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Abstract: The relationship between charge and structure in restackedMS- Mo, W) has been probed by

cation encapsulation and chemical oxidation and characterized by elemental analysis, electron diffraction, X-ray
diffraction, and Differential Scanning Calorimetry. Alkali cations have been encapsulated in aidSNS

without the presence of a co-intercalated counterion, suggesting a negative charge in-#@2h¥ectrons

per M atom range. Electron diffraction studies show ordering of these cations between the layers. Chemical
oxidation with b or Bry results in a change in the structure of restacked Mging rise to av/3a x v3a
superlattice, whereas no change is observed in the structure of restackddiffégntial Scanning Calorimetry

studies show that the irreversible exothermic transition to 2H-bfifts to lower temperature with oxidation.

The observed structural distortion and residual negative charge uniquely explain the thermopower measurements,
which indicate that restacked Mp&nd WS are p-type metallic conductors.

Introduction

2H-MoS and 2H-WS are the most stable members of the
family of layered dichalcogenides, and find practical application
in such processes as hydrodesulfurization (HDS) due to their
availability and relatively low cost.Both materials strongly
resist attempts to incorporate guest species between their fayers
Li atoms can be inserted into MgSand WS) only upon
treatment with very strong reducing agents suchdmutyl-
lithium (n-BuLi) or LiBH4.3# LiM0oS; and LiWS, however,
exhibit a remarkable ability to exfoliate in water by the following
redox reaction

LiMSZ + HZO_> (MSZ)singIe Iayers+ LiOH + Hz(g) (1)

resulting in a colloidally dispersed suspension of single layers.
The layers can be recovered in a restacked form by filtration,
centrifugation, or precipitation. The ability of these materials

in complete oxidation of the layers, returning the molybdenum
to a 4+ oxidation state, because many of the molecules which
have been encapsulated are neftr&l* A net drift of the
suspended layers toward the anode in an electrophoresis
apparatus was observed by these authors, but was attributed to
OH~ ions associated with the layers which could be displaced
by the organic molecule’s.Subsequent pH studies seemed to
support this hypothesi$. The increasing number of examples
of cationic species which have been encapsulated have suggested
to other authors that the layers may retain some negative
charge?10-1317 |t is rather curious that restacked Mo&nd
WS;) can incorporate both cationic and neutral species. The
ambiguity of the situation stems from an abundance of both
(7) (a) Divigalpitiya, W. M. R.; Frindt, R. F.; Morrison, S. R. Mater.
Res 1991, 6, 1103. (b) Kanatzidis, M. G.; Bissessur, R.; DeGroot, D. C.;
Schindler, J. L.; Kannewurf, C. RChem. Mater1993 5, 595. (c) Wang,

L.; Schindler, J. L.; Thomas, J. A.; Kannewurf, C. R.; Kanatzidis, M. G.
Chem. Mater1995 7, 1753. (d) Ruiz-Hitzky, E.; Jimenez, R.; Casal, B.;

to exfoliate and to be restacked with relative ease has permittedVanriquez, V.; Santa Ana, A.; Gonzalez, &dv. Mater. 1993 5, 738~

the encapsulation of a wide variety of guest species which
include neutral organic moleculégolymers’ metal chalco-
genidé and metal oxid&clusters, metallocené&porphyrinst!
and metal cation&13

The authors who first reported the exfoliation of MoS
believed that the redox reaction betweei®tand MoS resulted
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R. F.J. Phys. Chem. Solids996 57, 1113-1116.
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M. G. Manuscript in preparation.
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Li™ and OH generated in the exfoliation process:*Livhich
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structural conclusions presented are supported by thermopower

could counterbalance a negative charge on the layers whenmeasurements of restacked Mad WS, which address the

neutral species are intercalated, is a notoriously difficult element
to detect; OH, which could co-intercalate with the cationic
species, can be confused with residual co-intercalatga. H

In addition to the unresolved issues about the oxidation state

of the layers, there has also been confusion about the atomic

structure of the layers. Reduction of 2H-Mo8ith n-BuLi or
LiBH 4 results in a structural transformation in the layers, causing
the geometry around the metal atoms to shift from trigonal
prismatic to octahedrdf This results in a change in the
conductive properties of the material from semiconducting to
metallic181° This structural change appears to be retained in
exfoliated Mo$3, with a structural distortion that results in a
v/3a x a orthorhombic superlattic®2! Restacked MogShas
also been called 1T-Me®ecause of the octahedral coordination
of the Mo atom. Restacked W%ppears to be analogous to
restacked Mog*2! Another material that has been called 1T-

effects of structure and charge on the nature of their electrical
conductivity.

Experimental Section

LiMoS; and LIWS were synthesized by the LiBHnethod! MoS,
was purchased from Cerac. W®as purchased from Alfa Aesar.
LiBH 4, acetonitrile, RbCl, CsF, and Csl were purchased from Aldrich.
KCl and BaC}-2H,0 were purchased from J. T. Baker.,Bnd NaCl
were purchased from EM Sciencewas purchased from Mallinckrodt.
HCI was purchased from Columbus Chemical Industries. All com-
pounds were used as received.

MoS, Aqueous Suspensionln a glovebox under nitrogen atmo-
sphere LiMo3% (0.1 g, 0.6 mmol) was placed in a 125 mL Erlenmeyer
flask equipped with a stir bar and rubber stopper. The flask was removed
from the glovebox and 10 mL of deoxygenated deionize® kvas
added. The mixture was allowed to stir for 0.5 h, then the contents of
the flask were transferred to a centrifuge tube and centrifuged for 0.5
h. The supernatant was decanted (pH2) and to the black gooey

MoS; is prepared by high-temperature synthesis and subsequentolid at the bottom of the tube 10 mL of fresh deoxygenated deionized

oxidation of Ky 3gH20),M0S,.22 Restacked Mogand 1T-Mo$

H.O was added to rinse away the LiOH. The tube was agitated to

were thought to be the same material because both appear taesuspend the product, and the mixture again centrifuged for 0.5 h.

have octahedral metal coordination and both undergo an
irreversible exothermic transition to 2H-Mg&t around 100

°C 2223 1 T-MoS,, however, exhibits a/3a x v/3a superlat-
tice2224The+/3a x a superlattice found in restacked Mpi3

due to M—M associations resulting in the formation of zigzag
chains?! whereas av/3a x +/3a superlattice would involve
M—M trimerization.

Are these layers neutral or charged? Why do 1T-Mad
restacked Moghave different superlattices? What is the impact
of negative charge on the structure of these materials? If the
MoS; layers are slightly reduced, how does it affect the electrical
conductivity? In this paper we describe our experimental efforts
toward answering these questions. The encapsulation of hard
electropositive alkali metal cations was used as a primary tool,
and these were chosen due to their relatively poor affinity for

This rinsing was conducted three times, the supernatant havingli2H

~9, and~7 after each rinse. Then 10 mL more deoxygenated deionized
H.O was added, the tube was agitated to resuspend the product, and
the contents of the centrifuge tube were returned to a 125 mL
Erlenmeyer flask with a stir bar. The suspension was stirred for at least
0.5 h before further use.

WS, Aqueous Suspensionin a glovebox under nitrogen atmosphere
LIWS; (0.1 g, 0.39 mmol) was placed in a 125 mL Erlenmeyer flask
equipped with stir bar and rubber stopper. The flask was removed from
the glovebox and 10 mL of deoxygenated deionize® kvas added.

The material was then centrifuged, rinsed, and resuspended in the same
manner as MoS

Ax(H20)yM0S; (Na, K, Rb). The alkali chloride salt (1.8 mmol)
was dissolved in~2—4 mL of H,O. To this solution was added an
aqueous suspension of Mo@:1 excess A). Flocculation occurred
immediately. The reaction mixture was stirred for one-half hour and
centrifuged and the supernatant decanted. The product was rinsed and

OH~, which make them perhaps the best species for chemicalcentrifuged three times as described in the preparation of agueous MoS
analyses to determine negative charge. The materials werelhen deposited on a glass slide until dry. Formulas for the products

characterized by X-ray diffraction, electron diffraction, DTA,
and elemental analyses. The treatment of LiMBd exfoliated
MS; with the oxidizing agent Brand concentrated HCI has

were determined to be Na(H20)0.4M0S,, Koo(H20)0.4M0S,,
Ry 15(H20)0.3M0S,, and Cg24H-0)M0S,. In the Cs case CsF was
used.

Ba,(H-0)yM0S,. BaCh-2H,O (0.88 g, 3.6 mmol) was dissolved in

also been conducted and the products characterized by X-ray..5 mi of H,0. To this solution was added an aqueous suspension of

diffraction, electron diffraction, and DSC measurements. The

(17) (a) Golub, A. S.; Protsenko, G. A.; Gumileva, L. V.; Buyanovskaya,
A. G.; Novikov, Y. N. Russ. Chem. BullLl993 42, 632-634. (b) Golub,

A. S.; Shumilova, I. B.; Novikov, Y. N.; Mansot, J. L.; Danot, Nolid
State lonics1996 91, 307—314.

(18) (a) Py, M. A.; Haering, R. RCan. J. Phys1983 61, 76. (b)
Mulhern, P. JCan. J. Phys1989 67, 1049-1052.

(19) Bissessur, R.; Kanatzidis, M. G.; Schindler, J. L.; Kannewurf, C.
R.J. Chem. Soc., Chem. Commad®893 1582.

(20) (a) Yang, D.; Sandoval, S. J.; Divigalpitiya, W. M. R.; Irwin, J. C.;
Frindt, R. F.Phys. Re. B 1991, 43, 12053-12056. (b) Joensen, P.; Crozier,
E. D.; Alberding, N.; Frindt, R. FJ. Phys. Solid State Phy3987, 20,
4043-4053. (c) Qin, X. R.; Yang, D.; Frindt, R. F.; Irwin, J. C.
Ultramicroscopyl992 42—44, 630-636. (d) Qin, X. R.; Yang, D.; Frindt,

R. F.; Irwin, J. C.Phys. Re. B 1991 44, 3490-3493. (e) Sandoval, S. J.;
Yang, D.; Frindt, R. F.; Irwin, J. CPhys. Re. B 1991, 44, 3955-3962.

(21) Heising, J.; Kanatzidis, M. G. Am. Chem. S0d999 121, 638—
643.

(22) (a) Wypych, F.; ScHihorn, R.J. Chem. Soc., Chem. Commi892
1386-1388. (b) Wypych, F.; Solenthaler, C.; Prins, R.; Weber,Jt8olid
State Cheml999 144 430. (c) Schithorn, R.; Kimpers, M.; Plorin, DJ.
Less-Common. Metalk978 58, 55.

(23) (a) Yang, D.; Frindt, R. PMol. Cryst. Liq. Cryst1994 244, 355—
360. (b) Bissessur, R.; Kanatzidis, M. G.; Schindler, J. L.; Kannewurf, C.
R.J. Chem. Soc., Chem. Commui®93 1582-1585.

(24) Wypych, F.; Weber, Th.; Prins, Rhem. Mater199§ 10, 723—
727.

MoS, (6:1 excess B#). Flocculation occurred immediately. The
product isolation was analogous to that used f{HAO),Mo0S,.
Ax(H0)\WS; (Na, K). The alkali chloride salt (2.4 mmol) was
dissolved in~3—5 mL of H,O. To this solution was added an aqueous
suspension of WS (6:1 excess Ng. Flocculation occurred im-
mediately. The product isolation was analogous to that used above.
Rbo.24H20)0.3MNVS,. RbCI (0.15 g, 1.2 mmol) was dissolved-8.5
mL of H;O. To this solution was added an aqueous suspension of WS
(3:1 excess Rb. Flocculation occurred immediately. The product
isolation was analogous to that above.
Cs0.14H20),WS,. An aqueous suspension of W&as added to 5
mL of a concentrated CsF solution in®l (or 5 mL of Csl (2.8 mmol)
in water) (7:1 excess Ck Flocculation occurred immediately. The
product isolation was analogous to that given above.
Bag.o(H20)yWS,. BaCk:2H,0 (0.29 g, 1.2 mmol) was dissolved in
~5 mL of H,O. To this solution was added an aqueous suspension of
WS; (3:1 excess Ba). Flocculation occurred immediately. The product
isolation was analogous to that used above.
HxMoS,. In a glovebox under nitrogen atmosphere LiMd8.3 g,
1.8 mmol) was placed in a 125 mL Erlenmeyer flask equipped with a
stir bar and rubber stopper. The flask was removed from the glovebox
and 30 mL of cold concentrated HCI was added. The reaction mixture
was stirred briefly, then centrifuged for a few minutes. The supernatant
was decanted, then 30 mL of cold®lwas added to the solid to rinse,
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and the slurry was centrifuged again. This rinsing was repeated two
more times, the supernatant after each rinse having-gH~1, and
~7, respectively. The solid was then slurried in a few milliliters of
H,O and deposited on a glass slide to dry overnight.

HWS,. In a glovebox under nitrogen atmosphere LWS8.3 g,
1.2 mmol) was placed in a 125 mL Erlenmeyer flask equipped with a
stir bar and rubber stopper. The reaction procedure and rinsing was
the same as the one used to prepaidd$,, with the supernatant after
each rinse having pH-1, ~4, and~7, respectively. The solid was
then slurried in a few milliliters of KO and deposited on a glass slide 3
to dry overnight. © 3

Oxidized LiMoS,. (a) Method 1. In a glovebox under nitrogen M
atmosphere LiMog (0.3 g, 1.8 mmol) was placed in a 125 mL
Erlenmeyer flask equipped with a stir bar and rubber stopper. The flask EJ o i T T
was removed from the box, and 50 mL of a 0.18 M solutionahl
acetonitrile or 50 mL of a 45 mM solution of Bm acetonitrile was 0 20 40 60 80 100 120
added to the solid (5:1 excesgBr;). The mixture was stirred for 20 (degrees)
different amounts of time ranging from 15 min to 4 days, then was
centrifuged and the supernatant decanted. The product was rinsed by
resuspending it in 15 mL of acetonitrile and recentrifuging 2 times

>

09
0010
0011

?

Intensity (arbitrary units)
LN DAL SLELEL AL DAL L B

100.5

and then deposited on a glass slide and a Saran wrapped transmission r
XRD slide to dry. 100 *
(b) Method 2. An exfoliated suspension of Mg@Svas prepared as 99.5 E
described previously from LiMaS0.15 g, 0.9 mmol), then centrifuged ;\? E
and rinsed once with acetonitrile. The rest of the procedure is the same T/; 99 [
as in method 1 above. 8 F
Oxidized LiWS,. (a) Method 1. In a glovebox under nitrogen = 98.5 E
atmosphere LiWg (0.3 g, 1.2 mmol) was placed in a 125 mL '57 98 [
Erlenmeyer flask equipped with a stir bar and rubber stopper. The flask g F
was removed from the box, and to the solid 50 mL of a 0.12 M MeCN 97.5 -
solution of b or the corresponding 75 mL of a 80 mM MeCN solution 97 £
of Br, was added 10:1 exces#Br,. The mixture was stirred for varying E
amounts of time from~15 min to a week and centrifuged and the 96.5 bt b :
supernatant decanted. The product was isolated as described for oxidized 50 100 150 0 200 250
LiMoS.. Temperature ("C)

(b) Method 2. An exfoliated suspension of WSvas prepared as ) ) )
described previously from LiWsS0.15 g, 0.6 mmol), then centrifuged ~ Figure 1. (A) Reflectance X-ray diffraction pattern of ba(Hz0)o.ss
and rinsed with acetonitrile. The rest of the procedure is the same asWSz The 00 reflections predominate, exhibitingdsspacing of 9.7 A
in method 1 above. which corresponds to an expansion of 3.5 A. (B) TGA 05 N&i:0).45
WS; (dotted line), K 21(H20)0.40WS; (dashed line), and RbAH20)0.34
WS$; (solid line). Weight loss corresponds to the loss of co-encapsulated
H20.

(c) Method 3. LIWS; (0.15 g, 0.6 mmol) was used to prepare an
exfoliated suspension as described previously. Next 100 mL of a
saturated aqueous solution of ;.Bwas added. The product was

centrifuged immediately for a few minutes, then rinsed with water and . . .
centrifuged three times. It was deposited on a glass slide and a SararPf €xfoliated Mo$/WS; to solutions containing AkO4(OH)z4-

wrapped transmission XRD slide to dry. (H20)12"* or tetraphenylphosphonium catiotis>
Characterization. Selected area electron diffraction patterns were ~ The samples were characterized by reflectance X-ray dif-
collected using a JEOL 120 CX transmission electron microscope fraction (Figure 1a) and were found to be well ordered,
(TEM). Transmission and reflection powder X-ray diffraction patterns  particularly compared to the patterns of samples containing
were collected using a Rigaku-Denki/RW400F2 (Rotaflex) rotating neutral species such as thegSgh ¢ clusters® The predominance
anode X-ray diffractometer using Cwitadiation. Differential scanning of the 00 reflections in the pattern is due to the tendency of
calorimetry (DSC) measurements were conducted using a Shimadzu| me|jar materials to adopt a preferred orientation. All samples
DSC-50 instrument under nitrogen flow in sealed aluminum containers exhibited interlamellad spacings in the range 9-3.7 A B.1-

at a heating rate of 5 deg C/min. Thermogravimetric analyses (TGA) 3.5 A expansion). indicatin n |ation of roximatel
employed a Shimadzu TGA-50 instrument under nitrogen flow in quartz * expansion), caling co-encapsuiation of approximately
one monolayer of water.

containers at a heating rate of 2 deg C/min. Energy dispersive
spectroscopy (EDS) was used to determine the alkali metal to Mo/w  The flocculated products were found to have the following
ratio, and a JEOL-JSM-6400V scanning electron microscope was formulas: Na 14H20)xM0S,, Ko 29H20)xM0S,, Ry 15(H20)«-
operated at an accelerating voltage of 30 kV using a Tracor Northern MoS,, Cs 24H20)xM0S,, Nay 1 H20)WS,, Ko 21(H20)WS;,
5500 X-ray microanalysis attachment. Thermopower measurements Riy ,/{H,OWWS,, Cs14H20)WS,, and Ba o H.O)WS,. Ther-

were made with a MMR Technologies Seebeck System. mogravimetric analysis, performed to determine the amount of
_ _ co-encapsulated water, indicates a range of-0.35 for x
Results and Discussion (Figure 1b). Highex values were found for samples containing

. iy . Nat and Kt and lower values for those containing ‘Cand
Cation-Encapsulated M$. Addition of exfoliated Mog/ Rb". No halide counterions were detected. Although the
WS; to the alkali halide solution results in immediate floccula- presence of OHions cannot be completely discounted, the pH
tion of the suspension. This rapid precipitation, which is not ¢ iha suspension~7) and the relatively poor affinity of the

usually observed upon addition of neutral species, strongly 5 aji cations for OH ions make their co-encapsulation unlikely.
suggests that the interaction of the layers with the alkali cations

is ionic in nature. Similar behavior is observed upon addition  (25) Heising, J.; Kanatzidis, M. G. Unpublished results.
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Figure 2. Selected area electron diffraction (SAED) patterns of (A) a
thin crystal and (B) a thick crystal of restacked W$winning of the
orthorhombicv/3a x a superlattice gives rise to a pseudohexagonal
2a x 2a superlattice.

Electron Diffraction Studies of Alkali Cation Encapsulated
MS,. The cation intercalated Me&nd WS samples were also
examined by electron diffraction. Both restacked MaSd WS

J. Am. Chem. Soc., Vol. 121, No. 50, 19994723

Figure 3. SAED patterns of (A) CsedMoS, and (B) Cg1aWS,.
Superlattice reflections caused by ordering of the ©ss are spaced
in thirds between the columns of hedattice reflections along the

V/3a* axis, indicating a tripling of thea axis. Examination of one of
these columns of superlattice reflections reveals a tripling of{Ba
axis as well, resulting in a~#3a x 3a supercell. Twinning of the
host-lattice projects a pseuda & 6a unit cell.

Torr) probably results in the removal of most of the co-
encapsulated water from the samples. The majority of the

give rise to electron diffraction patterns which appear to be more patterns appear at first glance to contain a weak>6 6a

simple than they actually afé Recently, we solved and refined
the structure of restacked MgSand WS from electron
diffraction data?! The materials exhibit a superlattice caused
by metat-metal associations to form zigzag chains, similar to
those observed in WE&8 This zigzag distortion results in the
doubling of one axis of the hexagonal sublattice. As the

superlattice relative to the hexagonal sublattice, with distinct
variations in the reflections present and the intensity distribution
from one pattern to the next. Because of the propensity of these
materials for twinning, however, the diffraction patterns are
actually quite complicated.

Considering only the orthorhombic lattice caused by the

hexagonal symmetry is destroyed, the new lattice is best formation of zigzag M-M chains in the host materiét,Figures

described by an/3a x a orthorhombic cell (Figure 2a). Due

3a and 3b contain one domina#Ba x a orthorhombic cell

to their turbostratic nature and the disorder introduced by the with only weak twinning. In the interest of clarity, thi€3a x

exfoliation/flocculation process, the diffraction patterns of
exfoliated and restacked Me&nd WS are often a “triplet” of
these orthorhombic cells, forming an apparerd R 2a

a orthorhombic lattice will henceforth be called the “host-
lattice”. A closer examination of Figure 3a reveals that the
superlattice caused by the intercalated cations forms strong

superlattice (Figure 2b). Failure to recognize this twinning can columns of reflections along thé3a* axis of the host-lattice.

lead to incorrect interpretations of the-N\ interactions.

The superlattice reflections are spaced in thirds between the host-

The cation intercalated samples are represented by an arrayattice reflections. This suggests that at least one cell parameter

of diffraction patterns (Figures 3, 4, and 6) which contain an
additional superlatticedue to ordering of the electropositive
cations in the gallery. The high vacuum found in a TEMLQ™’

(26) (a) Brown, B. EActa Crystallogr.1966 20, 268. (b) Mar, A.; Jobic,
S.; Ibers, J. AJ. Am. Chem. Sod.992 114, 8963.

should be a. The reflections at 1/2 the spacing between the
columns of host-lattice reflections can be attributed to the weak
twinning of the host-lattice; thus, the same phenomena which
give rise to a false & x 2a lattice also give rise to a falsea6
superlattice parameter. Interestingly, there do not appear to be



11724 J. Am. Chem. Soc., Vol. 121, No. 50, 1999 Heising and Kanatzidis
- > .

Y

. §

-

Figure 4. SAED patterns of (A) K2dMoS,, which resembles the patterns in Figure 3, but the degree of twinning is slightly greater; {#)ds,

and (C) RRg1gM0S,, in which the host-lattice is more twinned but the crystals are still relatively thin; and §IMOS;, from a thick crystal with

a very twinned host-lattice and a “halo” of cation superlattice reflections. As twinning of the host-lattice increases, twinning of the calidticeuper
increases, leading to a variety of diffraction patterns.

any superlattice reflections from the cations contained in the thicker crystals. The crystal is thin enough that the superlattice
columns or rows of host-lattice reflections in Figure 3a. from the intercalated cations is still visible, but extremely weak.
Considering one of the columns of superlattice reflections to It is twinned in the same manner as the host-lattice, creating a
find the second cell parameter, the smallest distance betweerhexagonal “halo” around the pseuda X% 2a lattice. The

two reflections is 1/3 the length of the (010) reflection of the systematic absences of the superlattice (for example, the 200,
host-lattice; therefore, the superlattice may be minimally 130, and the 310 ) are completely destroyed due to the twinning,
described by the orthorhombic cel'3x 3b relative to the host- generating the pseud@6x 6a cation superlattice.

lattice @ = «/§a), and 3/3a x 3a (orthorhombic) relative to Not all crystals gave rise to well-ordered cation superlattices.

the hexagonal sublattice of the host material (Figure 3b). Crystals which contain discrete superlattice spots are somewhat
It is logical to conclude that, if the host-lattice is somewhat unusual; more common are patterns which contain disorder or

twinned, the superlattice will be similarly twinned. In this streaking along the/3a* axis of the host lattice.

manner the variations in the other diffraction patterns (Figure Modeling the Cation Ordering. It is virtually impossible

4) can be explained by the degree of twinning of tf@a x a to obtain a diffraction pattern that is completely “single crystal”
orthorhombic host-lattice and the'3x 3b cation superlattice.  wjth respect to the host-lattice and the cation superlattice so
Figure 4a is very similar to Figures 3a and 3b, but comes from that this manner of indexing the patterns might be confirmed:
Ko.2dM0$, rather than CgdMoS; (Figure 3a) or Ce1aWS, however, it is the best available indexing that can account for
(Figure 3b). The host-lattice is more twinned than the pattern the variations in intensities and reflections from one diffraction
in Figure 3a, but the pattern of cation ordering is essentially pattern to the next, all of which can be found within one sample.
the same. Figures 4b and 4c are from crystals g$# oS, As such, we have developed a cation ordering model from which
and Rb 14 MoS,, respectively, that are twinned but are still  an electron diffraction pattern was simulated. It has been
relatively thin. The distribution of orthorhombic host-lattice cells designed to resemble the diffraction patterns in Figures 3a’ 3b,
is uneven, appearing to be stronger in one direction. Conse-ang 4a, since they are the closest to a “single crystal” pattern
quently, the cation superlattice in these pictures is still stronger (Figure 5). As noted previously, no superlattice reflection is
in one direction, but does show evidence of twinning. Unlike found within a column or row of host-lattice reflections (Figure
the previous patterns, the cation superlattice reflections are Now3a). The model of cation ordering, depicted in Figure 5a, gives
found in the columns of reflections along théa* axis of the rise to such an electron diffraction pattern (Figure Bbyhe
dominant orthorhombic host-lattice (arrows, Figure 4b). This cell contains three chains. Alkali cations are placed along the
seems to be due to cation superlattices associated with the other
(weaker) host-lattice cells. Figure 4d, on the other hand, came (27) Twinning of the host-lattice has been included in the simulation of
rom a ickercystlof Ko, In s case, the twinning % Afacton e n e 5 1o gue 1 o s i
of the host-lattice is so pronounced that the host material exhibits\y) zigzag chains of these other cells, which would be rotated ted@tive

the pseudo 2 x 2a hexagonal lattice which is common in  to one another, have been omitted from Figures 5a and 7a.
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Figure 5. (A) Structural model and (B) simulated electron diffraction
pattern to explain the observed SAED patterns in Figured. Filled

circles represent cations_ in gne layer; open circles repre§ent cations inFigure 6. SAED patterns of (A) BaeMoS; and (B) Na1MoS,. The

a second layer. The projection of the two layers results i/38 x o . . .

3a combination of av/3a x +/3a cation superlattice with the pseuda 2
supercell. - - : w " ;

x 2a host-lattice gives rise to a “honeycomb” pattern. This alternate
chains in pockets defined by sulfur atoms, where a cation would cation superlattice, although most common for samples with encapsu-
be expected to reside in the gallery. One-third of the sites are lated B&*, could also be observed within samples which exhibited the
empty in two of the chains; two-thirds of the sites are empty in 3v'3a x 3a superlattice.
the third chain. So many alkali cations would not normally be
in such close proximity to one another within one layer, most readily observed for samples in which?Bés encapsu-
however, particularly when one considers the elemental analysedated. To reconcile such a lattice with the observed loading of
of these samples. More likely this picture represents the cation one must again employ alternating layers of cations and
superposition of two alternating layers of cations, depicted as consider their projection onto theb plane. For example, in
white and black. Hence, four of the cations have an occupancy Figure 7a a model has been constructed with four layers of
of 0.5 and one cation is fully occupied. This results in a cations, depicted as white, black, gray, and striped circles. The
stoichiometry of A16MS;, which is consistent with the  unit cell per MS layer is 2/3a x 2v/3a (solid line), but the
experimentally determined formula. projection is the smallev/3a x +/3a lattice (dashed line). This

Itis a necessary condition of the systematic absences that allgives a stoichiometry of fdVS,. The simulated diffraction
the alkali cations be in the same kind of site, either “"down” or pattern generated from this cation model (Figure 7b) resembles
“up” relative to the zigzag chain. The alkali cations occupy only the experimental daff.It is now possible to understand why
sites which are pointing “up” in the model presented in Figure cations of different charge can have the same diffraction
5a; however, the sites which are pointing “down” are equally pattern: they can occupy half as many sites and require twice
valid sites, so it becomes apparent that this is a possible sourceas many layers to project the appropriate unit cell. This is
of disorder in the samples. The fact that there seems to be noconsistent with the fact that the superlattice is weaker in the
disorder along the axis indicates that the cations are better samples containing Bé than it is in the samples containing
ordered along the zigzag chains than between zigzag chainsNa* or Rb*.

A few of the electron diffraction patterns did not have this  oxjdation State of M (M = Mo,W) and the Charge of
3a x 3b superlattice, but had a rather different pattern (Figure the Layers. The fact that one can see ordering of alkali cations
6) corresponding to a/3a x +/3a lattice combined with the  in the MoS and WS layers without co-intercalation of the
pseudo 2 x 2a lattice of the host material, forming a halide counterions supports the conclusion that the exfoliated
“honeycomb* pattern. The projection of thié3a x +/3a unit and restacked layers retain residual negative charge. The layers
cell occupies a smaller area than the previous superlattice (31in suspension behave as if they are solvated macroanions,
A2ys 161 &), which is puzzling when one considers that itis precipitating readily in the presence of most cationic species.
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and WS to accept co-intercalated OHions hinders the
guantitation of the negative charge through chemical analyses,
as the exfoliation process creates an abundance of iOhk.
These difficulties necessitate the use of “innocent” cations such
as alkali metals, as they have poor affinity for QHThis is
particularly true for the heavier alkali cations Rland Cst
and they are easier to quantify than"Nat, or K*. Although
the external OH ions can largely be removed by rinsing, it is
difficult to be certain of their total removal without acidification
of the solution. This complicates the situation by increasing the
ionic strength of the solution and providing protons, a competing
¥ cation that is virtually impossible to unambiguously detect. In
.« i . addition, if the MoS s in fact slowly oxidized further in solution
B . . over time, more OH ions will be generated. Even restacked
. LTt . MoS, or MoS; with encapsulated hydrated alkali cations may
R T continue to undergo redox chemistry with intercalate®Ksee
. R R o eq 1). Presumably the cations/Oldairs would remain trapped
- . . . . between the layers, indicating at least the oxidation state at the
LA 2 ¢ - & . time of flocculation, but would not reflect the continuum of
1 .. 0t . . LT oxidation states possible for the material over time.

) ) The results of our chemical analyses, which indicate a
; . negative charge in the range 0-10.25 per Mo/W atom, are
. e i S consistent with the results of the analysis of fresh Li
encapsulated sampléd” and are more reliable due to the use
. . of the heavier alkali metal cations. Other studies involving the

PO AP selective encapsulation of heavy metal ions such as gl
A . . . e - e e . P into MoS; and WS have been conducted, and the results
. o . indicate a higher negative charge (68 per Mo/W atom¥8
7 ’ T These chalcophilic cations, like the alkali cations, have a poor

e affinity for OH™; however, the samples have been prepared
AN under different experimental conditions, in which the cations
d* (reciprocal angstroms) were inserted under anaerobic conditions in acidic solutions of
Figure 7. (A) Structural model and (B) simulated electron diffraction moderate ionic strength, inhibiting the formation of colloidal
pattern to explain the observed SAED patterns in Figure 6. The black suspension. These results suggest that the continuum of oxida-
circles_ represent one layer of (_:ations_; the open circles a second; thetjgn states possible for Me@ind WS is much greater than the
gray circles a third; and the striped circles a fourth layer. Each layer range reported in previous studies. The range of negative charge
contains a 2/3a x 2v/3a lattice (solid line), but thev'3a x v3a 1 the Mg layers which we observe is comparable to the range
superlattice is formed by the projection of the four layers (dashed line). of charge observed in smectite clays, which is not surprising
The hypothesis that the charge is due to the association of OH given the similarities in their behavior in aqueous conditiths.
ions with the basal planes seems unlikely because the driving  Oxidation Reactions of LiMS,. In light of increasing
force for the association of the OHons with the layersis not  evidence that these materials have a negative charge, LiMS
obvious. Furthermore, the pH of the exfoliated suspension hasand exfoliated MSwere treated with oxidizing agents to see if
been reduced to-7 by repeated rinsing. It seems surprising truly neutral MS could be obtained by oxidizing with br Br,
that any remaining OH ions would not be at least partially  according to
displaced in a solution with an excess of halide ions, resulting
in materials with co-encapsulated halide ions. Unfortunately the Li.MS, + 1, — MS, -+ xLil 2)
high degree of disorder and the propensity of the systems for T2 2
twinning make it impossible to determine the degree of negative
charge on the layers based on the cell parameters of the sample
with encapsulated cations.

The amount of negative charge on exfoliated and restacked
Mo$S; has been studied rather extensively by a group of Russian
scientistst317 They assert that MgSwhich has been freshly
exfoliated under an inert atmosphere has a negative charge o
approximately 0.150.29 per Mo atom (L counterion), but if
the dispersion is allowed to sediment over time the value
decreases to 0.670.12 per Mo atont’2This slow, continuous
oxidation of Mo$ suspensions in solution over time may explain (28) (a) Gash, A. E.; Spain, A. L.; Dysleski, L. M.; Flashenreim, C. J.;
how it is possible to intercalate the neutral cobalt chalcogenide Kalaveshi, A.; Dorhout, P. K.; Strauss, S. Etwiron. Sci. Technol199§
clusters, which require stiing for at least 2 days before 22 10071042 () Darhout 2 i Suaues, S, ACS Sympostun
encapsulation is observ&dhis same group has also observed Materials Winter, C. E., Ed.; American Chemical Society: Washington,
that in some transition metal systems it is possible to co- DC, 1999; pp 53-68. (c) Strauss, S. H. IACS Symposium Series: Metal
intercalate OH anions, thereby increasing the number of cations 0" Separtion and Preconcentration Progress and OpportuniBesd A.

; H., Dietz, M. L., Rogers, R. D., Eds.; American Chemical Society:
which may be encapsulated between the layers beyond the ranggyashington, DC, 1999; pp 156.65.
of negative charge attributed to Ma5¢ The ability of MoS (29) Pinnavaia, T. JSciencel983 220, 365.

d* (reciprocal angstroms)
{
4
.
.
;
.
‘
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The oxidized products were characterized by X-ray and electron
diffraction studies and by thermal analysis.

Figure 8a contains the selected area electron diffraction
pattern of LiMo$ oxidized with Bp in acetonitrile (MeCN). If
LiMoS; is first exfoliated in water, then rinsed with acetonitrile,
1forming Lii—n(MeCN)MoS, (n = 0.75-0.85), and subsequently
oxidized with Bp in acetonitrile, similar patterns can be
observed. The pattern resembles the one found for the sample
Bay.0dM0S,, in which a hexagonal array of diffraction spots
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lattice. If one treats LiMogwith Br, for a longer period of
time or with sonication, the/3a x +/3a lattice disappears,
leaving a mixture of 2H-Mogand material with the/3a x a
lattice.

The electron diffraction patterns of WSamples obtained
upon oxidation with By are different from those of MagS
samples. Almost all patterns contained only the origidéh
x alattice, even with repeated sonication and stirring in excess
Br; for a week. After a week a small amount of 2H-Y«suld
be found, and the amount of diffuse scattering was significantly
increased due to decomposition to amorphous product(s). From
these results one can conclude that either the product has not
been oxidized or restacked W8oes not exhibit an alternate
superlattice upon oxidation. Although the majority of the product
exhibited no change, in almost every sample examined there
was a small minority of crystallites which gave rise to a
diffraction pattern that could be indexed as 32 x 2v/3a
lattice. This suggests that even if WS able to have an alternate
superlattice upon oxidation it is not the same as the lattice found
in oxidized Mo$S.

X-ray Diffraction Studies of Oxidized MS». LIMS, and
Li;—n(MeCN)XMS; were also examined by transmission X-ray
diffraction (Figures 9 and 10). Due to the turbostratic nature of
these samples induced by the exfoliation/flocculation process,
only hkO reflections are visible from the/3a x a lattice.
Interpretation of the X-ray diffraction patterns is more difficult
than that of the electron diffraction patterns in part because the
peaks are broad. Furthermore, soh@ reflections of the 2H
form of the dichalcogenide overlap with the uniqiO
reflections from thev/3a x a lattice and thev3a x +/3a
lattice. For example, the 200 of the’3a x +/3a lattice
overlaps with the 103 of 2H-MSIn fact, the presence of the
v3a x +/3a lattice cannot be reliably determined by powder
X-ray diffraction because the only reflection that is not subject
to an overlap problem is the 100, which is extremely weak.
The presence of the/3a x a lattice is more easily monitored
because the 210, a moderately strong reflectich=at2.10 A,
does not overlap with peaks from either of the other two phases
which may be present in the sample.

The time-dependent behavior of the oxidation of restacked

. . . y MoS; (and LiMoS) is illustrated in Figure 9. Initially the/3a
resembling a “honeycomb” is formed by the superposition of x a lattice dominates (Figure 9a), with the appearance of a

the twinned+/3a x a lattice caused by MeMo distortions shoulder § = 1.56 &) on the 130 reflection at?= ~59° and

and av/3a x +/3a lattice formed by the ordering of the Ba a new peak at@= 35° (d = 2.55 A), which is not visible in
cations. The SAED pattern from oxidation of Mp®ith Br is the electron diffraction patterns and is not readily indexed to
caused by a superposition of two types of lattices as well; gny of the 3 phases which may be present. At an intermediate
however, in this case the'3a x +/3a lattice is not due to Li stage a new peak appears ét2 ~38° (d = 2.35 A) which,
cations ordering between the layers, but different-No as mentioned previously, can be indexed as either the 200 of
associations. Wypych and co-workers have reported that, uponihe /33 x +/3a lattice or the 103 of 2H-Mog(Figure 9b).
treatment with 4 or KoCr,07, Ko3(H20)M0S; is oxidized to  The 110 and the 130 reflections begin to shift to smatler

a material that contains &3a x +/3a lattice attributed to  spacingsq = 2.78 to 2.71 A and 1.61 to 1.59 A). This is not
Mo—Mo associationg?2bThis material has a smallerparam- surprising, because the/3a x a lattice has the largesa

eter than restacked Me@SA closer inspection of Figure 8a oo woter at 3.21 A: tha/3a x +/3a lattice is slightly
reveals that the hexagons become increasingly distorted as On‘gontracted as eviden<,:ed by the electron diffraction patterns:
moves further away from the center spot (Figure 8b), indicating and in 2H-'Mo$ a=3.16 A. The 210 peak of the/3a x a '
a mismatch in the two lattices. Thé3a x +/3a lattice has a lattice at B = ~38° (d =210 A) is still present, and the

smaller a parameter than t.he«/éa} x a lattice. If shoulder at 2 = ~59° has become more pronounced. In the
Liz-n(MeCN)MoS; is treated with By it is possible to find  fina| stage the diffraction pattern no longer contains the peak
electron diffraction patterns of a few crystals which containonly ., o — 350 (d = 2.55 A) or the 210 peak of the/3a x a

the v3a x +/3a lattice, but the majority of the sample is a |attice at 2 = ~38° (d = 2.10 A), and the 110 and the 130
decomposition product. The material with thé3a x +/3a reflections have shifted to even smaltéspacings ¢ = 2.69
lattice is metastable and appears to be more susceptible toand 1.58 A). The pattern at this stage contains mostly MoS
conversion to 2H-MoSthan the material with the/3a x a that has converted to the 2H form.

Figure 8. SAED pattern of (A) LiMoS oxidized with Bk in MeCN.

The pattern, which resembles those found in Figure 6, is a combination
of twinned v/3a x a orthorhombic lattice and a/3a x +/3a
hexagonal lattice of MoS The two lattices have slightly different cell
parameters, which results in a distortion of the “honeycomb” as one
moves further from the center of the pattern (B).
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Figure 9. Transmission X-ray diffraction (XRD) pattern of LiM@S
oxidized in MeCN with increasing time. (A) Initially the pattern contains
the+/3a x a lattice with two new peaks at 2.55 A (solid black circle)

Heising and Kanatzidis

20 = ~38 (d = 2.35 A) appears. Given that there is no
evidence of a/3a x +/3a lattice by electron diffraction, that
peak is probably best indexed as the 103 reflection of 2H-WS
The disappearance of the 210 peak of t8a x a lattice at

20 = ~38 (d = 2.10 A) and the new peak at2= 35° (d =
2.55 A) happens upon heating the material, which converts it
to 2H-WS (Figure 10b).

The reflection X-ray diffraction patterns contain the basal 001
reflection at 6.05 A for Wgand 6.21 A for Mo$, indicating
the deintercalation of most or all of the lithium cations. The
basal spacing of WsSis slightly contracted (0.1 A) relative to
2H-MS,, but expands upon heating.

Residual negative charge on Mo also substantiated by
these diffraction patterns. The structure of restacked Mo®
WS,, which we recently solved from electron diffraction data
and found to be WTgtype, consists of metaimetal associations
to form zigzag chaind! As mentioned previously, a material
called “1T-MoS” has been prepared by the oxidation of #&
(H20),Mo0S; and found to have &/3a x +/3a lattice by X-ray
diffraction and also by STM studi€d24 The starting material

and 1.56 A (asterisk). (B) A peak at 2.3 A appears, indexed as either K 3H,0)yM0S,, however, has also been studied by STM and

the 200 of thev/3a x +/3a lattice or the 103 of 2H-Mo$ (C) The
210 of thev/3a x a lattice has disappeared. The pattern is mostly
2H-MoS,.
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Figure 10. (A) Transmission XRD pattern of LiWSoxidized with
Br, in MeCN. The black circle marks a peak at 2.55 A which does not
appear to be ahkO reflection of any of the three expected lattices.

found to have the same structural distortion as restackec, MoS
and WS.3° Furthermore, it is evident by the electron diffraction
studies presented here that restacked Mo&h be at least
partially converted to “1T-Mog upon treatment with Bxror

I,. The exterior of the particle appears to be oxidized, forming
the v/3a x +/3a lattice, whereas the interior of the particle
retains the originaV§a x a structure. Actually in their STM
studies of 1T-Mogthe authors conceded that occasionally they
observed the/3a x a lattice found in their starting material
and concluded that it was symptomatic of incomplete oxidation
of those samples.

DSC Studies of Oxidized M$. As mentioned earlier,
restacked MogSand WS are metastable, and can be converted
to 2H-MS; by an irreversible exothermic transition upon heating.
The 1T- form of Mo$ with the v/3a x +/3a lattice has also
been reported to be metastable with a comparable convéfsion.
Figure 1la contains a DSC measurement of oxidized MoS
which has been identified by electron diffraction to contain both
the v/3a x a and+v/3a x +/3a lattices, and a DSC measure-
ment of restacked MagSfor comparison. Restacked MgS
undergoes conversion to 2H-Mp&t 98°C (at a heating rate
of 5 deg C/min). The transition in the Me@Sbtained by
oxidizing LiMoS, with Br;, in acetonitrile occurs at a lower
temperature, the broad peak reaching a maximum at®0
Although by TEM it is evident that the material contains more
than one kind of lattice, it is not possible to resolve two separate
transitions. Lj—,(MeCN)MoS, oxidized with Bp converts
rapidly, and a DSC measurement of the material could not be
obtained.

The situation is different and somewhat more complicated
for the oxidation of Wgsamples (Figure 11b,c). Restacked WS
undergoes conversion to 2H-W&t 195°C (at a heating rate
of 5 deg C/min). Wg obtained by treating LiwSwith Br, in
acetonitrile converts at 149C, whereas Li,(MeCN}YWS,
treated with Bg in acetonitrile converts at 18%C. By electron

The asterisk marks a contribution from the Saran wrap substrate. (B) diffraction and transmission X-ray diffraction the materials are

Transmission XRD pattern of LiWSxidized with Br before and after
heating. The peak at 2.55 A (black circle) disappears, leaving 2H-WS
The transmission X-ray diffraction patterns of restacked WS
(and LIWS) upon treatment with Br(Figure 10a) resemble
those of oxidized restacked MaSThe peak at@ = 35° (d =
2.55 A) appears but, unlike in MeSdoes not disappear with

structurally identical, containing the/3a x a lattice. The
oxidation was carried out in acetonitrile because aqueous
exfoliated WS decomposes fairly rapidly upon exposure tg,Br
but if the aqueous reaction is isolated within a few minutes it
is possible to see a shift in the transition to 183. By

(30) Wypych, F.; Weber, Th.; Prins, Burf. Sci. Lett1997 380, L474—

time. Under more rigorous conditions or with time the peak at 478.
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(A) temperature, from 195 to 14, which is reminiscent of the
-0.5 shift in the transition temperature observed in the Mggtem.
98°C This shift suggests that oxidation has in fact taken place.
Furthermore, reflection X-ray diffraction indicates no residual
cations between the layers (i.e., tespacing is 6.1 A). The

fact that both restacked and oxidized YW&ve thev/3a x a

Ly ey le v e iagy

=z lattice implies that, at least in WSthe shift in conversion
€ temperature is not dependent on a structural rearrangement, but
e rather the degree to which the sample is oxidized. The

discrepancy in transition temperature betweenti®ated LIWS
and Bp treated Li—n(MeCN)WS; is probably due to limited
diffusion in Li;—n(MeCN)WS,. In LIWS; the acetonitrile can
Y S AP EN IVEAPIS I IAAFA B B solvate the lithium cations, swelling the layers apart and allowing
the oxidant to access the layers more intimately, whereas
40 60 80 100 120 140 160 180 Li;—n(MeCNYWS, does not swell in acetonitrile; hence the
Temperature (°C) interior of the particles is inaccessible to the oxidizing agent
(B) ) and the material remains trapped in the incompletely oxidized
149°C state that it achieved upon exfoliation in water.

Studies of the structure dependence upon oxidation state in
MoS, (and WS) are complicated in part because 2H-MoS
undergoes a phase transition upon lithiation in which the
] coordination environment changes from trigonal prismatic to
H octahedral. If only a small amount of lithium is introduced the
material can remain in the 2H-MeStructure! It has also been
observed that the material does not convert to the octahedral

structure homogeneously with small amounts of lithium, result-
§ ing in a two-phase systetf?Electrochemical studies which start
T T with 2H-Mo$; are difficult to interpret due to this problefA.
-3 50 100 150 200 250 300 350 Thg v3a x a octahedral phaise (that with the zigzag-M '
o chains) can be used as a starting point, however. Electrochemical
Temperature ("C) studies of LiM0S,, Kx(H20),M0S;, and K(H,0)WS, which
start from the octahedral structure indicate the presence 6f 4
different phases in the range= 0 to 11833 Although some
authors have attributed these many phases to cation ordering in
the gallery3? others have attributed them to charge density
waves? The different observed superlattices in Masiggest
that charge density waves are responsible for at least some of
these phases. Wypych and co-workers have proposed a scheme
containing three different lattices: a2< 2a for Ko /M0S,,
V3a x a for KoafH0)yM0S;, and a+v/3a x +/3a for
1T-M0S:.2* A comparison of the electrochemical behavior of
Kx(H20),M0S; and K(H20),WS; reveals that the two materials
behave differently at low values3? consistent with the different
electron diffraction results observed in the oxidation of LiMoS

TT T T TTT T

189°C

'
—
LBLJERJNLINE LN L L L B

o

100 150 200 250 and LIWS with Bra.
T i oG Acid Restacked MS. When LIMS; is exfoliated in concen-
emperature ( ) trated acid the product should form a proton bronzgVgb.

Figure 11. (A) Differential scanning calorimetry (DSC) plots of The transmission X-ray diffraction patterns for the reaction of
restacked Mog and LiMoS oxidized with Bp. Restacked MoS LiMoS; and LiWS with concentrated HCI (Figure 12a) show
exhibits an irreversible exothermic phase transition at@8corre- that the materials retain thé3a x a lattice and a peak appears
sponding to its conversion to 2H-M@SLiMoS, oxidized with Bp at 2.55 A. The products were examined by electron diffraction

undergoes a similar transition at 9G. (B and C) DSC plots showing e - . .
\ . . > and exhibited only the/3a x a lattice with no evidence of an
the irreversible exothermic phase transition to 2H\WRstacked WS additional reflection at 2.55 A. In this case, the structure gf H

converts at 198C; LIWS; and Li-n(MeCN)XWS; oxidized with Be

in MeCN at 149°C and 189°C, respectively; and kin(H:0)WS; MoS$; is the same as that ofst_z, exhibiting no e_vidence of

oxidized with B in H,O converts at 183C. a+/3a x +/3a lattice. The reflection X-ray diffraction patterns
o . . . . exhibit basal ODspacings of 6.05 A.

transmission X-ray diffraction this material has th@a x a If LIWS  is exfoliated directly in concentrated HCI the DSC

lattice with a small shoulder at 2.55 A, indicating that it has :
the same structure as the products of the oxidation of 93(31) Papageorgopoulos, C. A.; JaegermannSwi. Sci1995 338 83—

Li1-n(MeCN)}WS, and LIWS. o (32) Julien, C. Lithium Insertion in Chalcogenides: Electrochemical
The structural behavior of restacked YBd LIWS is clearly Properties and Electrode Applications. Microionics: Solid State Inte-
different from that of restacked MeSand LiM0oS upon grable BatteriesBalkanski, M., Ed.; Elsevier Science: New York, 1991;

. . . pp 309-341.
treatment with By. Despite the lack of a/3a x v/3a phase in (33) Wypych, F.; Sollmann, K.; ScHhorn, R. Mater. Res. Bull1992

the WS system, there is a dramatic shift in conversion 27, 545-553.
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Figure 12. (A) Transmission XRD patterns of M/S; and HMo0S,
obtained from LiM$ exfoliated in concentrated HCI. Black circle marks
peak at 2.55 A. (B) DSC plots of WS, obtained from the reaction of
HCI with LiIWS; (155 °C) and Li—n(H20)XWS; (191 °C).

300

shows an exothermic transition at 1355, whereas if it is first
exfoliated in BO and then concentrated acid is added it exhibits
a transition temperature of 19T (Figure 12b). Presumably
the x values in the products of each reaction\W§,, are
different. The discrepancy in the behavior of Liyand
Li;—n(H20)\WS; in acidic conditions is similar to the discrep-
ancy upon oxidation with By in which the difference in

Heising and Kanatzidis

alternating Mogand WS layers was poor. A better interpreta-
tion of these results is that the introduction of protons to a
homogeneous mixture of exfoliated layers resulted in rapid
flocculation, creating a homogeneous mixture of iMasd WS

in the product. They also suggested that PZC occurs at slightly
different pH for the edge OHsites and basal OHsites, and
used this to create a house-of-cards structure for M&The
evidence for this kind of structure was the low intensity of the
00 reflections in the X-ray diffraction pattern. However, the
intensity of the OOreflections, which is indicative of the degree
of order in the flocculated layers, can be influenced by a variety
of factors (the ionic strength of the solution, for example), and
does not constitute proof of a point of zero charge on the layers.

The peak at 2.55 A in the transmission X-ray diffraction
patterns of HMS; and LIMS, oxidized with Bg is puzzling,
but shifting of the layers relative to one another could allow
hOl reflections to appear. A 102 reflection has been observed
in some samples of 2H-Mg@&t thatd spacing. The peak at 2.3
A is almost certainly the 103 of 2H-MS

An illustration of the different superlattices observed in MoS
and WS due to M—M associations can be found in Figure 13.
An ideal 1T-M$S lattice (not experimentally observed) can
distort to form zigzag chains, giving rise to the orthorhombic
v3a x a lattice found in restacked MeSand WS. It can
trimerize, giving rise to a/3a x +/3a lattice found in Mo$
upon oxidation with By or I, (Figure 13c). Finally, when WS
is treated with By, a minority phase with a3a x 2v/3a
lattice is formed. This distortion could be due to a number of
M—M associations, perhaps a trimerization similar to Figure
13c or a tetramerization (Figure 13d).

One question that arises from the behavior of restacked,MoS
upon treatment with Bris, why does restacked MgSa ™"
system, prefer &/3a x adistortion, whereas oxidized restacked
MoS, adopts a+v/3a x +/3a distortion? Also, is oxidized
restacked Moga precisely é system, or a #* system (0< x
< n)? To address these questions, we have investigated the
electrical properties of restacked Mo&d WS.

Thermopower MeasurementsAs mentioned previously, the
reduction of 2H-Mo$ with lithium results in a structural

conversion temperatures could be attributed to a diffusion transformation from trigonal prismatic to octahedral metal
problem. Exfoliation in concentrated acid provides more oxidiz- coordination and a change in properties from semiconducting
ing conditions than exfoliation in $#D before addition of acid. ~ to metallic. These changes have been explained using a depiction
The amount of oxidation during the exfoliation process is of the band structures for LiMe@Sn both coordination environ-
important because there is a competition between oxidation andments, which illustrates a net stabilization in energy upon
proton encapsulation. Once the material has flocculated its conversion to octahedral giving a half-filled band with pre-

oxidation is limited by diffusion, hence the discrepancy in
transition temperatures.

LiMoS, exfoliated in concentrated acid does not exhibit a
shift in its exothermic transition to a lower temperature. The
structure of HMoS, samples prepared from the reaction of
LiMoS; and Lii—n(H20)xMo0S, with acid resembles that of their
W analogues more than in Bsolution. There is no evidence
of the v/3a x v/3a phase in acidic conditions. This suggests
that the hypothesis of Golub et al. that Mas fully oxidized
upon treatment with acid is not correct, only that protons are
now the encapsulated counterith.

As mentioned previously, the authors who first reported the
exfoliation of MoS believed that the negative charge of the
layers was due to OHgroups associated with the basal planes
of the layers. It was believed that exfoliated Mg@nd WS)

dominantly d orbital characté.

Restacked MoSand WS retain octahedral coordination
about the metal ato#,and their conductivity has been reported
elsewheré’ to be metallic. If one simply removes electrons
from the half-filled band which was published for LiMg&n
idealized octahedral3dsystem, one should expect an n-type
conductor for the & system (Figure 14b). Thermopower
measurements on restacked Me@®d WS, however, indicate
that they are p-type (hole) conductors (Figure 14a), with room
temperature values of 50 and 20//K, respectively. The
structural distortion in restacked Mp&nd WS to form zigzag
chains obviously should result in a change in the band structure.
In fact, distortion of octahedral Mid? systems to form zigzag
chains has been predicted by extendedtkél tight binding
calculation$* and, for a precisely dsystem, results in a half-

has a point of zero charge (PZC) upon acidification. The authors filled band (Figure 14a). If, however, the system is actuaify’d
used the different PZC to create a restacked composite materiaPS is the case with restacked Maghd WS, residual negative

with alternating Mogand WS layers, forming a superstructure
along the 00 axis16¢ Their evidence for a superstructure of

(34) (a) Rovira, C.; Whangbo, M.-Hnorg. Chem.1993 32, 4094. (b)
Whangbo, M.-H.; Canadell, E. Am. Chem. S0d.992 114, 9587.
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Figure 13. Schematic illustrating (A) an ideal 1T-M%attice, (B) a+/3a x a lattice with infinite zigzag metal chains, (C)«é§a x +/3a lattice
with trimers, and (D) a 2/3a x 2+/3a lattice with possible tetramers formed due to-M distortions.

charge results in a more than half-filled band and consequentlyboth MoS and WS, which is consistent with measurements
p-type conductivity, consistent with our experimental observa- on samples prepared in a similar fashion by other researéhers.
tions. Structural characterization of restacked M@®o supports
The effects of M-M trimerization on the band structure of  a negative charge. Restacked Ma@®d WS have been found
d? ML, systems have also been explored, and it has beenby electron diffraction to have the same superlattice g8130),-
predicted that even a very small displacement of the metal atomsMoS,.21:24 Treatment of restacked MeSvith Br, results in a
(0.023 A) results in the opening of a band gap at the Fermi change from av/3a x a superlattice to av/3a x +/3a
level34 LiVO,, a ¢ system that exhibits a/3a x +/3a superstructure, which is analogous to the superstructure observed
superstructure, has an experimentally observed band gap-ef 0.1 in “1T-MoS,”, the oxidation product of K/Mo0S,.22 This change
0.2 eV This suggests that a precisely system is required  in structure upon exposure to an oxidizing agent implies that
for a+/3a x +/3a superstructure resulting from &M trimer- restacked Mogis incompletely oxidized, and is probably better
ization; otherwise, the gap opened at the Fermi level due to theformulated as LiMoS, or Lix(H20),MoS,.
structural distortion is destroyed. The zigzag chain distortion, Restacked Wgdoes not appear to exhibit a structural change
however, does not result in a band gap, and therefore canupon exposure to BrHowever, both restacked Mg&nd WS
accommodate some residual negative charge. It should be note@xhibit irreversible exothermic transitions which are shifted to
that, in the original publication which reported\@a x /3a lower transition temperatures upon treatment with Bhe shift
superstructure for MoS metallic behavior was mentionég: is quite significant in Wg from 195 to 149°C in the Bg-
However, subsequent STM studies indicated that samples areireated sample, indicating that oxidation has taken place. It is
susceptible to contamination with incompletely oxidized material somewhat surprising, however, that oxidation of restacked WS

that contains the/3a x a superstructuré? does not result in an alternate superlattice analogous to the
_ v/3a x +/3a superstructure observed in oxidized MoShe
Conclusions products of all thermal conversions are the semiconducting phase

MoS, and WS retain some negative charge upon exfoliation 2H-MSz, which requires an expulsion of the residual negative
and flocculation. Although it is possible to incorporate neutral charge and explains why the oxidation state affects the transition
species, cations can also be encapsulated without a detectabliemPperature. The expulsion of the residual negative charge likely
co-encapsulated anion, usually giving rise to very ordered "€sults in the reduction of residual,@ (or H" in HMS,),
reflectance X-ray diffraction patterfsi®!7 In the studies  orming H gas®
presented here hard, electropositive alkali cations have been The different phases of M@Sproduced under various
encapsulated in MgSand WS under neutral synthetic condi- ~ €xperimental conditions are illustrated in Figure 15a. This
tions. The choice of these cations and these synthetic conditionsscheme is intended to correlate all forms of Maghd the
minimizes the risk of co-encapsulation of Oktns. The cations  interconversion between forms, and to help clear up any
order in the gallery, forming additional superlattices. The range remaining confusion regarding the nature of this system.

of negative Charge on the |ayers appears to be-00125 for Exfoliation and flocculation of LlMOS in water results in
(35) (a) Takei, H.; Koike, M.; Imai, K.; Sawa, H.; Kadowaki, H.; lye, (36) Proton NMR studies of the gaseous species released upon conversion
Y. Mater. Res. Bull.1992 27, 555. (b) Imai, K.; Sawa, H.; Koike, M.; of restacked Mogto 2H-MoS indicated the presence of hydrogen gas.

Hasegawa, M.; Takei, Hl. Solid State Chenl995 114, 184. Heising, J.; Kanatzidis, M. G. Unpublished results.
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Figure 14. (A) Thermopower measurements of restacked MoS
(triangles) and Wg(circles). The relatively small magnitude and slope
of the data is consistent with that of a p-type metallic conductor. (B)

Schematic band diagram illustrating the distortion of an ideal octahedral
system to form zigzag chains. The ideal system describes an n-type

conductor whether it is3dblack fill) or d>™ (black fill + stripes). The
distorted system is half filled for’dand more than half filled for 4,
resulting in a p-type metallic conductor.

restacked Mog which can be more accurately formulated as
Lio2MoS; (2) based on the chemical analyses of the alkali cation
encapsulated products. Oxidation of LiMo& Bry/MeCN
results in a mixture of “1T-Mo$ (3) and L M0S,. LiMoS;
exfoliated in HO can be converted to the same mixture upon
treatment with BMeCN. If LiM0S; is exfoliated in concen-
trated HCI it forms HMoS, a material with the same
superstructure as §3MoS, which does not appear to be
oxidized. A similar scheme in Figure 15b illustrates the
analogous phases of WSA principal difference is that the
product of the oxidation of Liwgwith Br, in MeCN, called
“WS” (3), is not structurally different from Li,WS,. Depend-

ing on the preparation, it is possible to isolate products exhibiting
a continuum of transition temperatures between A@@and the
transition temperature of WS, (195°C). Another difference

is that, unlike in Mo$%, when LIWS reacts with concentrated
HCI, the transition temperature of the product (289 is closer

to that of the oxidized materiaB] rather than Lj WS,. Given

A 2H-MoS2 (1)
H20 + + HCI
+ Bro/MeCN
Lig 2MoS2 (2) HyxMoS2 (2)
(ax V3a) AN (ax V3a)
+ Bro/ -
MeCN Lip.2MoS2 {2) (a x V3a)
N[ “1T-MoS2” (3) (V3a x V3a)
A|980C A900C A
\
prsd]  [Ees)
B
Ho0 + \ + HCI
+ Bro/MeCN
Lip2WS2 (2) |~ Bro/ “WSo* (3)
(ax V3a) = KA eézN (a x V3a)
[ \\\ W52 (3) (a x V3a)
Lig 2WS2 (2) minority (2V3a x 2V3a)
+ “WS2" (3)
A[1950C A11490C<x<1950C A[1490C Al1550C
\
2H-WS» (1)| |2H-ws2 (1)] |2H-ng (1)[ EH-wsz (1)'

Figure 15. Reaction scheme illustrating the different phases obtained
with various treatment of (A) MoSand (B) WS.

the higher energy of the d orbitals of W, it is not surprising
that WS is more readily oxidized than Mg$inder comparable
experimental conditions.

Clearly the Mo$ and WS systems are rather complicated,
and the nature of the phase obtained is very sensitive to the
experimental conditions used to prepare the product. The term
“restacked Mog' has been used casually in the literature to
represent material that has been converted to the 2H form as
well as the metastable compound with t8a x a lattice, and
is usually written without a formulation of the negative charge
present. In addition, MgSand WS resemble one another, but
there are distinct differences between the two systems. To
prevent future confusion researchers should take special care
to formulate their products precisely, and also to recognize that
restacked Mog(and WS) which has been heated above its
conversion temperature is better described by the formula 2H-
MoS; (and 2H-WS).
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