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Abstract: Layered metal disulfides-MS, (M = Mo, W) in the form of fullerene-like nanoparticles and in the
form of platelets (crystallites of the 2H polytype) have been intercalated by exposure to alkali metal
(potassium and sodium) vapor using a two-zone transport method. The composition of the intercalated
systems was established using X-ray energy dispersive spectrometer and X-ray photoelectron spectroscopy
(XPS). The alkali metal concentration in the host lattice was found to depend on the kind of sample and
the experimental conditions. Furthermore, an inhomogeneity of the intercalated samples was observed.
The product consisted of both nonintercalated and intercalated phases. X-ray diffraction analysis and
transmission electron microscopy of the samples, which were not exposed to the ambient atmosphere,
showed that they suffered little change in their lattice parameters. On the other hand, after exposure to
ambient atmosphere, substantial increase in the interplanar spacing (3—5 A) was observed for the
intercalated phases. Insertion of one to two water molecules per intercalated metal atom was suggested
as a possible explanation for this large expansion along the c-axis. Deintercalation of the hydrated alkali
atoms and restacking of the MS; layers was observed in all the samples after prolonged exposure to the
atmosphere. Electric field induced deintercalation of the alkali metal atoms from the host lattice was also
observed by means of the XPS technique. Magnetic moment measurements for all the samples indicate
a diamagnetic to paramagnetic transition after intercalation. Measurements of the transport properties reveal
a semiconductor to metal transition for the heavily K intercalated 2H-MoS,. Other samples show several
orders of magnitude decrease in resistivity and two- to five-fold decrease in activation energies upon
intercalation. These modifications are believed to occur via charge transfer from the alkali metal to the
conduction band of the host lattice. Recovery of the pristine compound properties (diamagnetism and
semiconductivity) was observed as a result of deintercalation.

Introduction A number of experimental methods were used for the metal
Transition metal dichalcogenides M@ = Mo, W) and their intercalation into the host MSattice: (1) immersion of the
intercalated complexes belong to a large class of the so-calledcrystals or powders in metal-ammonia solution or in a solution
two-dimensional or layered solids. The layers of these materials ©f butyl-lithium in hexane; (2) exfoliation and subsequent
consist of three interconnected, hexagonally arranged, atomicrestacking of the suspension of single layer M#ound the
sheets (S-M-S). Trigonal prismatic or octahedral coordination guest; (3) exposure to metal vapor, and (4) through an
of M to the S atoms occurs within each layer. In Maghd electrochemical process. Each method has its pros and cons. In
WS; variation in the stacking sequence of the layers can lead particular, wet (from solution) processes provide very good
to the formation of either a hexagonal polymorph with two control of the amount of intercalated atoms, but they usually
layers in the unit cell (2H), rhombohedral with three layers (3R), lead to the co-intercalation of the solvent molecules.
or trigona] with one |ayer (1T) Atoms within a |ayer are bound The intercalation mechanism has been elucidated in a number
by strong covalent forces, while individual layers are held Of studies. It has been shown that intercalation of transition metal
together by van der Waals (vdW) interactions. The weak dichalcogenides by molecules such as amméraa, alkali
interlayer vdW interactions offer the possibility of introducing atoms develops first by adsorption of the molecules on the outer
foreign atoms or molecules between the layers, e.g., via crystallite surface. Subsequently, a delay period follows, which
intercalation. By variation of the intercalant and its concentra- appears to be associated with the weakening of the vdW forces
tion, a large number of compounds with different properties between the top transition metal dichalcogenide layers. At the
can be prepared.

(1) (a) Acrivos, J. V. Irintercalated Layered Materiajd.evi, F., Ed.; D. Reidel
Publishing Company: Dordrecht, 1979; Vol. 6, Chapter 1, p 33; b) Beal,
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same time, a diffusion of the adsorbed, activated molecules from the environment by the intercalated metal atoms during
around and in through the edges into these interlayer spaces isr shortly after the process.
followed by weakening of the next layers down and so on. In  The water uptake (hydration) by intercalated alkali metals
this way, the elastic energy required to cause the lattiaris was discussed in detail by Wypych et®alThe alkali metal
expansion is minimized. An alternative mechanism, where intercalated materials were found to undergo hydration and
diffusion of the intercalated atoms occurs through the layers partial oxidation by washing with water to foriy (H-O),M0S,.
was established in the case of Cu on Sre®id proposed for K It was shown that the spacing along theaxis of the intercalated
on WS,* both intercalated by exposure to the corresponding crystals varies during the hydration reaction.
metal vapor. The K- and Na-intercalation of MSM = Mo, W) by the
Two main effects were identified as a result of the intercala- exfoliation/restacking technique resulted in interlameléar
tion: the first— expansion of the interlayer spacing, which can spacing in the range of 9:3.7 A (Ac / 2 = 3.1-35 A
approach 60 A for organic molecule intercalation compléxes; expansion), which was attributed to co-intercalation of ap-
the second- charge transfer from the intercalant to the host proximately one monolayer of water moleculé2H—MoS,
material. intercalated with Mn, Fe, Co, and Ni by the same technique
Moreover, the tendency for charge transfer from a guest '€veals interlayer spacing expansiakc(/ 2) in the range of

molecule to the host lattice appears to be the driving force for 5-1-5-3 A which is attributed to the co-intercalation of the
the intercalation reaction. Charge transfer can change theMetal atom together with two layers of water molecdfe¥.
electronic properties of the material, raising the Fermi level, Solid-state NMR study of the hydrated alkali-metal intercalated

Er, and increasing the free electron concentration by a few orderscompounds of Mogindicates on similar different expansions
of magnitude. Usually, the lowest lying unoccupied energy due to the different degree of hydratigh.

levels in the host layers are derived from the transition metal d Py €t al.}®> who have used the butyl-lithium technique for
bands. The increase in d band filling of the host material the metal intercalation, show that in addition to lattice expansion,
provides the means for a controlled variation of many of its the structure of 2H-Mgmay partially distort to 1T-Mgupon
physical properties over a wide range. It is thus possible to intercalation. Later on, it was reporfédhat for low Li content
achieve semiconductor-to-metal and metal-to-superconductor(X = 0.35 in LkWS;) the diffraction pattern was identical to
transitions by intercalation. Thus, semiconducting 2H-MoS that of 2H-WS,, with no change in basal plane spacing.
intercalated with alkali metals was shown to exhibit metallic However, for high lithium conteni(> 1), the diffraction pattern
behavior and superconductivity with transition temperatures in Shows a crystallographic transformation, where the transition
the range of 3.7 to 6.3 R.Potassium intercalated 2H-wS  metal coordination changes from trigonal prismatic (2H) to
demonstrates a semiconductor-to-metal transttihe inter- ~ octahedral (1T). For moderate Li content< 0.8), a mixed
calation process can be easily reversed (upon exposure of th?hase of 2Hand 1T was observed. At the same timeg-tatice
sample to air, for example) and the “pure” host compound is constant expands. Moreoyer, the 1T polytype_has a metallic
recovered. This is an important characteristic for application of character. However, the distorted 1T-Mghase is known to

these materials as electrodes in secondary (rechargeable) bal€ Metastable and transforms to the thermodynamically stable
teries. 2H-MoS; upon heating (above 9€C) or aging in air, and

. . . simultaneously the guest species are reduced and deinterca-
The data for lattice expansion and crystallographic transfor- 13 M -
S . . . lated?® Different structures also were found, depending on the
mation in the intercalated complexes is reported and reviewed

. . . . . thermal history of each sample.
here in some extent. The immersion of the crystals in alkali S . lati q hite. Eafet9
metal-ammonia solution for intercalation has been taken first ome intercalation compounds (graphite, for exanipfe;

by Rudorff and Somoano et &lcesulting in partial intercalation exhibit a high degre(_a of ordering, which is revea_led if‘ gstaging
of 2H-MoS, with the following stoichiometries: #oS, and phenomenon. Ordering o-f.the guest at.oms (staglng) in intercala-
NaMoS,, x = 0.4-0.6 andy = 0.3-0.6. X-ray data of the tion complexes Qf tranS|'t|on metal dlphalcogen|des has been
intercalated Mo$ samples indicated that, the unit cell was observed only with certain concentrations of intercalant atoms

A ;
expanded upon intercalation, primarily in thedirection. Two and at low t.emperatures (Ag in BSor example)l._ .
different expansions were found by Somo#abal. in sodium Nanoparticles of layered compounds (graphite, transition

and potassium intercalated samples, while only one expansion™et@l dichalcogenide, BN, Nigl etc.) were shown to be

was found by Rudorff. Thus, K-intercalated materials exhibit unstable against folding and they close into fullerenes or
the lattice expansion of 4.25 / 5.73%%r 1.95 A and fullerene-related structures (single or multiwall polyhedra, and

Na-intercalated materials 1.59 / 2.65° &r 1.35 A7 The (8) Wypych. F.; Schollhor, RJ. Chem. Soc.. Chem. Comma892, 1386
discrepancy between the lattice parameters of the same system,(9) wypych, F.; Weber, Th’; Prins, Burf. Sci.1997, 380, L474-L478.
observed in the different works, can be probably attributed to (10) Wypych, F.; Solenthaler, C.; Prins, R.; Weber, TJhSolid State Chem.

. . . 1999 144, 430.
the insertion of ammonia molecules (solvent) or water uptake (11) Heising, J.; Kanatzidis, M. Gl. Am. Chem. S0d.999 121, 11720.
(12) Zubavichus, Y. V.; Slovokhotov, Y. L.; Schilling, P. J.; Tittsworth, R. C.;
Golub, A. S.; Protzenko, G. A.; Novikov, Y. Nnorganica Chimica Acta
(3) (a) Ohuchi, F. S.; Jaegermann, W.; Parkinson, BSéf. Sci.1988 194, 1998 280, 211.
L69; b) Jaegermann, W.; Ohuchi, F. S.; Parkinson, BSKA Surf. Interface (13) Dungey, K. E.; Curtis, M. D.; Penner-Hahn, J.Ghem. Mater1998 10,
Anal. 1988 12, 293. 2152.
(4) Ohuchi, F. S.; Jaegermann, W.; Pettenkofer, C.; Parkinson, B. Am. (14) Alexiev, V., Meyer, H. zu Altenschildesche, Prins, R., Weber, Jhem.
Chem. Soc1989 5, 439. Mater. 1999 11, 1. 1742-1746..
(5) Liang, W. Y. InIntercalation in Layered MaterialsDresselhaus, M. S., (15) Py, M. A.; Haering, R. RCan. J. Phys1983 61, 76.
Ed.; NATO ASI Series B: Physics, Plenum Press: New York, 1986; Vol. (16) Yang, D.; Frindt, R. FJ. Phys. Chem. Solid€996 57(6-8), 1113-1116.
148, p 31. (17) Brec, R. and Rouxel, J.; Brec, R. Intercalation in Layered Materials
(6) Somoano, R. B.; Hadek, V.; Rembaum,JA.Chem. Physl973 58, 697. Dresselhaus, M. S., Ed.; NATO ASI Series B: Physics, Plenum Press:
(7) Rudorff W.Chimia 1965 19, 489. New York, 1986; Vol. 148, 31125.
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nanotubes}®~24 In analogy to their macroscopic counterparts,
it is expected that the structural as well as the electrical and
magnetic properties of these nanoparticles could be modified
as a result of intercalation with various species.

Thus, intercalation of multiwall carbon nanotubes with alkali
metal atoms from the vapor phase was recently descffiEae

intercalated nanotubes were found to be arranged in a stage-1
superlattice, i.e., alkali metal layers were stacked between each

two carbon layers. Electrochemical intercalation of lithium into
multiwall carbon nanotubes reveals heterogeneous swelling of
the tubes, and this process was found to be rever&idanilar
structures were observed in K- and FeGhtercalated carbon
nanotubes, obtained through a gas-phase reattidere, the
intershell spacing increases significantly from 3.44 to 5.3 A as
a result of K intercalation and nearly triples as a result of geCl
intercalation, up to the value of 9.5 A. The composite nano-
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Figure 1. lllustration of the experimental setup used for the intercalation.

magnetic properties of the intercalated samples changed sig-
nificantly under intercalation and these data are presented.

structures were found to disintegrate when exposed to air, andgyperimental Section

complete shattering of the nanotubes occurred upon immersion

in water.

Sodium intercalated fullerene-like \W8haterial was obtained
by doping of an oxide precursor, and subsequent sulfidization
of the oxide nanoparticleé®.The intercalated moieties afforded
staging i = 6) and were found to be stable in air and even in
ethanol.

In the present work, inorganic fullerene-liK&) nanoparticles
(IF-MS,, M = Mo, W) were intercalated by exposure to alkali

metals’ (sodium and potassium) vapor. Synthesis of macroscopic

quantities of a purdF-MS, phasé®3! provided sufficient
material to carry out these experimentsor the sake of
comparison, molybdenum/tungsten disulfide powders in the
form of 2H-MS,; platelets were also intercalated under similar
conditions. Chemical analysis tF-MS, nanoparticles and 2H-
MS, platelets before and after intercalation is presented.
IntercalatedF and 2H materials exhibit substantial increase in
the interplanar spacing {% A), which was attributed to the
insertion of one to two water molecules per intercalated metal

atom. High temperature preparation of the intercalated materials ) )
f furnace was inserted (see Figure 1).

excluded the formation of the thermally unstable 1T-phase o
the product. X-ray intensity data were used to estimate the
portion of the sample actually intercalated. The transport and

(18) Dresselhaus, M. S.; Dresselhaus A@v. Phys.1981, 30, 139-326.

(19) Fisher, J. E Irintercalated Layered Materiajs_evi, F., Ed.; D. Reidel
Publishing Company: Dordrecht, 1979; Vol. 6, Chapter 2, p 481;

(20) Kroto. H. W.; Heath, J. R.; O'Brien, S. C.; Curl, R. F.; Smalley, R. E.
Nature 1985 318, 162.

(21) lijima, S.Nature1991, 354, 56.

(22) (a) Tenne, R.; Margulis, L.; Genut, M.; Hodes, Ngature 1992 360, 444;
b) Margulis, L.; Salitra, G.; Tenne, R.; Talianker, Mature 1993 365,

1

113.

(23) (a) Stephane, O.; Ajayan, P. M.; Colliex, C.; Redlich, Ph.; Lambert, J. M.;
Rernier, P.; Lefin, PSciencel994 226, 1683; b) Chopra, N. G.; Luyken,
J.; Cherry, K.; Crespi, V. H.; Cohen, M. L.; Louie, S. G.; Zettl, 3cience
1995 269 966.

(24) Rosenfeld Hacohen, Y.; Grunbaum, E.; Tenne, R.; Sloan, J.; Hutchison, J.
L. Nature 1998 395, 336.

(25) Zhou, O.; Fleming, R. M.; Murphy, D. W.; Chen, C. H.; Haddon, R. C.;
Ramirez, A. P.; Glarum, S. Hsciencel994 263 1744.

(26) Maurin, G.; Bousquet, Ch.; Henn, F.; Bernier, P.; Almairac, R.; Simon, B.
Chem. Phys. Lettl999 312 14.

(27) Mordkovich, S.; Baxendale, S.; Yoshimira, S.; Chang, R. PCatbon
1996 34, 1301.

(28) Homyonfer, M.; Alperson, B.; Rosenberg, Y.; Sapir, L.; Cohen, S. R;
Hodes, G.; Tenne, Rl. Am. Chem. Sod 997 119, 2693.

(29) Feldman, Y.; Frey, G. L.; Homyonfer, M.; Lyakhovitskaya, V.; Margulis,
L.; Cohen, H.; Hodes, G.; Hutchison, J. L.; Tenne,JRAmM. Chem. Soc.
1996 118 5362.

(30) Feldman, Y.; Zak, A.; Popovitz-Biro, R.; Tenne, Bolid State Sciences
200Q 2, 663.

(31) Zak, A.;Feldman, Y.; Alperovich, V.; Rosentsveig, R.; TenneJRAm.
Chem Soc.200Q 122 11108.

Starting materials of four different kinds were studied in this
work. The IF-MS, nanoparticles were obtained by high-
temperature sulfidization of the respective trioxide powders in
a reducing atmosphef&:3! The IF-MoS, nanoparticles were
0.005-0.3 um in diameter, with 0.1¢m size dominant. The
IF-WS; nanoparticles were 0-30.3 um in diameter, with 0.2-

um size dominant. 2H-MoS (99%) and 2H-W$g (99.8%)

powder in the form of 3.65.0 um platelets were purchased
from Alfa Aesar and used as received.

Alkali metals — sodium and potassium- were used as
intercalants. A two-zone vapor transport technique was applied
for the present study. Pure K (Na) metals and powders of 2H-
MS, or IF-MS, were loaded in two-section Pyrex/quartz
ampules to secure the spatial separation of the host material
and the intercalating solid. The alkali metal was placed into a
tungsten container to prevent its reaction with the glass. The
ampules were sealed off under vacuum-&Uorr), after 2-3
h of evacuation, and placed in a horizontal two-zone furnace.
To achieve a temperature gradient, an additional 2.5-cm length

For the intercalation process, the temperature of the starting
materials () was varied from 100 to 500C, while the
temperature for the intercalantjjTwas 20-30 °C higher than
T1. To prevent condensation of the metal on the sample, an
opposite gradient (> T,) was applied during sample cooling.
The intercalation period was varied from 2 to 24 days.

Unfortunately, a pure phase of intercalated material could
not be obtained in either case (see below). No attempt was made
to separate the intercalated product from the nonintercalated
phase. Intercalation of a larger amount of the alkali metal in
the host phases resulted in a deposition of the alkali metal on
the particles’ surface. Such samples are pyrophoric in the
ambient atmosphere. Alternatively, if the excess of alkali metal
was not substantial, the samples were very hygroscopic.

All the operations with alkali metals, as well as with the
intercalated samples, were processed in a glovebox under argon
atmosphere. Special care was undertaken to minimize the
exposure of the intercalated samples to the ambient atmosphere
during transfer to the various analyses.

A X-ray powder diffractometer (XRD), Rigaku D/MAX-B
with graphite monochromatized Cuoradiation (1.54178 A),
was used to analyze the materials. The powders were affixed
to glass slides (1.5 c#via double-sided tape and measured in
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the open air under af$tream. Nevertheless, reaction with water and apparatus. These contacts normally proved to be of sufficient
could not be fully prevented in these experiments during the quality to enable accurate resistivity measurements. The mea-
scan (20 min). XRD measurements of samples covered by asurements were carried out in the van der Pauw configurétion,
protective X-ray transparent Kapton film were also carried out. suitable for flat samples of arbitrary shape with sufficiently small
However, the signal-to-noise ratio was fairly low in this case contacts located at the circumference of the sample. Both
and furthermore, no perfectly hermetic water-isolation was magnetic and transport measurements were done for the impure
achieved. material, which consists of a mixture of intercalated and
More rigorous elimination of the ambient atmosphere could nonintercalated powders.
be accomplished using a flat plate wide-angle X-ray scattering ) .
(WAXS) setup, in which the material was confined in glass/ Results and Discussion
quartz capillaries, sealed in the glovebox. In this setup, a Searle 1 x.ray Diffraction. 1a. WAXS Measurementg/AXS
camera with Franks optics affixed to an Elliott GX6 rotating measurements were carried out for K-intercalatedws,
anode generator was used. The patterns were obtained insamples, which were hermetically sealed in capillaries under
transmission mode on imaging plates (Fuji), which were scannedinert (Ar) atmosphere. In this technique, concentric rings
with a He-Ne laser (Spectra Physics) in conjunction with @ represent diffraction from individual crystallographic planes (see
homemade reader based on an Optronics (Chelmsford, USA)gigure 2). Figure 2a shows the pattern of pristiRewS,. The
densitometer and interfaced to a PC. Images were processeqp2), (004), (101), and (100) diffraction rings are clearly
using the public domain ImageJ program. Only a few samples gpserved in this figure. Figure 2b has been obtained from a
were studied using this technique. Fresh samples and samplegreshly intercalated sample, and it contains essentially the same
stored in air for different periods of time were analyzed by both gjtfraction rings as the pristine sample. To our experimental
XRD and WAXS. resolution, no shift or broadening of the (002) ring can be
Transmission electron microscopy (TEM), performed on detected. This result can be due to the random distribution of
Philips model CM-120, was used for the characterization of the guest atoms inside the layers and the relatively small concentra-
samples before and after intercalation. A procedure for the tion of the intercalant in the host materiat (10 at. % on
transfer of samples to the TEM with (almost) no exposure to average, which is equivalent ¥y 3WS;), and is in agreement
the atmosphere was found to be of key importance for the with a previous repor®
present study. Figures 2c and 2d were obtained after exposure of the sample
The chemical composition of the investigated materials was to the ambient atmosphere for three days and six days,
determined by X-ray energy dispersive spectrometers (EDS), respectively. Most strikingly, additional diffraction rings were
Link model ISIS, mounted on the scanning electron microscope revealed in the pattern after three days exposure to the ambient
(SEM), JEOL 6400 and EDAX mounted on the TEM. Whereas atmosphere (Figure 2c). These changes are believed to arise
the depth/area probed by the EDS/TEM is in the range of 50 from the swelling of the lattice due to hydration of the alkali
nm / 2500 nr, the depth/area probed by the EDS/SEM setup atoms inside théF lattice. This process leads to the formation
is typically 1um / 1 um?. Therefore, the former can in principle  of new lattices with different lattice constants in theirection.
analyze a single nanoparticle, while the latter can only probe a Taking into account the high temperature preparation of the
group of nanoparticles. Also note that this technique is unable intercalated materials, formation of the thermally unstable 1T-
to detect concentrations of the intercalant of less than aboutphase of the product was excluded. Thus, the new rings can be
0.5 atomic percent (at. %). ascribed to the (O series of reflections, which can be identified
X-ray photoelectron spectroscopy (XPS) was carried out using as (002) with ¢/ 2 = 8.38 A, (002) with ¢/ 2=9.81 A and
the Kratos AXIS-HS instrument with a low power (75 W)  (002) with ¢/ 2= 11.32 A, and their second-order reflections
monochromatized Al (&) source. The samples were transferred (see Figure 2c). Some reflections could not be identified,
from the glovebox into the chamber under vacuum conditions. however. Larged spacing, corresponding to rings with smaller
The analysis depth/area was ca.m h1l mn?. A flood gun radii, can be attributed to (001) reflections, which are forbidden
was used for the variation of the surface charging conditions, but can appear in distorted structures.
where the electron kinetic energy ranged between 2 and 4.5 After six days in the ambient atmosphere some of thé)(00
ev. rings disappear (Figure 2d), while the intensity of the (g02)
Magnetic susceptibility as well as resistivity measurements with ¢ / 2 = 9.81 A becomes almost as strong as that of the
were taken with a commercial SQUID magnetometer (MPMS-2 unaltered (002) ring. In accordance with previous repbtfss3
of Quantum Design), operating at an applied magnetic field of such an expansion can be explained by co-encapsulation of
0.01-0.05 T and in the temperature range from 2 to 300 K. approximately one monolayer of water. XRD data for K-
For the magnetic measurements, the samples were charged intintercalated F-WS,, which is shown below, reveals the same
calibrated gelatin capsules in an inert atmosphere glovebox andlattice expansion. After one month in the ambient atmosphere,
fixed to the end of the sample rod. the diffraction pattern (not shown) assumes a form very close
For the resistivity measurements, pellets 3 mm in diameter to that of Figure 2b, indicating a deintercalation process.
and ca. 1 mm thick were prepared from pristine and intercalated 1b. Powder Diffraction (XRD)}ere measurements were done
powders under 0.5-ton force press. Contacts to the samples werén the open air under afNyas stream. Therefore, the influence
established under a microscope in the ambient atmosphereof the ambient humidity was observed during the X-ray scan
Finally, thin gold wires, 0.1-mm thick, were glued by silver (20 min).
paint (0.01Q*cm) to the sample and to the contacts of the
substrate to establish the electrical connection between samplg32) Pauw, L. JPhilips Res. Rept95§ 13, 1-9.
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(101)
(100)\‘

C

Figure 2. Wide-angle X-ray scattering (WAXS) patterns: (a) prisiReWS,; (b) freshly K-intercalatedlF-WS, nanoparticles; (c) after exposure of sample-b
to the ambient atmosphere for three days; (d) after a six-day exposure of sample-b to the ambient atmosphere.

All four kinds of precursors, 2H-MgandIF-MS; (M = Mo, isAc/2=(c— cy)/2=3.22 A. Based on the foregoing
W), intercalated by both K and Na were characterized by XRD. discussion of the WAXS measurements and the TEM analysis
However, only two X-ray patterns, each of them typical for one (vide infra), which were done under careful exclusion of
kind of intercalant are discussed in detail in the present report. humidity, it can be concluded that the new series of peak$' (00
A more detailed account of these measurements will appearemanate from the interaction of the sample with the ambient
elsewhere. atmosphere during the measurement. In particular, this series

The XRD pattern of pristiné=-WS, nanoparticles 100300 of diffraction peaks reflect the hydration of the intercalated ions,
nm in diameter is shown in Figure 3A(a). In accordance with which leads to significant lattice expansion and to a new
previous studied} the (00) peaks of the pristine fullerene-like  crystalline order within the particles. Substantial water intercala-
phase is shifted toward lower angles, indicating expansion of tion during the short period of XRD scan of the fresh sample
the lattice along the-axis, in comparison with the 2H-phase  may have occurred due to X-ray assisted chemical changes in
(vertical line). This shift is attributed to the strain release the specimen.
mechanism in these folded structures. Figures 3A(b-d) show  xRp measurements of the freshly K-intercalatét\Ws,
the XRD patterns folF-WS; after intercalation with K. Figure samples were also carried out under protective Kapton film. A
3A(b) has been obtained for a fresh sample, while Figures 3A- sajier Jattice expansiomg / 2 = 2.74 A) was observed in
(c) and 3A(d) were obtained after exposure of the sample 10 s case, which shifted to the previous value (3.22 A) when
the ambient atmosphere for one month and six months, e Kapton film was removed. These results indicated again
respectively. Similar patterns were obtained for all types of gqme water intercalation under the protective film, which does

precursors after K-intercalation. _ not lead to a perfectly hermetic sealing.
The diffraction pattern of the fresh sample (Figure 3A(b)) The exposure of the freshly K-intercalatfehWs, samples
shows Bragg peaks of the pristifie nanoparticles as well as . . .
to the ambient atmosphere for prolonged periods of time results

a new set of reflections. The XRD spectrum of the intercalated .

phase can be indexed on the basis of the hexagonal (2H) unit{/r:/ changes in the XRD pattern, similar to those observed by

. _ _ . AXS. Figure 3A(c) shows that after one month storage in air
cell with a = 3.18 A andc = 18.96 A. Therefore, the spacing . ; .
between two adjacent layers in the expanded lattice of the the intensity of (00f and (004) peaks is reduced and both

intercalated phase &/ 2 = 9.48 A. The corresponding spacing reflections are shifted toward smaller angle$ 2 = 9.72 A or

: PP Ac / 2 = 3.46 A). This additional shift is ascribed to the
of the nonintercalated phaseds/ 2 = 6.26 A. Therefore, the i ML it " hich leads to furth t
increase in the interlayer distance as a result of the intercalation0"tnUous 20 Interaction, which feads to further water

intercalation into the vdW gap between two W83yers, and

(33) Wells, A. F.;Structural Inorganic ChemistryOxford University Press consequently further lattice expansion. The reduction in the
Inc.: New York, 5th ed., 758. : PR : . f :

(34) Feldman, Y.. Wasserman, E.; Srolovitz, D. J.: TenneSBlencel1995 (002) peak |nten3|ty_|s as_somatt_ed with slow deintercalation of
267, 222. the hydrated potassium ions. Figure 3A(d) corresponds to the
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Figure 3. A. X-ray diffraction patterns: (a) pristin=-WS;; (b) freshly (004}, and (006) reflections are assigned to an expanded 2H
K-intercalated F-WS; nanoparticles; (c) after exposure of sample-b to the unit cell withc/ 2 = 11.94 A as compared witky / 2 = 6.15
ambielntba:mfiﬁphefebfwtonte mOl‘r\]th: (d()j aﬂtfff alsitx-dmonth Iexposur)t(e of A for the pristine phase. The larger lattice expansitn (2 =
Z%T;’Cgon Ff’ane?ngr%rfgm&?ff?zfﬁo(sf'?afrgﬁs%r?e Zﬁ”&%gg ©) ray75.66 A).ln this case is likely to stem from a stronger Na-water
freshly Na-intercalated MoSplatelets; (c) after exposure of sample-b to  Interaction, as compared to the case of°Kthis result is also
the ambient atmosphere for two weeks; (d) after 6 month exposure of in a good agreement with the literatife!*33 where the
sample-b to the ambient atmosphere (deintercalated sample). interlayer spacing of MSwas increased tez 9 or 12 A by a
XRD pattern after half a year exposure to the ambient single or double layer of hydrated*or Na", as well as other
atmosphere, which is rather similar to the XRD pattern of the ions.
original material (compare with Figure 3A(a)). Therefore, when Prolonged (two weeks) storage of the Na intercalatee- 2H
the intercalated sample is exposed to the ambient atmosphereMoS, sample in air leads to a substantial reduction in the
first water insertion into the host lattice and partial hydration intensity of the (00 diffraction peaks (Figure 3B(c)). At the
of the alkali ions takes place. Longer exposure to the ambient Same time the intensity of the (Q@eaks, corresponding to the
atmosphere leads to further water occlusion into the vdwW gap. nonintercalated phase in this sample, increased (not shown).
The fully hydrated alkali ions (single water layer) leach out of Storage of the sample in the ambient atmosphere for about half
the covalent host lattice leading thereby to restacking of the ayear led to a complete disappearance of thg'(08aks (Figure
MS; layers. These observations lead to the conclusion that the3B(d)), i.e., Na atoms were dissolved by the water molecules
intercalation process in fullerene-like materials is reversible, in and leached out of the host lattice.
agreement with the WAXS results. Depending on experimental conditions some of the Na
The XRD pattern of K-intercalated 2H- an&-WS, after intercalated 2H-Mgsamples may reveal two additional series
two years storage in a glovebox (argon atmosphere) revealed aof (00)' peaks (Figure 4). For sample Il of 2HM0S, the (002)'
very small reduction in the (0P peaks intensity and a negligible  and (002) peaks corresponds to lattice spacing of 9.5 and 11.5
shift toward highed spacing in comparison with fresh samples. A (Ac/ 2 = 3.2 and 5.2 A). Furthermore, after storage in
This finding suggests that the intercalated phase with alkali ambient conditions, the peaks of the lower d-values moved to
atoms is relatively stable under inert atmosphere. the higher ones until they merged together and later on, gradually
Figure 3B shows the X-ray patterns for sample | of-2H  disappeared. This observation suggests that initially the Na
MoS; before (Figure 3B(a)) and after intercalation (Figures 3B- atoms adsorb only a single hydration layer, while a second
(b-d)) with Na. Here too, the diffraction pattern clearly reveals hydration shell is slowly introduced into the host lattice at a
that the treated fresh sample consists of a mixture of noninter-
calated and intercalated phases (Figure 3A(b)) and water(39) Caton, & £ wiknsen, G- Ml ©.  Bochman, Mt anced
intercalation occurs during the XRD measurements of the fresh p 102.
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Lakb/? L \/I(/>+Ume Fraction (IV;,%) of Itqhe_Inzﬁrijl:lli)iteddPRélse,_ after intercalation was calculated from the data and the

ali-metal/Transition-metal Atomic Ratio :MoO) an tomic . . .

Concentration (at. %) of K in the Host Lattice.? volume occupied by the unit cell of each phase (Table 1). As it
is readily apparent from Table 2, the volume fraction of

K-intercalated K:Mo . . . .
0,
Materials A AT AC2AY VK%  (atomicratio)  at%ofK |nte_rca_lated phase consUtutesﬂ_.’ﬂS % of the starting material,
which is 3—-4 at. % of the alkali metal on average.

2H-MoS 1229 1842 3.07 136 1:10.6 3.05 ) ) .

IF-MoS, 12,54 1863 3.05 116 1:10.9 2.97 2. Energy-Dispersive X-ray analysis (ED$ The average
2H-WS 1236 1854  3.09 134 1:8 4.00 chemical composition of the intercalated materials was deter-
IF-WS, 1252 1896 298 131 1:8.5 379 mined by EDS in SEM analysighe data were collected from

a Data were Calculated using the experimental powder XRD data (c, five to ten different locations on each sample and are presented
Co) for the K-intercalated and nonintercalated phdse, -is a lattice constant as at. % considering K, Mo(W), and S as 100%.

of pristine/nonintercalated powdefsc -is a lattice constant of intercalated . . . . .
one.d Ac/2= (c - o) /2 is the expansion of the interlayer spacing asa 1€ atomic concentration of potassium in the intercalated

result of intercalation. 2H—Mo$; as a function of the reaction time and temperature
. . . ) ) was studied. It was found that the atomic concentration of the
Table 2. Potassium and Sodium Atomic Concentration (at. %) in . . .
Intercalated 2H-MS, and /F-MS, Obtained from EDS/SEM intercalant depends on the duration and temperature regime of
Analysis the intercalation. The highest K content 8—18 at. % was
+K +Na obtained after 12 days annealing at/TT, = 290 / 320 (C).
samples a%  KM@omcrao)  at%  NaM (atomic rafio) This regime was applied for the potassium intercalation of all
SHMOS  6-18 Ti— 115 11 116 127 the.matgrlals studied. quther prolongation of thg mtercalanon
IF-MoS, 27 1:16— 1:4.4 26 1:16— 1:5.2 period did not lead to a higher K content. An additional increase
2H-WS; 2-12 1:16—1:2.4 2-10 1:16— 1:3 of the intercalation temperature reveals a decreasing amount of
IF-WS, 2-10  116-13 2-8 1:16—1:3.8 the intercalant population. The time and temperature dependence

of the intercalant uptake suggests that the process of intercalation

later stage. Finally, the alkali atoms are dissolved by the s adn‘fuspn controlled process.. _ )
adsorbed water molecules and are extracted from the host lattice. "€ optimal temperature regime for the Na-intercalation
The rate of alkali metal deintercalation was found to be-50 ~Process was found to be,T Tz = 410 / 4?;5 C. Itis worth
100% faster for the intercalated 2H phase as compared to the"0ting that a similar vapor pressure 50" Torr is attained
IF phase. for K at T, = 320°C and for Na at 3 = 435°C. The results
Note that theF - phase usually reveals only the smallest lattice ©f the EDS / SEM analysis for different samples intercalated
spacing, i.e.Ac/ 2~ 3.2 A, for both K and Na intercalation, ~ With K and Na in the optimal intercalation regimes are
This observation suggests that the alkali metal atoms acCom_summarlzed in Table 2. Scatter of the data was observed in all

modate only one hydration layer in the seamless structure of DS Measurements as a result of sample inhomogeneity.
the IF nanoparticles. It is clear from the data shown in Table 2, that the atomic

Itis clear from the XRD analysis that the intercalated product concentration of the intercalant that could be taken-up by the
consists of a mixture of nonintercalated and intercalated phases fullerene-like nanoparticles was usually smaller than that of the
while the intercalated phase is arranged in a stage 1 superlattic@Ulk 2H phase. In the case of the platelets, facile intercalation
(i.e. hydrated alkali metal layers stacked between each two through the prismatic facgI{k0}) is possible. In the case of
S-M-S layers) and the nonintercalated phase remains in the!lF nanoparticles, the guest atoms must diffuse through the
pristine form. Moreover, the two phases can coexist on the sameclosely packed atoms in tree— b (<00> direction) plane, or
2H-platelet orlF-nanoparticle, which will be demonstrated in  through point defects or grain boundaries. Furthermore, the
the TEM section (vide infra). These materials did not exhibit intercalation of guest atoms between two closed atomic cages
any staging other than = 1, which is in agreement with bears a large penalty in elastic energy. This extra strain increases
previous reporf. with shrinking IF radius and the number df intercalated

An attempt to estimate the volume fraction (%) occupied by layers. For the same reasons, the deintercalation process was
the intercalated phas¥ = (Vivos2/ (Vimos2 + Vivos2))*100) found to be fagter for the 2H-WSand 2H-Mo$%), than that
was done from the experimental and theoretical relative intensi- fOr the respectivéF phase.
ties of the XRD (00)' reflections of both the pure and the The data in Tables 1 and 2 that might appear at first glance
intercalated phases (see Table 2). Theoretical XRD intensitiesto be incompatible with each other, actually represent different
were calculated using the “LAZY PULVERIX" prograihand analyses. The XRD measurements were taken from a large
the following model for the intercalated phase. The intercalating sample volume. Consequently, the K:Mo ratio obtained by this
alkali atoms were placed in the octahedral sites within the vdW method reflects a sample average. On the other hand, the EDS/
gap of the expanded unit cell, and a full occupancy of these SEM analysis was made on a small group of intercalated
sites, i.e., K:Mo= 1:1 (KMoS,) was assumed for the interca- nanoparticles. The discrepancy between the low values of the
lated phasé’ Thec-axis parameters of the intercalated unit cells atomic concentrations of the intercalated alkali metals, obtained
were taken from the experimental X-ray diffraction patterns and from the XRD data, and the much higher values obtained by
are presented in Table 2. K:Mo average atomic ratio [ (N« EDS, reflect also the possible idealization of the model used
+ Nwmo)) as well as atomic percent (at. %) of K in the powders for fitting the XRD data.

3. TEM Analysis. The structure of the pristine and interca-

(36) http://crystsunl.unige.chfilicrx/lazy.html. _li ; ; ; ;
(37) Water molecules were disregarded in the present calculations, since theirlatec| fullerene-like nano_mate”_als with typlcal spherlcal and
scattering intenstiy is very weak compared with the W (Mo) atoms. polyhedral shapes were investigated.
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Figure 5. (a) TEM micrograph of pristinéF-MoS, nanoparticles; (b) exploded view of the frame; (c) electron diffraction of (a).

TEM images of IF-MoS, nanoparticles before and after support for the intercalation of alkali metal atoms between the
intercalation are presented in Figures 5-7. Figure 5 shows theMS; layers oflF nanoparticles and subsequent insertion of water
image and typical electron diffraction of a pristite nanopar- molecules.
ticle. Figure 6 has been obtained from an intercalated sample, EDS/TEM analysis indicates the presence of intercalant atoms
which was not exposed to air. Figure 7 was obtained from a (K or Na) in the individuallF nanoparticles. However, some
sample which was exposed to the ambient atmosphere for onenanoparticles did not show any signal of potassium, which
week. indicates that they were not intercalated at all. These results

Small wavy-shaped distortions along tleeaxis can be are indicative of an inherent inhomogeneity of the sample, which
discerned in the external atomic layers of the fresh sampleis in agreement with XRD and EDS analyses. EDS/TEM
(Figure 6a, b), while the internal layers remain intact. The analysis indicates also an appreciably smaller uptake of the

electron diffraction pattern shows broadening of thd@ags, intercalant into particles with a quasi-spherical shape as
which is indicative of some disorder of the layers after compared with nanoparticles with polyhedral shape. Most likely,
intercalation (Figure 6c). the point defects at the grain boundaries of the nanoparticles

After exposure to ambient conditions, significant expansion with polyhedral shape permit facile intercalation of the dopant.
along thec-axis with different degrees of swelling was observed Furthermore, the polyhedral shaped nanoparticles suffer from
for the external layers of the intercalatéd-MoS, sample relatively small elastic strain, characteristic of this strucfre,
(Figures 7a, b). However, the electron diffraction pattern (Figure which allows an easier metal intercalation into such nanopar-
7¢) shows only one additional ring of the expanded lattice which ticles. The present analysis shows that fullerene-like nanopar-

can be identified as (OO’ZWith the most frequgntly observed (38) Srolovitz, D. J.; Safran, S. A.; Homyonfer, M.; Tenne HRys. Re. Lett.
/2=28.4A (Ac/2=2.13 A). These observations gave further 1995 74, 1778.
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Figure 6. (a) TEM micrograph of the K-intercalatd&-MoS, nanoparticles (fresh sample); (b) exploded view of the frame; (c) electron diffraction of (a).

ticles of spherical shape and diameter larger than ca. 40 nmlated lattice was quite as perfect as the fresh sample with
can be partially intercalated into the few outermost atomic layers dislocation disrupting the long-range order. The former may
only, while the inner sulfide layers remain intact. Smaller now enable easier reintercalation of alkali atoms into the host
nanoparticles cannot be intercalated at all. This effect is also IF lattice.

attributed to the larger elastic strain in smaller nanoparticles. 4. X-ray Photoelectron Spectroscopy (XP5 XPS measure-

It appears from the present analysis that there are three kindsments were done on fresh samples, which were transferred from
of inhomogeneities in the intercalaté samples. First, it is the glovebox to the XPS setup without exposure to the
clear that while some of the nanoparticles were intercalated, atmosphere. Some of the results are summarized in Table 3. A
others remained intact in the process, irrespective of their sizemore detailed account of this study will appear elsewhere. First,
and shape. Another source of inhomogeneity stems from theit was found that the concentration of the intercalated alkali-
fact that spherical shapdB nanoparticles smaller than ca. 40 metal atom is considerably higher in the 2H platelets as
nm cannot be intercalated, most likely due to strain effects. compared with théF nanoparticles. These results are consistent
Third, in larger nanoparticles the metal atoms did not penetrate with those found by XRD and EDS analyses. The higher
to the core, leaving the inner layers of the nedtedtructure concentration of the alkali atom in the 2H platelets is attributed
intact, while in the outer layers the guest atoms are orderedto the existence of ‘oper(hk0) edges in these particles, which
with stage 1 arrangement (occupying each interlayer space). Theare typically absent from the seamldBsnanoparticles.
latter two phenomena can be attributed to strain effects, while  An interesting support for the intercalated state of the alkaline
the reason for the existence of a completely nonintercalatedelement within the Mg host lattices is provided by the time
nanophase is not fully clear. evolution of the alkali metal signal under elevated (negative)

The TEM study of theF nanoparticles, stored in ambient charging conditions. Applying a controlled high flux of electrons
atmosphere for some months, reveals that the slightly interca-from the flood-gun neutralizé¥, strong electrical fields are
lated_ sqmples return to their pristine form_. However, _for the (39) Doron-Mor, |.; Hatzor, A.; Vaskevich, A.; Boom-Moav, T.; Shanzer, A;
heavily intercalated fullerene-like nanoparticles, the deinterca- Rubinstein, 1.; Cohen, HNature 200Q 406, 382.
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Figure 7. (a) TEM micrograph of the K-intercalatdB-MoS; nanoparticles after one week exposure to ambient atmosphere; (b) exploded view of the frame
and (c) electron diffraction of (a).

Table 3. Summary of the XPS Data higher in the 2H matrixes as compared to th&ranalogues.
Alkali metal:Mo(W) atomic ratio Also, K is found to outdiffuse from the host lattice much faster
K Na than Na. . .
after neutralizer after neutralizer 5. Trgnsport gnd Magnetic Properties. T-r.ansport. and
samples  asreceived (surface enrichment-%)° as received (surface enrichment-%)° magnetic propgrﬂes mealsurements gave additional evidence for

2HMoS, 125 11 (150) 1093 1:0.51 (82) the ;uccessful |ntercalgt|on_ process. These measurem_er_]ts were
IF-MoS,  1:8 1:6 (33) 1:9 1:8 (10) carried out on the partially intercalated materials consisting of
IF-WS, 117 1:9 (90) 113 1:13 (1) a mixture of nonintercated and intercalated phases. The 2H-

a After a 15-h irradiation of the flood-gun on the sampléncrease in MS, (M = Mo, W) materials are semiconductés” with a
the concentration of the alkali metal at the surface induced by irradiation gap between the_f'"edzdSUbband (the top Qf the Vallence band)
with the flood-gun (deintercalationy.These data indicate the presence of and the conduction band based on the higher-lyiag,dand
Na on the surface of the intercalated material (NazMp as a result of dy, orbitals. Upon intercalation an ionization (¢ K+ + e")
alkali metal excess during the intercalation. However, the increase in the . L . .
concentration of the alkali metal at the surface induced by strong electric Of the intercalant occurs, resulting in donation of electrons into
field with the flood-gun (deintercalation) provides strong evidence for the the lowest empty energy band.
existence of guest atoms inside the crystal matrix. 5.1. Magnetic Susceptibility Measurements (MSMBM
were performed for all four kinds of the materials (2H-phd
IF-MS; (M = Mo, W)), prior to and after intercalation with
both kinds of intercalating atoms (K, Na). However, only the
data for K-intercalatedF-WS; is presented here.

Tungsten and molybdenum disulfides with trigonal prismatic
coordination of metal atoms are diamagnéfioyhich was
confirmed by the present measurements (not shown). Magnetic
susceptibility of—=10~7 to —10~6 emu/g was obtained for these
materials. The original bulk diamagnetism is preserved in the

formed across the particles. A significant surface enrichment
of the alkali metal concentration occurs along a typicalb h
period, as indicated in Table 3. It is believed that the ionic nature
of the alkali metals plays an important role in this type of ‘dry
electrochemistry’. The positive alkali metal ions diffuse out from
the host lattice toward the extra negative charge induced on
the surface by the electron beam flux. This out-diffusion process
could not be obtained with low bias voltages of the flood-gun.
This fact suggests that a critical field is needed for the
deintercalatipn. Furthermore, t_he efficiency of the Qeintercalation (40) Wilson, J. A.: Yoffe A. D.Adz. Phys 1969 18, 193.
process varies between the different samples. It is clearly much(41) Friend, R. H.; Yoffe, A. DAdv. Phys 1987, 36, 1.
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T (K) Figure 9. Resistivity versus temperature for (a) pristine-2MoS,, (b)
K-intercalated 2H-Mo$S; with 12 at. % of intercalant; (c) K intercalated

Fi M ) . . . _ t ;
igure 8 agnetic susceptibility obtained at 100 Oe () for pristiRe 2H—MoS; with 18 at. % of intercalant and (d) for deintercalated c-sample.

WS,; (b) for K-intercalatedF-WS,; (c) for deintercalated-WS,.

fullerene-like nanoparticles, but nevertheless two new magneticcomponents exist in the pristine powder, perhaps due to
transitions are revealed at 60 and 160 K, as shown in Figuresinclusion of some unidentified impurities. During deintercala-
8a. Similar transition occurs at 60 K also for the oxide tion, the water of hydration reveals some cleaning effect, taking
nanoparticles, which serve as the precursors forlEhS; away not only the intercalated species but also the original
synthesis. However, single-crystal W@ diamagnetic, while impurities. Transport property measurements, which will be
MoOs is a very weak paramagriétand they do not exhibit the  discussed below, provide additional evidence for this hypothesis.
aforementioned magnetic transitions at 60 and 160 K. Therefore, 5.2. Transport PropertiesFigure 9 presents resistivity)
it is not clear at this point whether these new magnetic transitions versus temperature measurements for 2H-MmSore and after
(Figure 8a) are indicative of an incomplete conversion of the K-intercalation. The pristine sample shows typical semiconduc-
oxide nanoparticles to the fullerene-like sulfides, or perhaps cantor characteristics (Figure 9a). Sample with lower concentration
be related to a strain induced transitions in tRestructure. of the alkali atom (12%) exhibited semiconductor behavior
Moreover, a condensed film of oxygen, which is molecular solid (Figure 9b) too, however, with a reduced resistivity (see insert
at temperatures up to 54.4 K, is known to exhibit similar to Figure 9) when compared with the pristine sample. The
transitions®® In the present measurements, these transitions cansample containing the highest metal concentration1@%),
also be amplified by oxygen absorption on the large surface as measured by EDS analysis, exhibited normal metallic
area of the nanoparticles. behavior (Figure 9c). Prolonged storage of the sample with alkali
A transformation from diamagnetic to paramagnetic behavior metal concentration of-818% in ambient conditions results in
occurs for the intercalated samples. Furthermore, most of thedeintercalation and, consequently, in reappearance of semicon-
samples exhibit temperature independent magnetic behavior, agluctor behavior as shown in the Figure 9d.
shown in Figure 8b for K-intercalatdB-WS,. Such temperature Resistivity vs temperature measurements were done for all
independent magnetic susceptibility, i.e., Pauli paramagnetism,four kinds of pristine materials before and after intercalation.
characterizes free electroffsThus, the transformation from  Metallic behavior was not observed in any other sample.
diamagnetic to paramagnetic behavior may be attributed to theHowever, the room-temperature resistivity and the apparent
charge transfer from the intercalated alkali atoms to the activation energy Ea) were affected by the intercalation as
unoccupiedd bands and to the increasing concentration of the summarized in Table 4. All the materials studied show a one
free electron in the host lattice. This is consistent with previous to six orders of magnitude reduction in the room-temperature

reports regarding alkali metal intercalated 2H-Ma®d 2H- resistivity and a two- to five-fold decreaseli, as a result of
WS, materials’*®as well as hydrazine intercalated S The the intercalation. The values dEs were calculated from
magnetic susceptibility of the other intercalated samples is resistivity versus temperature curves using an Arrhenius equa-
estimated to be of 16 — 1075 emu/g. tion. In general, higheEa values were obtained for the fullerene-

MSM of the intercalatedF-WS; after storage in the ambient  like nanoparticles in comparison to the bulk 2H phase, in both
atmosphere for six months reveals that the sample became, oncéhe pristine and intercalated samples. Surprisingly, the room-
more, diamagnetic (see Figure 8c). These results indicate thattemperature resistivity of the deintercalated sample became
deintercalation of the alkali atoms took place. Note, that lower than that of the pristine material, while the activation
deintercalated sample has larger negative magnetic moment thaenergy increased significantly, approaching a value of the direct
the pristine one. This fact indicates that small paramagnetic band gapg) for 2H-MoS; single crystal, which varies between
(42) CRC Handbook Chem. Phyag" Edition: GRC Press: Boca Raton, 1688 1.74 and 2.27 eV depending on the source of the Yethis _

1089; ;:1:—1%% andegizg.)w ftion; ress: boca Raton, observation correlates with the magnetic measurements, which
(43) Gregory SPhys. Re. Lett. 1978 40, 723.

(44) Kittel, C.; Introduction to Solid State Physic3ohn Wiley & Sons: New (45) Aruchamy, A.; Photoelectrochemistry and Photovoltaics of layered Semi-
York, 6th ed., p 396. conductors; Kluwer Academic Publishers: Netherlands, p 37.
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Table 4. Room Temperature Resistivity and Apparent Activation Energies for Pure and Intercalated 2H—MoS; and IF-MoS;.

Pristine K-intercalated® Na-intercalated?
sample Ea (eV) p(Ohm*m) at 300 K Ea (eV) p(Ohm*m) at 300 K Ea (eV) p(Ohm*m) at 300 K
2H-MoS, 0.55 1.5x 10° 0.45 (12 at. %) 3.3 10 0.28 (3 at. %) 7.7
metal (18 at. %) 6¢< 1073 0.17 (9 at. %) 4.5
1.86(deintercal.) & 107 0.08 (14 at. %) 0.1
IF-Mo$S, 0.62 7x 10 0.28 (8 at. %) 2.4¢ 10t 0.20 (10 at. %) 4.5 10

aConcentration of the intercalated alkali metal is given in the parentheses.

suggested a cleaning effect of the outgoing water molecules inwater molecules per intercalated atom was suggested as a
the deintercalated sample. possible explanation for this large expansion of t¢heexis.

In the case of Na-intercalated 2H-MS and Ex were The transport and magnetic properties of the intercalated
measured for three concentrations of the intercalant (Table 4).samples changed significantly under intercalation. Heavily (8
The higher the Na at. %, the smaller the resistivity and the 18%) K intercalated 2H-MoSexhibited a semiconductor to
activation energy. In the case of K-intercalated 2H-MoS metallic transition. A transition from diamagnetic to paramag-
increasing the K concentration resulted in a semiconductor to netic behavior as well as a decrease in room-temperature
metal transition as shown in Table 4. resistivity and activation energy values were observed for all

If each intercalated atom would contribute a free electron to the intercalated phases.
the conduction band of the host, metallic behavior would be  Deintercalation of the hydrated alkali atoms and restacking
expected for most, if not all, the intercalated samples. Instead, of the MS layers was observed by WAXS, XRD, and TEM
most intercalated samples preserved their semiconductiveanalyses in all the samples after prolonged exposure to the
behavior. Nevertheless, a relatively mild decrease in the atmosphere, which was confirmed by recovering of the pristine
resistivity values and activation energy were observed after host compound properties.
intercalation. It is important to emphasize that partial oxidation  ria|d-induced deintercalation of the particles was also ob-

of the exposed samples could occur during the preparation Ofserved, above a threshold voltage of the flood-gun, by XPS
the contacts in the ambient atmosphere, which may inﬂuencetechnique.

their characteristics. Water insertion during or after the metal
intercalation could led to neutralization of part of the free
carriers, giving a partial explanation for the lack of metallic
behavior in the intercalated samples.

Furthermore, metallic behavior requires an intimate contact
between the nanoparticles, which is difficult to accomplish with
the present method of pellet preparation. Clarifying this point
requires further study.

Reversible intercalation of alkali atoms into the hidstattice
was demonstrated in this study. However, it is clear that the
loading of the nanoparticles by the present method is rather
limited. For any foreseeable application, loading of the nano-
particles with metal atoms would have to be increased. It is
clear that the large surface area of tRenanopowder could be
advantageous for electrode material, provided it would contain
sufficient reactive sites for the intercalation/deintercalation
process. However, the inert van der Waals surface of the closed
nanoparticles presents a diffusion barrier for the intercalation

2H-MS; and IF-MS; (M = Mo, W) powders have been process. Once the alkali atoms are intercalated into the outer
intercalated by exposure to alkali metal (potassium and sodium)closed layers of th& nanoparticle, their large affinity toward
vapor at elevated temperatures. The intercalation did not yield the solvent molecules (water in the present case) leads to the
a pure phase. Instead, both the bulk (2H) and the nanopowderformation of defects in the host lattice and, consequently, to a
(IF) materials led to mixed intercalated/nonintercalated phases.very rapid intercalation of water molecules between the layers.
The elastic strain of the closed folded shells of the fullerene- In the partially rupturedF layers, the process could be easily
like nanoparticles is believed to be responsible for the incom- reversed as indicated by the present experiments. Therefore, it
plete intercalation of these materials, but there is no explanationis believed that a few cycles of this kind or perhaps a few cycles
for the incomplete intercalation of the 2H-phase. of intercalation/deintercalation under electrochemical control

As was demonstrated by XRD, XPS, and EDS/SEM analyses, would make this phase ideally suitable for reversible alkali metal
the intercalation of 2H platelets was found to be more effective intercalation. The ramifications of this process can be of
(higher at. %) than that of the fullerene-like nanoparticles. substantial importance, e.g. to the battery industry.

EDS/TEM analysis of thelF-MS, phase confirms the )
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The integrity of the intercalate@ nanostructures was confirmed A Margolin for assistance with the synthesis of tkeMoS,
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WAXS and by electron diffraction. No changes in theand PP 9-
b- lattice constants were observed. Intercalation of one to two JA012060Q
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