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The surface structure of the metastable solid-state compound 1T-MoS; was investigated
by means of scanning tunneling microscopy (STM). In crystalline 1T-MoS,, which is prepared
by oxidation from the intercalation compound Ky(H,O);MoS; (x ~ 0.3), every Mo center is
octahedrally surrounded by six sulfur ligands, leading to an a+/3 x a+/3 surface structure.
A similar MoS,-type phase, but with a smaller amount of intercalated potassium (x < 0.3)
and a different surface structure (2a x a), forms under the same conditions at an earlier
stage of the oxidation reaction. Comparison of the surface structures of these compounds
revealed that this type of superstructure is determined not only by intrinsic properties, such
as the degree of distortion within the [MoSg] octahedra, but also by external factors. The
latter lead to stabilization of the structural disorder, as does a film of water on the surface
of the compounds. The surface structure of these compounds is, therefore, less characteristic
than the bulk structure type as found in a thermodynamically stable solid. Upon heating
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in inert gas, rearrangement to the stable 2H-MoS; structure type takes place.

Introduction

Crystalline, amorphous, and intercalation compounds
of MoS; show a variety of unusual structural, electronic,
and optical properties. They are used as solid-state
lubricants, as catalysts in hydrotreating reactions (crys-
talline and amorphous MoS,-type compounds, respec-
tively), and as cathode material in alkali metal batteries
(MoS;, MoS3). Intercalation compounds of MoS; are of
special interest because of their synthetic potential for
the preparation of new modifications of MoS, as well
as so-called nanocomposites in which organic macro-
molecules are located between the MoS; layers. A
common property of all these Mo—S compounds is their
behavior during thermal treatment, i.e., they are con-
verted to 2H—MoS, which is the thermodynamically
favored Mo'V-S solid-state compound.

2H—MoS:; is a semiconductor and consists of stacks
of slabs, each of which is composed of two layers of sulfur
atoms with a layer of molybdenum atoms between them.
Every Mo center is coordinated to six sulfur ligands in
a regular trigonal prismatic arrangement. The interac-
tion between two neighboring MoS; slabs is rather weak
and corresponds to van der Waals forces.!

Whereas 2H—MoS; has been known for a long time,
the metastable 1T modification was discovered only a
few years ago while investigating the above- mentioned
intercalation compounds. 1T-MoS; has a distorted Cdl,-
type structure and shows metallic behavior.? In the
crystalline state all Mo centers are coordinated to six
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sulfur ligands in a distorted octahedral arrangement.
The Mo centers are displaced from their ideal positions
so that 3 Mo centers always come closer to each other
(trimerization) and an a+v/3 x a+/3 superstructure forms
(a: lattice parameter of 2H—Mo0S;). A detailed discus-
sion can be found in ref 3. A schematic presentation of
the 2H and 1T bulk structure types, with a regular
trigonal prismatic and octahedral coordination of the
metal centers, is shown in Figure 1. Note that the local
coordination of Mo in 1T-MoS; is distorted octahedral,
i.e., the Mo—S distances within the [MoSe] octahedra
are different. The 1T structure type in Figure 1,
therefore, is an idealized presentation of the 1T-MoS;
bulk structure.

1T-MoS;, can be prepared by oxidation from the
intercalation compound Ky(H20);Mo0S,. In Ky(H.0),-
MoS;, x &~ 0.3, hydrated K™ cations are located between
the MoS; layers. Due to distortions within the (a,b)
plane, rows of sulfur atoms form along the b-axis* and
lead to a monoclinic structure (a x a+/3 superstructure)
as in the case of WTe,.> A structural characterization
of Ky(H20)yMoS;, by means of selected area electron
diffraction (SAED) will be published elsewhere.®

Intercalation compounds of MoS; with lithium, Li,-
MoS,, behave quite differently. The type of distortion
in these compounds is mainly determined by the num-
ber of Li* cations present in octahedral and tetrahedral
interstices in the van der Waals gaps’ and can be
adjusted by using different synthetic routes. Li;MoS;
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Figure 1. Schematic presentation of a 2H and a 1T type bulk
structure with regular coordination of the metal centers.

compounds, with Li* concentrations ranging from z ~
0 to z = 1, can be obtained by high-temperature
reactions between Li»S, Mo and S. In this case com-
pounds with triclinic or monoclinic structures of the type
2a x 2a form.® If the preparation is done by reaction
between 2H—MoS; and n-butyllithium, the 2a x 2a
superstructure forms only when the Li* concentration
exceeds z = 1.3. A subsequent reaction of Li,Mo0S; with
water in an ultrasonic bath leads to a suspension
consisting of MoS; single layers (exfoliation).1°

Detailed investigations of such suspensions contain-
ing MoS; single layers'%~12 confirmed that the coordina-
tion of molybdenum changes from a trigonal prismatic
to a distorted octahedral coordination mode (2H — 1T-
type phase transition) if the stacked MoS; layers (as in
2H—Mo0S;) are converted into a set of MoS, single
layers. STM measurements on thin films of MoS;
prepared from such suspensions on graphite showed
that the superstructure of an MoS; single layer corre-
sponds to an a x 2a-structure type!314 instead of 2a x
2a as previously reported.!r Similar superstructure
types are also observed in nanocomposites, obtained by
intercalating organic macromolecules between the lay-
ers of 2H—MoS,.15721  Whereas the intercalation of
organic macromolecules between the layers of 2H—MoS;
leads to a material with metallic properties (1T type),
reorganization to the 2H structure type takes place upon
deintercalation.

This paper discusses the surface structure of the
metastable compound 1T-MoS,, as determined by STM,
and compares it with the surface structures of potas-
sium intercalated MoS,-type compounds and MoS;
single layers.

Experimental Section

1T-MoS; was prepared from K;MoO, by sulfidation (K:MoO,
+ 4 H,S — K;MoS, + 4 H,0), subsequent reduction (2K;MoS4
+ 3H; — 2K,M0S; + 2yK® + K,S + 3H,S, y < 1,z=1 —y),
hydration (K;MoS; + (n + y)H20 — K(H20)yMoS, + n/2H; +
nKOH, x = z — n), and oxidation. A detailed description of
the preparation of Ky(H-0),Mo0Sy, i.e., the first three steps in
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the sequence mentioned above, can be found in ref 4. Pre-
liminary information about X-ray single-crystal analysis?
showed that the structure of K;MoS; is triclinic (space group
P1, lattice parameters: a = 0.660 + 0.01 nm, b = 0.661 £
0.01 nm, ¢ =0.799 + 0.03°, a. = 76.23 + 0.2°, § = 88.3 £+ 0.3°,
y = 60.26 £+ 0.3°) and corresponds approximately to an 2a x
2a superstructure of 2H—MoS,. Therefore, the local coordina-
tion of both molybdenum and potassium is distorted octahe-
dral. Hydration of the K* cations in K,MoS; with H,0, i.e.,
the formation of K.(H20),MoS; (x ~ 0.3), occurs at the same
time as a partial oxidation leading to the a x a+/3 superstruc-
ture of the hydrated phase.2423

Oxidation of K,(H»O),Mo0S, to 1T-MoS; was done with a
saturated solution of I, in CH3CN. Depending on the reaction
time, products with different surface structures can be ob-
tained. Whereas the formation of 1T-MoS, with the expected
a+/3 x a+/3 superstructure requires a reaction time of at least
60 min, an incomplete oxidation product with an a x 2a-type
superstructure can be obtained after an oxidation time of 15
min (Ky(H20)yMoS,, x < 0.3). If a solution of K,Cr,07 in Hz-
S0O42 is used for the oxidation of Ky(H.0)y,MoS, the surface of
the formed 1T-MoS; is substantially destroyed. Under these
conditions, sulfur ligands of the MoS; phase are protonated
and released in the form of H,S.

For the STM measurements single crystals of 1T-MoS;, and
the incomplete oxidation product were fixed on a metal sample
holder using conductive silver paint (Drs. Bender and Hobein
AG, Zurich). Immediately thereafter, the samples were mea-
sured with a Digital Instruments Nanoscope Il scanning
tunneling microscope under ambient conditions using com-
mercially available 0.25 mm Ptyslro tips. The tips were used
as purchased or were resharpened. All the experiments were
performed in the constant current mode with a negative bias
voltage.

Results and Discussion

Oxidation of Ky(H.0)y,Mo0S; (x =~ 0.3) with 15/CH3;CN
leads to MoS,-type compounds with different surface
structures, i.e., to MoS,-type materials with an a x 2a
and an a+/3 x a+/3-type superstructure after 15 and 60
min of oxidation, respectively. We will start by describ-
ing the STM images obtained from the incomplete
oxidation product.

The STM image shown in Figure 2 represents the
surface of the incomplete oxidation product of Ky(H,0),-
MoS; (x < 0.3) in the region of 1.6 x 1.6 nm. The
surface structure of this compound resembles the 2a x
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Figure 2. STM image of the incomplete oxidation product of
Kx(H20)yM0Sy, i.e., of Ki(H20)yMo0S;, x < 0.3, in a region of
1.6 x 1.6 nm obtained with a bias voltage of —0.6 mV and an
average current of 4.6 nA, after filtering.

a superstructure as observed in films of MoS; single
layers on graphite!314 and consists of parallel chains of
sulfur atoms. The sulfur atoms within one chain are
displaced in the direction of the c-axis and occupy
alternating positions above and below the (a,b) surface
plane. The bright spots in the STM image shown in
Figure 2 are due to the sulfur atoms at top positions.

Figure 3 shows the interpolated cross section along
the chains (along the a-axis (Figure 3a)) and along the
b-axis (Figure 3b) of the 2a x a superlattice. The
measured distance between sulfur atoms in a chain is
0.32 £ 0.01 nm (independent of their position with
respect to the (a,b) plane). This value is in good
agreement with the respective S—S distances in K,(H,0),-
MoS; (a = 0.324 nm) and in 1T-MoS; (a+/3 = 0.5594, a
= 0.323 nm). Determination of the distances between
neighboring sulfur atoms located above and below the
(a,b) plane on the basis of the STM data is impossible.
Measurements in the projections along the 2a x a
superlattice showed that the average distances between
sulfur atoms above and below the (a,b) plane is 0.31 +
0.01 nm within a chain (Figure 2a) and 0.40 + 0.01 nm
between the chains. Due to the periodic displacement
of the sulfur atoms above and below the (a,b) plane the
distance between them should, however, be slightly
larger.

These findings are complementary to the results of a
structural study on single layers of MoS,. Extended
X-ray absorption fine structure (EXAFS) measurements
of aqueous suspensions containing MoS; single layers
revealed a serious distortion of these single layers with
respect to bulk 2H—MoS,. In addition to the charac-
teristic Mo—Mo distance of 0.316 nm, Mo—Mo contribu-
tions at 0.28 and 0.38 nm were found.1° Although the
Mo—Mo distances cannot be compared directly with
S—S distances, a displacement of Mo centers from their
ideal crystallographic positions in 2H—MoS; will always
lead to a displacement of sulfur ligands and to a
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Figure 3. Interpolated cross section along the a-axis (a) and
along the b-axis (b) of the STM image shown in Figure 2.

distortion of the local coordination environment of the
Mo centers. On the basis of this consideration it is likely
that the [MoSg] octahedra in the incomplete oxidation
product, i.e., in Ky(H20),M0S,, x < 0.3, are distorted
in such a way that all six Mo—S distances are different
and not only three as mentioned above. The lattice
parameters of this compound, determined by means of
STM measurements, are a = 0.33 + 0.01 nm, b = 0.71
4+ 0.01 nm, and y = 63 + 0.5° (a x 2a). However, there
is another possibility for describing the superlattice,
namely, a = 0.33 + 0.01 nm, b = 0.65 £+ 0.01 nm, and
y =91 + 0.5° (@ x av/3). Both possibilities are shown
schematically in Figure 4.

The structural distortion of MoS; single layers with
respect to bulk 2H—MoS; corresponds with supported
MoS,-type hydrotreating catalysts. Coordination de-
fects, as discussed in ref 24, as well as insufficient
packing of MoS, layers, i.e., a significant decrease in
the van der Waals interactions, lead to changes in the
surface morphology and to a bending of MoS, slabs.2®
Both examples, i.e., the single layers and the MoS,-type
catalyst, show the structural flexibility of these com-
pounds as well as the importance of van der Waals
forces for the MoS; structure.
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Figure 4. Formation of the a x a+/3 and a x 2a superstruc-
tures (schematically).

Figure 5. STM image of 1T-MoS; obtained with a bias voltage
of —110.8 mV and an average current of 10.2 nA in a region
of 1.6 x 1.6 nm after filtering.

Oxidation of Ky(H20)y,MoS; in an 1,/CH3CN solution
for 60 min or longer leads to the formation of 1T-MoS,.
The STM image shown in Figure 5 represents the
surface of 1T-MoS; in the region 1.6 x 1.6 nm. The
measurements are of such quality that the a+/3 x a+/3
superstructure can clearly be recognized. The lattice
parameters as determined by STM, a = 0.56 + 0.01 nm
and y =120 £ 0.5°, are in perfect agreement with those
determined by means of XRD and SAED measurements:
a=Db=0.559 nm, y =20°2

It is interesting that some of our STM measurements
indicated an a x a+/3 superstructure instead of the
expected av/3 x a+/3 superstructure, whereas AFM
measurements on films of MoS; single layers on mica
gave evidence of the presence of an a+v/3 x av/3-type
superstructure in some regions of the samples (cf.
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Figure 6. STM image of 1T-MoS; after thermal treatment
in the DSC obtained with a bias voltage of —1847.2 mV and
an average current of 2 mA in a region of 1.6 x 1.6 nm after
filtering.

Figure 2a in ref 26). This shows that the actual type of
structure not only is an intrinsic property of these
phases but also depends on the external stabilization
of the structural disorder. In the case of 1T-MoS,, the
observation of an a x a+/3 superstructure may be due
to an incomplete oxidation of K,(H>0),MoS, (note that
a x a+/3 is the expected superstructure for Kx(H20)y-
MoS,®) or, more likely, to a film of water on some of the
layers, as reported for the single layers of MoS, after
exfoliation.1314.26 Here, a further distortion of the local
coordination environment of Mo leading to the a+/3 x
a+/3 superstructure is not necessary for effective sta-
bilization of the phase. This effect of stabilization is
crucial for understanding the structural chemical prop-
erties of these compounds and can be recognized during
the whole oxidation sequence leading to 1T-MoS;, i.e.,
K:Mo0S,, z ~ 0.7 (2a x 2a) — Ky(H20)yMo0S;, x ~ 0.3 (a
x av/3) — Kyx(H20)yMoS,, x < 0.3 (a x 2a) — 1T-MoS;
(av/3 x a+/3). The corresponding structure is stabilized
by the intercalated cations or by H,O which can be
associated either with the intercalated cations (hydra-
tion) or with the surface of the sample.

Long-term measurements of 1T-MoS, showed that the
material is stable in air for about 5 days. Whereas the
a+/3 x a+/3 superlattice was clearly visible during the
first 3 days, it nearly disappeared after 5 days.

The STM image shown in Figure 6 was obtained after
treating the 1T-MoS; crystal in the differential scanning
calorimeter (DSC) at 300 °C (N, atmosphere, heating
rate 2 °C/min). The DSC pattern shows an exothermic
peak at ca. 100 °C that can be attributed to a 1T — 2H
phase transition. After phase transition, the surface
structure of the sample (Figure 6) is similar to that of
restacked MoS; single layers or 2H—MoS, with a
distorted surface.

(26) Schumacher, A.; Scandella, L.; Kruse, N.; Prins, R. Surf. Sci.
1993, 289, L595.
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Conclusion

Oxidation of the ternary phase Ky(H20),MoS, with a
solution of I, in CH3CN leads to the formation of MoS,-
type phases with different surface structures.

After 15 min of oxidation, a phase with an a x 2a
superstructure appears. After at least 60 min of oxida-
tion, crystalline 1T-MoS;, with the expected av/3 x av/3
surface structure, is formed. This compound is stable
for a couple of days, whereas it converts to 2H—MoS;
upon heating in an inert gas atmosphere. The 1T —
2H phase transition can be seen as an exothermic peak
in the DSC and takes place at around 100 °C. STM
images of the sample after thermal treatment are
similar to those of samples consisting of restacked MoS
single layers or 2H—MoS, with a distorted surface.
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The sequence in this distortion can be followed easily
by observing the KyMoS, hydration and oxidation
sequence, i.e., K;MoS; — Ky(H,0),M0S; — 1T-MoS,. The
type of distortion in the respective compound is stabi-
lized by intercalated cations. Their presence enables
the change in the local coordination geometry of the Mo
centers from trigonal prismatic to distorted octahedral.
In the case of the MoS; single layers as prepared by
exfoliation with n-butyllithium, stabilization is achieved
by a bilayer of water or by hydrated Li* cations
associated with the MoS; layers, respectively.
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