structure of the iodine layers in WTe2I. 
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K·min-1 in homemade silica crucible (height: 2 cm, inner diam-
eter 0.6 cm, thickness of wall: 0.1 cm). 

DFT Calculations: Calculations were performed using the 
ABINIT software package with the projector augmented-wave 
(PAW) method and a plane-wave basis set.[23] The Perdew–
Burke–Ernzerhof exchange–correlation functional was used 
with the vdw-DFT-D3 dispersion correction.[24] PAW data files 
were used as received from the ABINIT library.[25] Methfessel–
Paxton smearing was used to determine band occupation.[26] 
Convergence studies and structural relaxation were per-
formed prior to calculation of the electronic structure. Example 
input files are available as part of the ESI. 
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