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ABSTRA_

The objective of this research is to determine the patterns of variations of catalyst
activity and selectivity for th,_.synthesis of alcohols from Hz/CO synthesis gas over a series
of A/TXz compounds, where A is a heavy alkali dopant (i.e. Cs), T is a transition metal, and
X is the chalcogenide sulfur. The benefit of this research rests in providing a scientific
foundation and a database for catalytic processes leading to high octane oxygenated fuels
such as ethanol/methanol/propanol mixtures, as well as to low olefins obtained by further
catalytic dehydration of the Cz-C4alcohols. Since the source of carbon can be coal-derived
synthesis gas, this research makes a contribution to the technology for high quality clean
transportation fuels and for basic chemicals from coal.

The catalysts that were prepared during this research project were principally based
on MOS2,RuS2, TaS2, and NbSz. Catalytic testing of these materials was carried out both
before and after surface doping with Cs, and the results have been reported in available
(NTIS) quarterly technical progress reports. Compared with the previously established
catalytic behavior of CS/MoS, catalysts (e.g. as in our previous DOE-PETC Final Report
DOE/PC/80014-F (December 1988)), it was found that the activities and seleetivities of the
newly prepared catalysts were the same (MOS,.,DOE/PC/88933-2), had similar selectivity
but much lower activity (RuS,, DOE/PC/88933-3), or tended to preferentially form
hydrocarbons (TaS,, DOE/PC/88933-1). Dispersion of the alkali on the surface of the
MoS, catalyst via crown ether complexes did not yield better catalysts, apparently because
of the decomposition of the crown ether complex (DOE/PC/88933-7). Therefore, much of
our research concentrated on understanding the fundamental surface chemistry of these
catalysts so that scientific design of better catalysts could subsequently be achieved.

In alcohol synthesis, as well as in a large number of other hydrogenation-based
catalytic processes, activation of hydrogen by the catalyst surface is essential. In the present
case, knowledge of transition metal disulfide surface properties is important before the
mechanism of hydrogen dissociation can be addressed. For this reason, the electronic
structures of MoSz, RuSz, and NbSz were studied both theoretically and experimentally. For
example, experimental valence bands were obtained by high resolution electron spectroscopy

for chemical analysis (HR-ESCA, also referred to as X-ray photoelectron spectroscopy) and
theoretical valence bands were calculated using solid state extended Hfickel theory.
Comparison of two-dimensional (2-D) MoS, theoretical valence bands with the experimental

" HR-ESCA valence bands of polyerystalline MoS, led to parametrization of the S 3s, S 3p,
and Mo 4d atomic ionization potentials and Slater-type coefficients and exponents. The S
3s and S 3p parameters obtained for MOS,. were used to obtain the NbS2 and RuSz
theoretical valence bands. The theoretical valence bands and modified atomic orbital

populations (MAOPOPs) calculated in this way qualitatively reproduced the experimental
t-lR-ESCA valence bands for these three sulfides.

The electronic structure of MOS,. was studied in greater detail by obtaining
theoretical energy dispersion curves. Curvatures and energetic positions of theoretical
energy dispersion curves approximated those of experimental curves obtained by ultraviolet
photoelectron spectroscopy (UPS). A direct gap (K -, K) was calculated for 2-D MoS2



while an indirect gap (r -. K) was calculated for 3-D MOS,. The indirect gap in 3-D MOS::
was shown to arise from antibonding interactions of crystal orbitals across the Van der
Waals gap at r. Crystal orbital pictures identifying the nature of the energy dispersion were
also obtained from extended I-!tickel calculations.

Electronic structure studies of 1-D (MOS2)5systems led to the conclusion that
addition of edges to the basal plane surface results in the formation of unoccupied edge
states at ,'tadabove the Fermi level. HR-ESCA valence band comparisons of single crystal
MoSa and polyerystalline MoSz show higher intensity on the low binding energy side of the
highest occupied band (Mo 4d,2) in the sample containing the higher number of edge sites,
i.e. polycrystalline MOS2. The theoretical calculations show that occupation of edge states
will contribute to higher intensity on the low binding energy side of the highest occupied
band. These edge states possess mainly Mo 4d character.

Theoretical binding enthalpies for hydrogen adsorption on molybdenum and sulfur
sites on various molybdenum disulfide systems were calculated. Of the _, fully
coordinated basal plane sites were favored over 1-coordinate and 2-coordinate edge sites.
However, basal plane S sites on systems terminating in edges were favored over basal plane
sites of an infinite sheet. Qf the molybdenum sites, 2-, 3-, 4-, and 5-coordinate edge sites
were favored in that order over fully coordinated basal plane sites. Overall, the order of
stability for dissociative chemisorption of hydrogen (in terms of binding enthalpy) was shown
to be 2-coerdinate edge Mo > 3-coordinate edge Mo > 3-coordinate basal plane S >
1- and 2-coordinate edge S > 4-coordinate edge Mo > 5-coordinate edge Mo > 6-
coordinate bas_ plane Mo. The theoretical results are in general agreement with the
present experimental evidence that suggests hydrogen molecules are dissociated on MoS,
edges. Subsequent transfer of hydrogen atoms ft'ore edge sites to basal plane sites enables
the edge planes to dissociate additional hydrogen molecules. The theoretical calculations
show that binding of hydrogen to basal plane sulfur atoms is thermodynamically favorable.
Thus, it is probable that Hz is initially d_ociated on 2-, 3-, 4-, and 5-coordinate Mo edge
sites, with subsequent transfer of H atoms from the edge sites to basal plane S sites.

Angle-resolved HR-ESCA (AR-ESCA or AR-XPS) of single crystal MoS2 showed the
existence of forward focusing of ejected photoelectrons at a polar angle of -,=49*and at
azimuthal angles separated by 60°. Forward focusing of second atomic layer molybdenum
photoelectrons by the first atomic layer sulfur atoms is shown to occur at the following
azimuthal angles: 00, 1200,and 2400 (with arbitrary designation of 00). Forward focusing
of f'ffth atomic layer Mo plaotoeleetrons by the fourth atomic layer of S is shown to occur
at the following azimuthal angles: 600, 180", and 300*. Thus, in MoS2 it is demonstrated
that forward focusing predominates even when the Mo atom is located 7.73 A from the
surface.

A brief discussion of some of this work has been published in the paper _Structure
and Surface Properties of Sulfides," K. Klier, M. Richards, and R. G. Herman, in "Synthe_
and Properties of New Catalysts: Ut.'dizationof Novel Materia_ Components, and Synthetic"
Techniques," ed. by E. W. Corcoran, Jr., M. J. Ledoux, and J. 1L Knox, Materials Research
Society., 157 (1990). Additional publications will be forth-coming.



Chapter 1

IN.TRODUCTION

Transition metal disulfides, TS 2, have recently been investigated for a variety of

catalytic processes. Hydrodesulfurization and hydrodenitrogenation are just two of the major

catalytic processes studied using TS 2 species. 1'2 Another more recent catalytic process involves

the production of C1-C 4 alcohols from synthesis gas, CO/H 2, using an alkali doped TS 2 species,

MOS2.3 C1-C 4 alcohols can be used as fuel additives to boost the overallnamely Cs-doped

octane rating and percent oxygen containing components (oxygenates) of a hydrocarbon-based

fuel. The addition of oxygenates to hydrocarbon based fuels is environmentally beneficial in

that CO and hydrocarbon emissions are reduced at higher air to fuel ratios. 4 Pure methanol can

be used as a neat fuel or can be used as a reactant in the production of high octane methyl

tertiary butyl ether, MTBE. The Cs-doped MOS,) used in this process is referred to a.s aw

bifunctional catalyst. The proposed role of the alkali component, Cs, is to activate the CO via

formation of a formate--type intermediate, HCOO-, by the combination of a OH- (the counter

ion associated with the Cs +) and a reactant CO molecule. The proposed role of the MoSo is tom

activate the H2 by either heterolytic or homolytic dissociation of the H2 on the MoS 2 surface.

Other research on molybdenum--sulfur catalysts has focused on methane coupling in a

H2 reducing environment to produce C2+ hydrocarbons over molybdenum-sulfur clusters

encapsulated in a molecular sieve. 5 This catalyst involves the synthesis of small particles of a

molybdenum-sulfur species (molecular cluster size) inside the supercages of a Y type zeolite.

Particles of this size maximize the number of edge Mo and S atoms. The catalytic processes

mentioned above ali involve one common factor. In some manner, hydrogen must be activated

on the surface of the catalyst and be made available for hydrogenation of the intermediate

carbon-containing species. Knowledge of the surface properties of the transition metal disulfide

species is important before the mechanism of hydrogen dissociation can be addressed. For

instance, on the surface of MoS 2 the specific site at which H2 is activated depends on the

electronic properties of the sample.

lt is the intent of this investigation to study in detail the bulk and surface electronic

structure of the following transition metal disulfides: NBS2, MoS 2, and RuS 2. These three

disulfides have been chosen for the following reasons: NbS._, exhibits metallic behavior due in

part to the d 1 configuration of Nb+4 and possesses the layer-type bulk structure typical of

many transition metal disulfides; MoS,_: exhibits semiconductor behavior due in part to the d 26,

configuration of Mo +4, possesses the layer-type structure, and is the most active disulfide used

for alcohol synthesis; and RuS 2, exhibits semiconductor behavior due in part to the d 6
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configuration of Ru +2, possesses the pyrite-type structure typical of many. transition metal

disulfides, and is active as a HDS catalyst indicating a large amount of hydrogenation ability.

The electronic structure of the three disulfides were studied in detail both

experimentally and theoretically. Experimental studies of the valence band of the disulfides

were carried out using high resolution electron spectroscopy for chemical analysis (HR-ESCA)

also referred to as high resolution x-ray photoelectron spectroscopy (HR-XPS). However, the

valence bands of disulfides obtained via HR-ESCA are combinations of the atomic valence levels

of sulfur and the transition metal. The HR-ESCA experiment does not resolve the valence band

into contributions due to the atomic valence levels from different atoms. Theoretically

calculated valence bands were used to interpret the HR-ESCA experimental results. A solid

state adaptation of the extended H_ckel theory is a very simple method that will calculate the

density of states, as well as the contributions of the valence atomic orbitals to the density of

states. Theoretical studies of the valence bands of the disulfides were carried out using the

extended Hfickel method applied to solid state systems. Once, an understanding of the

electronic structure of the bare disulfide surface was achieved, hydrogen adsorption on the same

surfaces was examined. Molybdenum disulfide was extensively studied in terms of hydrogen

adsorption in an attempt to understand the nature of the hydrogen dissociation. Another

feature that was studied theoretically, was the nature of the edge sites on MoS 2. The high

surface area basal plane of MoS 2 is considered to be relatively inert, thus most of the catalysis is

thought to occur on edge planes of polycrystalline MoS 2. This study will focus on the most

stable type of edge planes and changes in the electronic structure and hydrogen adsorption

properties upon the addition of the edge planes.

The electronic properties of MoSo have been reported in the literature by a variety of
w

researchers. Theoretical methods of studying the band structure of MoSo include the following:

semiempirical tight binding method, 6'7 simplified linear combination of muffin-tin orbitals

method, 8 pseudopotential form of the linear combination of atomic orbitals (LCAO) neglecting

three---center terms, 9 augmented--spherical-wave method, 10'11 and the atom superposition and

electron delocalization molecular orbital method (ASED-MO) 12. The theoretical method used

in this study is the extended Hfickel method applied to solid state systems which takes into

account the periodicity of the lattice. Comparisons of the limitations of each of the theoretical

methods mentioned previously as applied to extended systems will be discussed below. The

choice of the extended Hfickel method was based on the need for a very simple theory that could

be used to calculate the electronic structure of a variety of systems to the same level of

approximation. Some of the systems under study include the following: stoichiometric clusters
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of MoS 2, two-dimensional infinite sheets of MoS 2, and one dimensional infinite sheets of _loS.2

with various types of exposed edge planed. Changes in the electronic structure of MoSo upon

the introduction of different types of edge planes can be studied to obtain information on

possible surface states. A knowledge of the surface states on a specific edge can lead to further

investigations into the chemisorption preference of H2 and CH x for the molybdenum and sulfur

edge atoms. The extended H_ckei method with solid state applications can be used to

theoretically study the electronic structure of ali of the systems considered above.

The band structure of 2H-MoS 2 was studied theoretically by Bromley et al. ill 1972

using a semiempirical tight binding method. 6'7 This method calculated matrix elements such ms

overlap considering only nearest neighbor interactions. As a result, molybdenum or sulfur

overlap with molybdenum or sulfur atoms separated by a unit cell vector were neglected in this

type of calculation. The semiempirical nature of this calculation arises from the fitting of

theoretical energy gaps to experimental energy gaps observed in optical absorption studies: of

2H-MoS 2. As a result large corrections to the matrix elements were made. In 1973, Kasowski

theoretically calculated the energy bands of 2H-MoSo using the ab initio method of simplifiedw

linearcombinationof muffin-tinorbitals.8 In thiswork,onlythe energydispersioncurvesfor

the Mo4d-S3p valencebands and lowerportionoftheconductionbands areshown. Dispersion

ofthe S3s bands isnot shown. In 1978,Bullettstudiedthe band structureof2H-MoSo usinga

standardLCAO approachneglectingthree---centerterms.9 Inthisstudy,a pseudopotentialform

of the Hamiltonianwas usedsuch thatthe Hamiltonianconsistedof two parts,an atomic-like

part centeredon a particularatom and a perturbationfrom a second atom. Interactions

between atoms separated by greater than 5.0 /_ were neglected in this calculation. The d-

electron charge was adjusted self--consistently so that the input neutral atom d-configuratioJ_

energy levels were made consistent with the output occupation. Ab initio self-consistent band

structure calculations using the augmented-spherical-wave method were performed by Coehoorn

et al. in 1987.10'11 In order to achieve self--consistency, the parameter u, corresponding to the

degree of sulfur elevation above and below the plane of molybdenum atoms, was varied from the

experimental value of 0.129 to a value of 0.121 for the calculations. One of the most recent

studies of the electronic structure of MoS 2 was carried out by Anderson et al. using the atom

superposition and electron delocalization molecular orbital method (ASED-MO), 12 This study

used molybdenum-sulfur clusters such as MOS68-, Mo7S188-, and Mo7S2420- to model the

electronic structure of an MoS 2 species containing both bulk and edge molybdenum and sulfur

atoms. The valence orbitals of molybdenum and sulfur were modeled by Slater-type orbitals.

The valence state ionization potentials and slater orbital exponents were varied to achieve

proper charge transfer between diatomic fragments. Theoretical hydrogen adsorption on MoSo
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was studied on edge and basal surfaces of the idealized clusters. Heterolytic H,_ adsorption oa 5-

coordinate Mo 4+ edge sites was supported by these calculations.

One of the reasons for theoretically studying the electronic structure of MoS9 using the

extended Hfickel method applied to solid state systems is because a very simple description of

the band structure in terms of atomic orbitals is obtained. Using this method the nature of the

dispersion in the experimental valence bands and E(k) curves can be evaluated. The previous

theoretical studies concentrated mainly on accurately reproducing the optical band gaps and

energy dispersion curves of 2H-MoS,_. The experimental valence band obtained via

photoelectron spectroscopy is generally not compared to densities of states obtained for the

aforementioned theoretical calculations. The theoretical study of Bullett does calculate the

density of states. However, this density of states appears very different from the experimental

valence band in terms of intensities of the various bands. One of the motivating reasons tor this

theoretical study is to decipher the MoS 2 valence band obtained via photoelectron spectroscopy.

For example, the dispersion of the experimental S3s region is such that this level can't be

considered a semi-core level but rather should be considered as a semi-valence level. The

experimental S3s dispersion is explained by the extended Hfickel theory used in this study.

Another motivating factor for this study focuses on the experimental photoelectron spectroscopy

of polycrystalline MoS 2 vs a single crystal of MoS 2. The theoretical difference between the

valence bands of polycrystalline MoS 2 and a single crystal of MoS 2 can be obtained by studying

a one-dimensional infinite sheet of MoS 2 with different exposed edge planes (modeling the edges

of polycrystalline MOS2) and a two-dimensional infinite sheet of MoS 2 with no edge planes

(modeling single crystal MOS2). Recent interest in MoS 2 has focused on the site of dissociation

of H,_ on the surface. Previous investigators have studied this system in an attempt to elucidate

whether the site of dissociation occurs on the molybdenum sites, sulfur sites or on both

molybdenum and sulfur sites. The question of whether hydrogen dissociates by a heterolytic or

a homolytic pathway on the MoS 2 surface is also still unanswered. The extended Hfickel

method applied to solid state systems can be used as a theoretical tool to examine the above

mentioned systems.

The study mentioned previously involving the theoretical energy band comparison

between a two-dimensional infinite sheet and a one--dimensional sheet (with terminating edge

planes) of MoS 2 was prompted by the investigations of Roxlo et al. 13 This study looked at the

effect on the optical absorption of introducing an increasing number of edge sites onto a thin

MoS 2 single crystal. Below the energy of the indirect band gap, the amount of absorption

increased as the number of edge impurity levels was increased. This result indicates that with
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the addition of edges unoccupied surface states are appearing in the band gap region. A

theoretical study of the band structure of two-- and one-dimensional MOS,) systems can be usedw

to probe this experimental result. In an earlier study, Liang et al focused on the photoemission

of poorly crystallized MOS2.14 Poorly crystallized MoS 2 was obtained in situ by first thermally

decomposing ammonium thiomolybdate, (NH4)2MoS4 , to MoS 3. The second step involved

heating of the resultant MoS 3 with tt 2 at elevated temperature to obtain the desired product,

poorly crystallized MoS 2. Ultraviolet photoemission spectroscopy (UPS) of this sample showed

a tail on the lower binding energy side of the experimental dz2 band in the valence band region.

The origin of this tail was thought by Liang et al. to be due to dimerization of molybdenum

atoms on reconstructed edge planes.

Recently, angle resolved ultraviolet photoelectron spectroscopy (ARUPS) has been used

by Mamy et _l to experimentally determine the energy dispersion on the surface of natural

molvbdenite, 2H-MoS2 .15 This study used both of the helium lines (He(I), '_ '). .1.. eV: He(II), 40.8

eV) as incident radiation in order to rule out effects due to k t dispersion. The data were

obtained in the directions F to M, K to F, and M to K in polar angle increments of 5°. This

resulted in experimental energy dispersion curves consisting of approximately ten points for the

F to M and K to F directions. Previous theoretical calculations were used to connect the

experimental points in the aforementioned directions of the first Brillouin zone. Energy

dispersion curves for the S3s region of MoS 2 were not obtained in this study. Energy dispersion

curves obtained from electronic structure calculations of two-dimensional MoSo can be compared

to the experimental energy dispersion curves of 2H-MoS,).

Hydrogen adsorption on polycrystalline MoSo has been studied by a number of research

groups. In 1980, Wright et al studied the sorption of hydrogen onto MoSo surfaces preparedw

from the thermal reduction of MoS 3 by H2 at 400°C. 16 Since sample preparation involved

exposure to I'I2, the preparation was followed by degassing of the sample in vacuum at 300°C.

However, the resulting sample still retained hydrogen to the amount of 0.011 moles H per mole

of MoS 2 (tt0.011MoS2). In this study, it was found that MoS 2 surfaces sorbed approximately

three times more hydrogen than was accessible to N2. The dependence of H2 sorption on the

pressure of l_2 was also studied at a constant temperature of 300°C. As the hydrogen pressure

was increased from 400 torr to 670 torr, the amount of hydrogen sorbed also increased with no

sign of leveling off at higher pressures. At 670 torr, the resulting composition was the following:

H0.089MoS 2.

Other investigations of hydrogen sorption on amorphous MoS 2 surfaces prepared from

nonaqueous preparations of the molybdenum chloride and lithium sulfide were carried out by

--7--



Sampson et al. 17 and Vasudevan et al 18 The samples used in these studies were also exposed

to H2 during the pretreatment procedure which involved heating at 250°C in a 20% H2S/H 2

mixture. Results from differential scanning calorimetry (DSC) indicate that two different

hydrogen sorption sites exist on amorphous MoS 2. The first site is populated at H2 pressures of

0.66 atm and temperatures below 150"C. At temperatures near 150°C, the sorption of H2

increases very rapidly. The second site is populated at temperatures above 150°C and only

becomes saturated at H 2 pressures of ca. 50 atm. Sorption of H2 by the second site was found

to be accompanied by an exotherm in the DSC; the magnitude of this exotherm increased with

increasing pressure. IINS experiments of HxMoS 2 samples in which only the first site was

populated resulted in excitations at 662 cm "1 and 872 cm "1. The 662 cm "1 excitation was

assigned to a S-H deformation mode of hydrogen bonded to a single sulfur atom on the surface.

The 872 cm "I excitation was assigned to deformation modes of either Mo-O-H or Mo-H. The

Mo-O-II deformation mode was thought to be the more likely cause of the 872 cm'l excitation

since this excitation persisted even after exposure of the hydrogen sorbed MoS 2 sample to air for

a period of four weeks. Also, if the MoS 2 sample was not resulfided prior to hydrogen

adsorption, the scattering intensity of the 872 cm"1 mode relative to the 662 cm "1 mode was

higher. IINS experiments of HxMoS 2 samples with population of both first and second sites

indicated an additional excitation near 400 cm" 1 that increased in intensity as the pressure of Ho

was increased. X-ray investigations of the two sites showed that population of the second site

resulted in an additional diffraction peak corresponding to a c lattice spacing of 15.6 r_. The c

lattice spacing of bare MoS,_ ranges from 12.3-12.6 _ and thus population of the second site byw

hydrogen involved an expansion of the lattice in the c direction, perpendicular to the S-Mo-S

layers.

Blackburn and Sermon in 1983 studied the rate of hydrogen sorption by polycrystalline

MoS 2 at 101 kPa and 52"C. 19 MoS 2 was found to sorb H2 to the extent of 15.29 cm3/gm to

yield a stoichiometry of H0.22MoS 2 at infinite time. The rate of H2 sorption by MoS 2 was

found to be slow. After 60 min. exposure of the surface to H2, H0.1MoS 2 was produced. Jones

et al studied the adsorption of H2 on MoS 2 on both adsorption sites by inelastic neutron

scattering. 20 The results of their investigation confirmed the identification of the first hydrogen

site as due to an Mo--S-H surface species indicating dissociation of H2 on the MoS 2 surface. The

second site was attributed to adsorbed molecular hydrogen. The theoretical ASED-MO study of

hydrogen adsorption on molybdenum-sulfur clusters performed by Anderson et al supports the

heterolytic dissociation mechanism of hydrogen at five-coordinate edge Mo sites. 12 However,

the second hydrogen adsorption site (populated at temperatures above 150°C) on MoS 2 surfaces

is attributed to the diffusion of hydrogen atoms from edge molybdenum atoms to sulfur anion
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basal plane sites and not molecularly adsorbed hydrogen.

A more recent study of hydrogen adsorption on microcrystalline MOS`) and single crystal

MoS 2 was carried out by Komatsu and Hall in 1991.21 Microcrystalline MoS 2 was prepared

from ammonium tetrathiomolybdate by rapid heating of the precursor from 22°C to 350°C in a

flow of 14%H2S/H 2. This treatment was followed by passivation of the MoS 2 in 10%O2/He at

-196"C (30 min) and then at 22"C (30 min), in situ re.sulfidation in 14%H2S/H 2 at 400°C (1 br),

reduction in dry H2 500°C (1 ht), and flushing with purified He or N2 at 450°C (1.5 ht). The

sample resulting from this pretreatment procedure was referred to as fresh microcrystalline MoS,_

and was shown to contain no adsorbed hydrogen. Adsorption of hydrogen on fresh MoSo at a

pressure of 0.72 atm was shown to occur rapidly at -196°C; this was followed by desorption of

hydrogen at -78°C. Adsorption at -196°C was attributed to molecular hydrogen adsorption. At

temperatures above 2TC, adsorption again occurred. Hydrogen adsorption on this sample was

also studied at a pressure of 1 atm and temperatures in the range of 350°C to 773°C. Adsorption

of hydrogen at each temperature was monitored by temperature programmed desorption,

microbalance and isotope dilution to yield the following moles of hydrogen x in the formula

HxMoScr: (}.044, 350"C; 0.038, 400°C; 0.030, 450°C; and 0.019, 500°C. Thus, the number oT

moles of hydrogen adsorbed at pH2=l atm decreased as the adsorption temperature was

increased from 350°C to 500°C. The stoichiometry of the microcrystalline sample also changed

such that the number of moles of sulfur a in 11xMoScr decreased from its initial value of 1.983 to

a value of 1.953 after 112 adsorption at a temperature of 500°C. When the aforementioned

HxMoSor samples were heated from 22°C to 400°C in flowing N9, the TPD profile indicated tile

start of hydrogen desorption at 9TC and the desorption of tt2 as one broad peak centered at

24TC. Adsorption of hydrogen at higher I'I,) pressures and 180°C indicated an increase iii

hydrogen uptake (up to ca. x=0.06) with increasing H,2 pressures (up to 35 atm). The amount

of hydrogen adsorption also increased with increasing MoS,_ surface area. Extrapolations oi" the
m,

hydrogen uptake to zero surface area indicated a significant amount of uptake (x>0). This

result supports previous investigations which indicate that hydrogen may exist within the Van

der Waals gap. Variability in the hydrogen uptake x from that of previous investigations is

attributed to different edge/basal plane ratios and different sulfur deficiencies a resulting from

the different preparation procedures and formation of II2 S due to lack of thorough pretreatment.

The III NMR. of ttxMoS a samples gave a Gaussian shaped peak of FWHM ca. 25 ppm located

at a chemical shift of ca. 2 ppm. This value is consistent with H bound to S in organic

compounds. Adsorption of hydrogen onto a natural single crystal of 2H-MoS 2 did occur

although a measurable BET surface area was not obtained. The MOS,) single crystal was found

to adsorb 0.001 moles of H at 1 atm and 180°C and 0.005 moles of H at 35 atm and 180°C.



Assuming a surface area of 1 m2/gm and a basal plane sulfur concentration of 1.2 x 1015

atoms/cm 2, the authors determined a ratio of >2 hydrogen atoms/surface sulfur atom were

adsorbed at P(H2)=35 atm. Komatsu and Hall conclude from this set of experiments that when

the surface area of the catalyst is 55 m2/gm and at P(H2)=l atm, 86% of the hydrogen is held

by the MoS 2 surface. The lH NMR work deserves special notice; only one peak corresponding

to a S-II species is detected. The authors argue that reductive adsorption of hydrogen could

lead to reduction of Mo +4 to Mo+3 producing H bonded to paramagnetic Mo +3. The lH NMR

signal of Mo+3-H species would be broadened beyond recognition. However, this argument

would also lead to broadening of the lH NMR peak due to the S-II species. The authors then

suggest that the electron originating from the hydrogen may not be localized on an adjacent Mo

atom but rather is injected into the conduction band of the extended system. This issue will be

addressed by theoretical hydrogen adsorption on 1-D (MOS2) 5 and (MOS2)19 clusters. The

overall conclusion of Komatsu and Hall in this study is that hydrogen dissociates heterolytically

on edge sites containing sulfur vacancies. Edge dissociation of hydrogen is followed by diffusion

of hydrogen atoms to other locations at temperatures of 77"C.

Activation of hydrogen on the MoS2 surface is of central importance in the catalytic

processes discussed previously. The above discussion shows the different opinions about the

second hydrogen adsorption site. The second site may very well play the more active role in

catalytic reactions since for example in alcohol synthesis the partial pressure of reactant H2 over

MoS 2 is ca. 41 atm. Thus, further study of hydrogen adsorption over MoS 2 and related

disulfide catalysts is needed for an understanding of hydrogen dissociation.

The electronic structure of RuS 2 has been studied recently using the self--consistent field

scattered wave X_ (SCF-SW-Xa) method on clusters of RuS610 -.22 The negative charge on

the cluster serves to keep the sulfur atoms in an oxidation state of -'2. However, the formal

charge on each sulfur in the solid state RuS 2 system is -I because of the formation of sulfur

dimer pairs, S2-2. Thus, this study looks at a cluster as representative of the solid state system

and discrete energy levels instead of energy bands are calculated. A more recent investigation of

the RuS 2 electronic structure used self-consistent density-functional theory. 23 This method is

much more rigorous and incorporates the solid state structure of the RuS 2 system into the

calculation. A theoretical density of states was calculated and compared to an experimental

XPS valence band of polycrystalline RuS 2. The experimental valence band and theoretical

density of states agree in terms of energetic positions of the bands. However, the zero of energy

in the theoretical calculations was placed at the highest occupied crystal orbital energy.

Intensity ratios of the various energy bands in the theoretical density of states are not correct
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when compared to the experimental valence band due to the differing photoelectron cross-

sections of the S3s, S3p, and Ru4d orbitals.

This research effort has been undertaken to obtain more information on the electronic

structure of the transition metal disulfides, NBS,), MOS,), and RuSo. This information ism w .

necessary for a thorough understanding of the catalytic activity exhibited by each catalyst. Tile

electronic structures of NbS 2, MoS 2, and RuS 2 were studied in great detail in order to answer

the following questions:

1. What is the cause (in terms of orbital character) of the energy

dispersion with wavevector, E(k) vs. k, for 2H-MoS2?

2. What is the nature of the unoccupied surface states that reside in t.he

band gap region of a MOS,) sample possessing a significant number of
coordinately unsaturated edge atoms?

3. Which hydrogen adsorption sites are thermodynamically stable? Are
sulfur sites preferred over molybdenum sites; are basal plane sites
preferred over edge plane sites?

4. Can the extended Hiickel theory applied to solid state systems be
parametrized in terms of the S3s, S3p, and Mo4d atomic ionization

potentials, Hi.i, and Slater-type orbital coefficients, c i, and exponents,
(i' so that the experimental valence band of MOS,) is theoretically
reproduced? "

5. Can the S3s and S3p ionization potentials, Hii, and Slater-type orbital
coefficients, oi, and exponents, ¢"i' used to reproduce the MoSo
experimental valence band be used to also reproduce the features o'f

the NbS 2 and P_uS2 experimental valence bands?

6. Can the theoretical charges on the transition metal and sulhlr of the
NBS,), MOS,), and P_uS,)systems calculated by the theory be related to
the binding" energy shf'rts of the appropriate core levels found from

HR-ESCA analysis of the polycrystalline samples?

As mentioned previously, Cs-doped MoS2 is an important catalyst. The Cs is present

on the surface of this catalyst in two forms: agglomerated particles and a surface dispersed

species. Location of the Cs on the surface of this catalyst is an important issue. Another

important issue is the coordination of molybdenum atoms on the edges of the crystalline catalyst

particles, i.e. is the majority of edge molybdenum atoms coordinated by four of five sulfur

atoms? A relatively new technique, angle resolved ESCA, has been developed by a variety of

investigators. 24'25 In angle resolved ESCA, the intensity of the photoelectron signal due to core

levels is enhanced in directions connecting the emitting atom with a neighboring surface atom.
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This phenomenon is generally referred to as forward focusing. Angle resolved ESCA can be used

to study the coordination of the molybdenum atoms on both the basal and edge planes. The Cs

atom positions could also be determined from the difference between an angle resolved ESCA

study of Cs-doped and Cs-free MoS2 specimens.

Forward focusing or forward scattering of photoelectrons originating from near surface

atoms (the emitter) occurs due to the attractive potential of neighboring atom cores (scatterer).

This process produces enhanced photoelectron intensity along a line connecting the emitter to

the scatterer. The line connecting the emitter and scatterer is experimentally defined by' the

azimuthal and polar angles. In most angle resolved XPS experiments, the sample is rotated

since the detector axis is fixed. The polar angle is defined as the angle between the surface

normal and the detector. The azimuthal angle is defined as the angle of rotation about the

surface normal from an arbitrarily redefined point on the sample surface. Some prerequisites for

observation of forward scattering are that the emitter-scatterer distances must be small, the

sample surface must be ordered, the photoelectrons must be of high kinetic energy ( -,- 1 keV),

and the emitter and scatterer atoms must be located close to the sample surface. Multiple

scattering of forward scattered photoelectrons will occur if the emitter and scatterer lie too far

from the surface. Multiple scattering by overlying atom cores is caused by deflection or

defocusing of the forward scattered photoelectrons from their original trajectory. Thus, strong

forward scattering is only observed for the top most surface layers of an ordered sample.

Background information for this section was found in References 24a, -94b, '2.5. '2.6,27, and _98.

The basal plane of single crystal MoS 2 is expected to exhibit forward focusing of the

photoelectrons from Mo at polar angles of 49.1 ° because of the surface layer of coordinated S

atoms. The polar angle is defined as the angle between the surface normal and the ESCA

detector. Different polar angles are achieved by tilting of the sample surface since the detector

position is fixed in the SCIENTA ESCA-300 system. Three azimuthal directions containing the

Mo--S bond and separated by 120" (corresponding to rotation of the sample about the surface

normal) should exhibit enhanced intensity at polar angles of 49.1". Single crystals of MOS,) can

be obtained as the naturally occurring mineral, molybdenite. A preliminary angle resolved

ESCA study was carried out on the basal plane of MoS2. This study was used to check the

feasibility of using the forward focusing technique on le_s than ideal single crystal surfaces of

MoS 2. Up to this point, the majority of the angle resolved ESCA studies have been carried out

on adsorbed species residing on single crystal surfaces consisting of one type of atom. The angle

resolved ESCA study on MoS2 was also used to test the applicability of this technique to

crystals made up of more than one type of atom. Results of an angle resolved HR-ESCA study
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on the basal plane of single crystal MoS 2 will be presented in this work. The applicability of

this technique to studies of the edge Mo coordination is not feasible at the present time.

Uniform edge planes of MoS 2 larger than the spot area analyzed by IIR-ESCA have not been

synthesized due to the large stability of the basal plane.
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Charter 2

I_XPERIMENTAL

A description of the experimental techniques used to study the 'transition metal

disulfides is presented in this section. The valence band spectra of single crystal MOS,) and

polycrystalline MOS2, RuS 2 and NbS 2 were obtained by means of high resolution x-ray

photoelectron spectroscopy (ttR-XPS), also known as high resolution electron spectroscopy for

chemical analysis (HR-ESCA). Orientation of the MoS2 single crystal was achieved by Laue

diffraction. Valence bands used to calculate the energy dispersion of MoS2 were obtained by

angle-resolved ultraviolet photoelectron spectroscopy (ARU PS).

2.1 Sample Preparation

2.1.I Molybdenum Qisulfide_ _,rystal.

The MoS 2 singlecrystalwas obtainedfrom a naturalsource,Bear Lai_e,Canada, as the

mineralmolybdenite.X-ray diffraction(XRD) of a crushedportionof thisspecimenverified

that the MoS 2 obtainedwas of the hexagonalmodification.This modificationisgenerally

referredto as 2H-MoS 2 indicatingthattherearetwo MoS 2 unitsper hexagonalunitcell.The

procedureforpreparationof thecrystalforXPS measurementsinvolvedcleavageofthe crystal

to exposea freshbasalplane,inan inertatmosphere(a N2 filledglovebag). While insidethe

N2 filledglovebag,thefreshlycleavedcrystalwas mounted on an XPS sample holderand the

sample and holderwere placedin a N2 filledbottle.The nitrogenfilledbottlewas then

transferredto a glovebag attachedto theXPS fastentrychamber. Thisglovebag was flushed

with N2 severaltimes.The fastentrychamber was thenventedwithN 2 and openedto theN2

filledglovebag. The sample was thentransferredfrom the bottleto the forkin thefastentry

chamber. This procedureminimizedexposureofthefreshlycleavedbasalplanetocontaminants

found in air. Some of the experimentsinvolvingXPS and UPS, specificallyin the studiesof

forwardfocusingof corelevelphotoelectronsand energydispersioncurves,requiredorientation

of the crystalby Laue diffractionaftersample cleavagebut priorto sample analysis.Thus,

samplesorientedby Laue diffractionwere exposedto airfora shortperiodof time priorto

analysis.In thecaseofXPS analysisofcorelevelsand valencebands,thisexposurewas not of

greatconsequence.

2.1.2 Polvcrvstalline _[olybdenum Disulfide.

Polycrystalline MoS 2 was obtained from J. G. Santiesteban. This sample was prepared

the thermal decomposition of molybdenum trisulfide, MoS3 .29 The starting materials usedby
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in this preparation were ammonium heptamolybdate, (NH4)6Mo7024.H20 and ammonium

sulfide, (NH4)2S. These reactants were mixed in an aqueous solution to obtain the product

(NH4)2MoS 4. Acidification of this product led to the precipitation of MoS 3, which after

filtering and drying was decomposed to MoS 2 and S by heating under a flow of nitrogen. The

MoS 2 resulting from this type of preparation was highly stoichiometric and poorly crystalline

with a surface area of ,-- 60 m2/gm. A more detailed description of this preparation is given in

Reference 29. Since these samples were not prepared fresh, pretreatment of the samples prior to

analysis was necessary. Pretreatment consisted of heating the polycrystalline MoS 2 sample in a

quartz tube at 400"C for 1 hr in a 2.04% H2/N 2 gas flow of _. lcc/sec. Exposure of the

polycrystalline samples to air prior to analysis was avoided by removing tile sample from the

quartz tube in a No filled glove box.

Polycrystalline MoSo was mounted on an XPS sample holder through the use of indium.,d

foil. A drawing of the XPS sample holder is given in Figure 1. P wafer of clean indium foil was

placed on top of a clean XPS sample holder. A small amount of polycrystalline MOS,) was then

spread over the surface of the indium foil. The polycrystalline MOS,) was pressed into the

indium foil to produce a smooth continuous layer of MoS 2. The sample and holder were

enclosed in a N2 filled bottle. The N2 filled bottle was then transferred to a glove bag attached

to the fast entry chamber of the XPS apparatus. The polycrystalline sample was then

transferred under N2 from the bottle to the fast entry chamber fork as described in Section

2.1.1.

2.1.3 .Polvcrvstalline Ruthenium Disulfide.

Polycrystalline RuSo was prepared by the method of Pecoraro and Chianelli. 30 This

method was modified slightly in that ethyl acetate was replaced by methanol as the solvent and

RuCl 4 was replaced by a-RuCl 3 as the ruthenium source. Methanol was preferred because very

pure RuS 2 without Li or Cl impurities was desired. Solubilities of the various reactants,

products, and impurities, present at some point in the preparation, in CH3OH are given as

follows: a-RuCl 3, slightly soluble; Li2S, very soluble; LiCl, soluble to 42.36g/100cc; RuS 2,

insoluble; LiOH, slightly soluble. 31 The entire preparation procedure was carried out in a

nitrogen filled glove box to avoid exposure to air. The air exposure was avoided not only to

minimize oxidation of the ruthenium sulfide surface but also because of the pyrophoric nature of

the intermediate ruthenium sulfide product. Stoichiometric polycrystalline RuS 2 was obtained

by first partially dissolving a weighed amount of ruthenium chloride, a-RuCl 3, in a large

amount of CH3OH (approximately 300 ml CH3OH ) while stirring. Lithium sulfide, Li2S, was

-15-



r--

FiSum 1. XPS mmlAe bolder used for pol)_r3qK_UJne mmpleL Poly_ne

MoS2 wm premed onto rbe surface or dean In foil rmidin 8 oa the top
or I1_ XPS s_mp_ holder.

1 I,"
--LU--



dissolved in approximately 100 ml of CH3OH in a separate beaker. The methanolic solution of

lithium sulfide was then filtered to remove any LiOH formed by the reaction of LioS withw

residual H20 present in the methanol. The filtered methanolic solution of lithium sulfide was

then added to the methanolic solution of ruthenium chloride with stirring. This solution was

allowed to react for longer than 16 hr. When the reaction was complete, the ruthenium sulfide

precipitate was allowed to settle (4-16 hr) for easier decantation of the liquid. After decantation

of the liquid, the ruthenium sulfide precipitate was filtered and subsequently washed with fresh

CH3OH. After washing, the ruthenium sulfide precipitate was dried at room temperature in N2.

Conversion of the intermediate ruthenium sulfide precipitate to the final form of

ruthenium disulfide was accomplished by sulfidization under a 14.8% H2S/H 2 gas mixture. In

the sulfidization procedure a dispersion of an ca. 2 g portion of the precipitate over quartz beads

in a quartz tube was used. Glass wool in the ends of the tube held the beads and precipitate in

place. Swagelock valves placed on both ends of the quartz tube were used to avoid air exposuFe

when transferring the tube from the N2 filled glove box to the heating apparatus. A mixture of

14.8% H2S/tt 2 was then attached to one end of the quartz tube and a gas flow of ca. 1 ,:c/sec

(as measured by a bubble meter attached to the other end of the tube) was attained at room

temperature. Once the desired gas flow was set, it was maintained throughout the rest of the

sulfidization process. The temperature of the quartz tube was then elevated to ca. 120 °C (a

temperature above the boiling point of the solvent, CH3OH, 64.5 °C). This temperature was

maintained for ca. 15 min. in order to drive off any remaining solvent before further

temperature increase. The temperature was then increased to 500 °C in a time period

approximately 15 rain. This temperature was then maintained for I hr. During this time the

H2S/H 2 flow was checked periodically to ensure a constant flow rate. The temperature was

then lowered to room temperature under the same gas flow rate. When the tube had cooled

sufficiently, the valves on both ends were closed and the tube was transferred into the N_ filledu

glove box. The whole sulfidization procedure was carried out in a laboratory hood.

Ruthenium disulfide, RuS 2, resulting from the preparation discussed above was nearly

stoichiometric and highly crystalline. XRD confirmed the presence of RuS 2. In some cases,

small amounts of R,u(0) were also detected by XRD. However, XRD is a bulk technique and it

seems likely that any Ru(0) present existed mainly in the bulk. The sulfidization procedure

probably sulfided the surface of any Ru(0) present in the precipitate. The presence of Ru(0) in

the RuS 2 sample prepared can probably be attributed to bulk Ru(0) present in the starting

material, a--RuCl 3. This seems to be the most likely explanation since a-RuCl 3 is synthesized

from ruthenium metal and Cl2. A second possible origin of Ru(0) could be the actual reaction
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of a-RuCl 3 with Li2S. The exact stoichiometry of the reaction that occurs has not been

presented in the literature. Due to the pyrophoric nature of the intermediate precipitate, it

seems likely that the use of a-RuCl 3 (instead of RuCl4) may result in the formation of highly

dispersed Ru(0), equation la. A reaction scheme in which RuCl 3 reacts with Li2S to form RuS 2

4 RuCl3(s ) + 6 Li2S(s ) -- 3 RuS2(s) + Ru0(s) + 12 LiCl(s) (la)

Ru0(s) + 2 H2S(g ) -. RuS2(s ) + 2 H2(g ) (lb)

NET: 4 RuC13(s ) + 6 Li2S(s ) + 2 H2S(g ) -. 4 RuS2(s ) + 12 LiCl(s) + 2 H2(g ) (lc)

and Ru(0) in a 3:1 ratio, equation la, is likely. Sulfidization of the Ru(0) obtained from

reaction la should then produce RuSo, reaction lb. Addition of reactions la and lb leads to the

net balanced equation, reaction lc, for the production of RuS 2 from c_-RuCl 3, Li2S, and H2S.

According to reaction la and an incomplete course of reaction lb, reaction of RuCI 3 with Li2S

could account for the presence of Ru(0) in the bulk, since sulfidization may occur preferentially

on the surface of the Ru(0).

Typical surface areas of the RuS 2 obtained from this preparation were in the range of 7-

10 m2/gm. Surface areas were experimentally determined on an automated Digisorb 2500 by

obtaining a 5-point adsorption isotherm using N2 as the adsorbate. The volume of adsorbed gas

for monolayer coverage of the solid sample, Vmon, was calculated using the BET equation '2

from the slope m and intercept b of a plot of z/[(z-l) x V] vs. z. 32 The surface area was then

calculated from the monolayer volume of N2, Vmo n and the area per 5/2 molecule.

z 1 (c-1)z

= + (21

where

z - p-_ - ratio of equilibrium pressure to bulk vapor pressure

V - volume of adsorbed gas at pressure p

Vmo n -" volumeofadsorbedgas = (ml-t-b)T
formonolayercoverage

(c-I) 1
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2.1.4 Polycrystalline Niobium Disulfide

The preparation of stoichiometric niobium disulfide, NbS 2, was investigated M.

Kieke. 33 The synthesis of highly stoichiometric NbS2 was found not to be possible by wet

chemistry methods similar to those used in the cases of MoS2 and RuS 2. Therefore, niobium

sulfide, NBS1.75 , was purchased from the ALFA company. This sample was synthesized from

the elements. Elemental analysis of this sample revealed that its stoichiometry actually

consisted of 1.55 sulfurs to 1 niobium atoms. Thus, this sample is metal rich. Previous reports

in the literature indicate that extra Nb atoms reside in the van der Waals gap existing between

adjacent S-Nb-S sandwiches. I'IR-ESCA valence band analysis of this sample must be

interpreted with caution, since stoichiometric NbS2 was not examined. In the remainder of the

text this sample will be referred to as NbS(2_x ).

'2.2 Laue Diffraction

Orientation of the MoS 2 single crystals used in the I-lR-ESCA forward focusing and

UPS energy dispersion experiments was necessary for accurate interpretation of the experiments.

In the case of the forward focusing experiment, the azimuthal direction of the Mo-S bond

needed to be known in order to prove that forward focusing was occurring on the MoSo surface.
w

In the case of the UPS experiment, energy dispersion curves along the high symmetry directions,

F-.M, F-.K, and K-.M, in the first Brillouin zone needed to be investigated. These directions

can be located by obtaining a picture of the crystal surface by Laue back diffraction. This

section describes some of the principles of back-reflection Laue. Background information on this

technique was obtained from Reference 34.

2.2.1 PrinciplesofLau._...geDiffraction

In the back-reflectionLaue method, incidentradiationof variablewavelength,A, is

allowedto fallon a singlecrystalsurface.The sourceof thisvariablewavelengthradiationis

thecontinuousradiationfrom a tungsten,W, x-raytube. An x-raytubeconsistsofa sourceof

electronsand two metal electrodes.IIighvoltageappliedacrossthe two electrodesdraws

electronsto the tungstenanode target.X-raysare producedby the impactof theaccelerated

(typically5-40 keV) electronson the targetmetal. A continuousspectrum of x-raysresults

from therapiddecelerationoftheelectronsby thetarget.The totalintensity,I,oftheradiation

isproportionalto the atomic number Z of the targetmetal. Thus, the higheristhe atomic

number of the metal,the higheris the totalintensityof radiationobtained. W has a high

atomicnumber (Z"-74)and thusproduceshighintensitycontinuousradiation.

19
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In this experiment, the Bragg angle, 6, is fixed for each set of planes of spacing, d, ia

the single crystal. Each set of planes then diffracts the component of incident radiation with

wavelength A that satisfies the Bragg law, equation 3, for the fixed values of 6 and d. 34 In this

equation, the integer n is referred to as the diffraction order. The {hkl) and {nh nk ni) sets of

planes are parallel but are situated so that the distance between {hkl) planes is dhk I and the

distance between {nh nk ni) planes is dhkl/n. In the back-reflection Laue method, the

photographic film and single crystal surface are placed perpendicular to the incident beam. The

photographic film is placed between the crystal and source such that the incident radiation

passes through a hole in the film. Spots recorded on the photographic film are due to beams

diffracted backwards by the crystal. A schematic representation of the back-reflection laue

diffractometer is shown in Figure 2. Sets of planes in the crystal cause the diffraction spots. .-_

more detailed explanation of the back-reflection Laue method can be found in Reference 34.

nA = 2dhki(sin6) (3)

2.2.2 Qrientation of Mo_2 _" (_rystal

The procedure used for orientation of an MoS 2 single crystal by Laue diffraction is given

in the following paragraph. A suitable single crystal of MoS 2 was obtained by cleaving several

pieces of MoS 2 with a clean, sharp edge. The cleaved crystals were examined for cleanliness and

flatness of the basal plane. The best samples were pressed between two clean microscope slides

and saved for Laue diffraction. A back-reflection Laue diffractometer containing a W x-ray

source was used for the analysis. A single crystal of MoS 2 was taken from the microscope slides

and pressed into the Laue sample holder which was then placed in the instrument. Typical

settings used for the generator were the following: 20 nA, 30 kV and 10 rain exposure time.

Once a good picture was obtained, the crystal was oriented by rotation of the sample holder

according to information obtained from the Laue picture. A typical Laue picture for the

samples of 2H-MoS 2 used in this study is shown in Figure 3. The Laue picture consists of 3

distinct rows of spots, 60" apart and 6 spots, 60* apart. The four black spots near the center of

the picture, when connected, mark the vertical and horizontal axes of the camera. The angles of

rotation of a row of spots from the vertical (or horizontal) axis can then be measured from the

picture. Rotation of the sample must be opposite that of rotation as measured from the picture.

For example, if the picture indicates that a row of spots must be rotated clockwise by 10" to line

up with the vertical axis, then the sample must be rotated counterclockwise by 10". The sample

holder was marked in 2" increments so that accurate rotation of the sample was achieved. Once
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Figure 3. Experimental back-reflection Laue photograph of the (0002) plane of
a natural single crystal of 2H-MoS._.
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orientation of the sample was achieved, a scribe mark was placed on the sample to indicate the

position of the sample in relation to the Laue picture. Note that samples oriented by Laue

diffraction were exposed to air for an extended period of time.

2.2.3 Interpretation of Laue Pattern for the Qrjent_ation of 2H-Mo_.ow

The (0002) plane of 2H-MoS 2 was the plane obtained upon cleavage of natural crystals.

Thus, the (0002) plane was oriented perpendicular to the beam of incident radiation in the Laue

experiment. Diffraction of x-rays from this plane could in principle produce a spot on the

photographic film called the zone center. However, since the diffraction beam from this plane

occurs in the same direction a_ the incoming beam of x-rays, the (0002) spot is absent.

Location of this spot, the zone center, was found by drawing perpendicular lines between the

four black spots near the center of the photograph.

A set of planes _.hat ali intersect the same straight line are said to belong to the same

zone and are called planes of a zone. The intersecting straight line contained in the planes of a

zone is called the zone a0cs, Zuv w. Figure 4, shows the relationship between planes belonging to

the same zone and the corresponding zone axis. If the zone axis of this set of planes is parallel

to the crystal surface, then diffracted beams from the planes of this zone will produce a set of

spots that lie on a straight line and contain the zone center, the (0002) diffraction spot. Planes

of a zone containing a zone axis that is perpendicular to the (0002) surface will not produce

Laue spots on the film. As mentioned previously, there are three straight lines of spots present

on the Laue photograph of (0002) 2H-MoS2, Figure 3. Planes causing a diffraction spot on one

of the straight line of spots contain the same zone axis and obey equations 4a and 4b below. In

Ghk I. Zuv w = (ha* + kb* + lc*).(ua + vb + wc) = 0 (4a)

Ghk l.zuv w = hu + kv + lw =0 (4b)

Solutions of 4a and 4b are:

u = kl' -lk' (4c)

v = lh' - hl' (4d)

w = hk'- kh' (4e)

this equation, the reciprocal lattice vector, Ghkl, is perpendicular to the real space (hkl) plane

and to the vector defining the zone axis, Zuv w. Thus, if the hkl indices of two planes on the

straight lines of spots (belonging to the same zone axis) are known, then the u, v, w indices of
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the zone axis can be found from equations 4c, 4d, and 4e. In these equations, h', k', and I' are

coordinates of another vector G' perpendicular to the h', k', 1' plane of the zone, Once the zone

axis, Zuv w, is found, conditions for the h, k, 1 indices of other planes belonging to the same zone

axis can be found from the equations given above. Background information for this section was

obtained from Reference 34.

In MoSo forward focusing directions with respect to the (0002) basal plane are expected

to occur in the direction of Mo--S bonds of the first atomic layer sulfur and the second atomic

layer molybdenum. The following set of planes are perpendicular to the (0009 ) surface and

contain the Mo--S bonds: (T210), (1-i20), and (21-i0) or (1210), (1120), and (2110) respectively.

This set of planes also defines the direction F-.K (or Gi_io ) in the first Brillouin zone since this

direction is perpendicular to the {T210) set of planes. A schematic representation of the (0002)

MoSo surface showing the forward focusing atoms in the above planes is shown in Figure 3a.w

Figure 5b shows the directions F-.M (Gilloo), F--.K (G_-2io), and K-,lVl (Gi-2io) in the first

Brillouin zone with respect to the real lattice. Directions where forward focusing is not, expected

to occur correspond to the following set of planes: (I100), (1010), (0110) or (1i"00), (1010), and

(0il0) respectively. These planes are also perpendicular to the (000.9) surface but do not contain

Mo-S bonds. This set of planes corresponds to the direction P--,M (Giloo) in the first Brillouin

zone. These planes are shown in Figure 5c. F--.M and F--.K directions are located 30 ° from

each other as measured about the surface normal. No diffraction spots appear on the Laue film

for either of the sets of planes discussed above since both sets of planes are perpendicular to the

(0002) surface. However, each of these planes belongs to a set of planes which possess a zonal

axis that is parallel to the (0002) surface. Thus, if other planes of this zone axis produce

diffraction spots on the film, then the planes discussed above can be located. A standard

stereogram of 2H-MoSo, available in the literature, can be used to identify the planes

responsible for the Laue diffraction spots. 35

Based on measurements of spot distances obtained from the stereographic projection of

MOS2, Reference 35 , the three straight lines of spots are due to planes belonging to the

following zone axes: [0n0], [nO0], and [nn0] (where n can be any integer number). Substitution

of the coordinates of the zone axes into equation 4b results in the following conditions for the

hkl indices of the planes belonging to that zonal axis: k=0, h=0, h=-k, and [ arbitrary. The

four-index notation for hexagonal systems, (hkil) where i=-(h+k) will be used throughout the

rest of the text. The third index i is redundant and not needed for defining a plane but is

included to show that certain planes form a symmetric set. The (10i0), (0li0), and (1100)

planes satisfy the specified conditions and thus belong to these zones. Thus, each of these planes
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isperpendicularto one ofthe straightlinesofspotsand tothe (0002)surface.Analysisofthe

same projectionalsoindicatesthatthespots(6spotslocated30°from thestraightlinesofspots)

are due to planesbelongingto the followingzone axes: [fin0],[2nn 0],and [n2a 0].

Conditionsforthehklindicesofthereallatticeplanesbelongingtothissetofzonalaxesarethe

following:h=k, 2h=-k, -h=2k, and Iarbitrary.Thus, the (I--]20),(12r0),and (2[i0)planes

satisfytheconditionsand are each perpendicularto a lineconnectiugtwo of thespotsthrough

the zone axis. This set of planescontainsthe Mo-S bond and as a resultisparallelto the

directionof forwardfocusing.Thus, forwardfocusingdirectionsare locatedparallelto the

straightlinesof spots (locatedevery 60")and perpendicularto linesconnectingthe tjspots

throughthezoneaxis.Located30"from thisdirection,arethenon-forwardfocusingdirections.

2.3 High Resolution Electron Spectroscopy for Chemical Analysis, (HR-ESCA/

2.3.1 _ o_f.HR-ESCA

In the I-lR-ESCA method, high intensity x-rays impinging on a sample surface cause

ejection of core and valence level electrons, photoelectrons, into the vacuum. Photoelectrons

resulting from this process are emitted with a specific kinetic energy, E k, that depends to a first

approximation on the energy of the incident x-rays, hv, and the binding energy of the electron

to surface, E b. The detector system detects the number of photoelectrons at each kinetic energy

and the result is a spectrum of photoelectron intensity vs. photoelectron kinetic energy, E k. A

schematic representation of the HR-ESCA system is shown in Figure 6. To a first

approximation, equation 6 can be used to obtain the binding energy, Eb, of the electrons. Thus,

a spectrum of the photoelectron intensity vs. photoelectron binding energy, E b, can be obtained.

Eb = hL,- Ek (5)

However, the situationisactuallymore complicatedthan this.Photoelectronsejected

from the solidmust overcome forcesdue to thesurfacethatlowerthe experimentallyobtained

kineticenergy. These forcesarecalledthework function,_,of thesurface.The work function

isdefinedas thedifferencebetween thechemicalpotential,tr,ofelectronsinsidethe surfaceat

the Fermi level,El,,and the electrostaticpotentialof electronsjustoutsidethe surfaceat the

vacuum energy,Ev.36 Also,for semiconductorand conductorsamples in contactwith the

'instrument,theFermi level,Ef,of thesampleand instrumentarethesame. The instrumentis

,.calibratedwith a good metallicconductorin such a way that the Fermi level,Ef, of the

instrumentappearsata bindingenergyofzeroeV. Thus bindingenergiesmeasuredinthisway

aremeasuredfrom theFermi level,Ef, insteadofthevacuum level,Ev. The Fermi level,El,
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Figure 6. Schematic representation of the RR-ESCA system used to obtain
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and vacuum level,Ev, energiesare relatedto each otherby the work functionas indicatedin

equation6. For metals,theFermi levelislocatedat thetopofthevalenceband.

Ef- Ev = _ (6)

Ev

Thermal _b---,

Ef

Photoelectric¢---- EB

For semiconductors, the Fermi level is located in the region of the gap that exists between the

valence and conduction bands. Thermionic emission of electrons measures the thermal work

function of the sample as defined in equation 6. Photoelectron spectroscopy measures the
i

photoelectric work function of the sample which is defined as the difference between the highest

occupied crystal orbital located at an energy EB and the vacuum level.

Other effects that change the photoelectron kinetic energy, E k, are final state effects.

Once the photoelectron is emitted from the sample surface, a positive hole is left behind. Thus

the final state consists not only of an outgoing photoelectron but also of a positive hole. This

positive hole attracts the outgoing photoelectron and the electrons left behind on the surface.

Relaxation of the electrons left behind on the surface to decrease the energy of the system also

occurs.This relaxationenergydecreasesthe bindingenergy,thusincreasingthe kineticenergy

oftheoutgoingphotoelectron.

When samplesareanalyzedviaHR-ESCA, informationon elementalcompositionand

oxidationstatesisobtainedfrom thesurface.HR-ESCA isa surfacesensitivetechniquebecause

photoelectronsemittedfrom atoms beneaththesurfacemust travela certaindistancethrough

the latticebeforereachingthe surfaceand eventuallybeingdetected.The escapedepth or

attenuationlength,Am, isusedto definethedistancea photoelectroncan travelthroughthe

latticebeforeit losesenergyor isscatteredby otheratoms of the latticeand isno longer

detected.The escapedepth has been studiedin detailby Seah and Dench for elements,

inorganiccompounds and organiccompounds.37 In generalthe escapedepth varieswith

photoelectronkineticenergy,such thatthe lowestescapedepths(most surfacesensitive)are

found forphotoelectronspossessingkineticenergiesof 30 eV--40eV. For inorganiccompounds.

Seah and Dench obtaineda universalequation7 from a universalcurve of experimentally
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determined escape depths. In MOS,), the monolayer thickness a is calculated to be ca. 2.6 A..

1

Am = 217__O+ 0.72 x (aE) _ (Ta)
(g)2

An = ax Am (7b)

where Am = escape depth in monolayers
An = escape depth in nanometers
E = photoelectron kinetic energy
a = monolayer thickness

The experimental valence band of MoSo extends from a binding energy of ca. 20 eV to 0 eV, asw

measured with respect to the Fermi level. Thus, photoelectrons ejected from the valence band

region of MoSo by monochromatic Al Kc_ radiation of energy 1486.6 eV have kinetic energies

(prior to leaving the surface) extending from 1486.6 eV to 1466.6 eV. Using equations 7a and

7b above these kinetic energies correspond to an escape depth of ca. 14 monolayers or 38 _ for

the valence band region. The Mo 3d, Mo 3p and S 2p core levels were also studied in many of

the experiments discussed in the following sections. Approximate photoelectron kinetic energies

and escape depths for the Mo 3d5/2, Mo 3P3/2 and S 2p3/2 core levels are as follows: 1258 eV,

35 _; 1091 eV, 32 _; and 1325 eV, 36 /_. Photoelectrons ejected from the valence band region

of MoS 2 by He I radiation of energy 21.22 eV have kinetic energies {prior to leaving the surface)

extending from ca. 21 eV to 0 eV. Again, using the equations above, these kinetic energies

correspond to an escape depth of ca. 6.6 monolayers or 18 /_ at 21 eV. However, a dramatic

increase in the escape depth occurs as the kinetic energy is lowered further so that at 5 eV, the

escape depth is 88 monolayers or 230/_. The equations of Seah and Dench only typify a general

trend in the behavior of photoelectron escape depth vs. energy. Thus, escape depths calculated

from the Seah and Dench equations should not be viewed as absolute numbers. However, the

discussion above shows that photoelectron spectroscopy is a surface sensitive technique.

2.3.2 Descriptiono.q.fHR-ESq:A Instrument

The instrumentused for HR-ESCA analysisof the core levelsand valencebands of

transitionmetal disulfideswas the SCIENTA ESCA-300 thatis locatedin the Zettlemoyer

CenterforSurfaceStudiesat LehighUniversity.The SCIENTA ESCA-300 isequippedwitha

water--cooledhigh intensityrotatingAl Ka anode (a Cr anode isalsoavailable).The x-rays

resultingfrom thissourcearemonochromatizedby sevenquartzcrystalsand areimpingingon

thesample atan angleof45"from thedetectoraxis.The highintensityand monochromaticity

-30-



of the source make analysis of valence bands a routine procedure. The detector system consists

of a large radius (60 cm) hemispherical analyzer combined with a multichannel plate detector.

High sensitivity and high energy resolution are achieved with this type of detector system.

The HK-ESCA instrument is also equipped with a sample stage that is manually

controlled. The sample stage can be translated in the x, y, and z directions and rotated about

the azimuthal and polar axes. The orientation of the analyzer, x-ray source, and sample in

terms of the x, y, and z axes is shown in Figure 7. The analyzer entrance is parallel to the z-

axis and the incoming x-rays approach the sample surface in the xz-plane at an angle of 45° from

tile sample surface when the surface is orientated perpendicular to the detector. A microscope

used for sample observation is located in the yz-plane. The portion of the HR-ESCA

instrument used for sample transfer is divided into three main chambers separated by gate

valves. The first chamber, the fast entry chamber, is used for introduction of the sample, into

the vacuum system. Initial pump down of the sample to pressures in the low l0 -6 torr _'al_ge is

carried out in this chamber. Retractable forks are used for sample transfer betweeil the various

chambers in the HR-ESCA instrument. Transfer to the second chamber, the preparation

chamber, is carried out after the fast entry chamber is at a pressure in the low 10-6 torr range.

The sample resides in the preparation chamber until pressures in the low 10-8 torr range are

reached. Argon bombardment and heating of samples can be carried out in the preparation

chamber to obtain cleaner surfaces and better vacuum. Transfer to the third chamber, the

sample chamber, is then carried out. Analysis of the sample takes piace in the sample chamber.

Due to the nature of the sample transfer system, pressure in the sample chamber remains low, il_

the low I0 -9 to 10 -10 torr range. One advantage of this type of sample transfer system is _hat

introduction of contaminants into the sample chamber is minimized. A second advantage is

that the amount of time between introduction of the sample and analysis of the sample is

decreased. Typical times (depending on the amount of sample degassing) between introduction

and analysis of a sample are 20-30 min.

The SCIENTA ESCA-300 is also equipped with a spatial lens, a prelens. When in

place, the prelens decreases the area of the sample from which photoelectrons are detected.

Essentially, the prelens magnifies the area sampled. In the spatial mode a rectangular spot size,

3.9 mm x 110 /a, can be sampled. Spatial mode was used in the forward focusing studies to

obtain information on the directionality of the bonds.
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2.3.3 _ Leveland ValenceBand Analysisb_.y.vHR-ES(_A

Cleanlinessand stoichiometryof the transitionmetal disulfideswas examined by core

levelanalysisvia HR-ESCA. Instrumentalparameterssuch as pass energy,Ep, stepsize.

time/step,slitwidth,and mode of operation(eitherhigh transmissionmode or highspatial

mode) are set priorto analysis.The passenergy,Ep, isthe constantenergyto which the

photoelectronsareretardedfordetectionby thehemisphericalanalyzer.Duringan analysis,the

passenergyissetto a specificvalue.Thus, onlyphotoelectronsthat possessa kineticenergy

equal to the passenergyare detected.However,photoelectronsare emittedfrom the sample

with a range of kineticenergies.Emitted photoelectronsare sloweddown or retardedby'an

appliedvoltagetoattainthe specifiedpassenergy.Tileretardationvoltage,RV ,isrelatedto

the photoelectronkineticenergy,EK, and the pass energy,Ep, by the followingequation:

EK-Rv+E p. The retardationvoltageisscannedoveran energyrangespecifiedby thebinding

energyrange. For example,ina typicalsurveyscan,the passenergyissetto300 eV and the

bindingenergyrangeisfrom 1000eV - 0 eV. The correspondingkineticenergyrangeisfrom

ca.488 eV - 1486 eV. Using the equationdefinedabove,the retardationvoltageisscanned

from 186 eV - 1186 eV. The stepsizeindicatesthe width of the energystepbetweeneach

retardationscan. Thus, ifa rangeof 1000eV isscannedwitha stepsizeof 0.5eV, then the

retardationvoltagewillbe incremented2000 times by 0.5 eV each time. The time/step

indicateshow longthe detectorcollectscountsat eachspecificscan. Ifthereare2000stepsand

a time/stepof 0.02sec,then one entirescanof thedefinedregionwilltakea minimum of 40

seconds.The slitwidth definesthe physicalwidth of a slitthatispositionedin frontof the

detectorentrance.The smaller(larger)theslitthegreater(lower)the resolutionand thelower

(higher) the intensity. Transmission mode is characterized by high intensity but low spatial

resolution. Spatial mode is obtained by placing the spatial lens (prelens) in front of the detector

entrance. In this mode optimal spatial resolution is achieved at the expense of photoelectron

intensity.

Typical instrumental parameters used for obtaining survey scans were the following:

pass energy, Ep, 300 eV (or 150 eV); step size, 0.5 eV; time/step, 0.02 sec; slit width, 1.1 mm;

number of scans, 5; binding energy range, 1000 eV - 0 eV; and transmission mode. Typical

instrumental parameters used for obtaining core level scans were the following: pass energy, Ep,

75 eV; step size, 0.05 eV; time/step, 0.04 sec; slit width, 1.1 mm; number of scans, 4-5; and

transmission mode. Survey scans were initially run for carbon and oxygen contaminants. If the

carbon and oxygen contaminants were present but their concentrations were low, core level

regions of the TS 2 (where T=transition metal, Nb, Mo, Ru, Fe) and the contaminants were
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recorded in detail. For example, on a typical sample of MoSo the following core level regions

were obtained: Mo 3d, S 2p, C Is, and O Is. A rough estimate of the amount of carbon and

oxygen surface contaminants was then obtained from the C ls (O ls) and Mo 3d areas and

photoelectron cross-sections.

As mentioned previously, analysis of photoemission from valence bands is a routine

procedure with the SCIENTA ESCA-300 instrument when angular resolution is not required.

Measurement times for valence band analyses varied from 1 hr to 4 ht, according to the amount

of detail required from the spectrum. Typical instrumental parameters used for obtaining

valence bands of transition metal disulfides, TS 2, were the following: pass energy, Ep, 75 eV:

step size, 0.05 eV; time/step, 0.4 sec; slit width, 1.1 mm; binding energy range, 20 eV -- -1 e\::

and number scans, ca. 50.

2.3.4 _ Resolved HR-E$_A

MoS 2 singl_ crystals used in the angle resolved study were first oriented by Laue

diffraction as described in Section 2.2.2. Due to the nature of'the orientation procedure, the

crystals used in this study were exposed to ambient atmosphere. The oriented MoS,_ single

crystal was placed on an ESCA sample holder such that the scribe mark on the crystal lined up

with a scribe mark on the sample holder. Two small screws and a Be-Cu spring clip were used

to fasten the sample to the sample holder. The sample holder assembly used in this study is

shown in Figure 8. The ESCA sample holder was scribed every 30°. The sample holder was

machined to a height such that the single crystal surface was located at the epicenter of the

polar angle axis. In this way, the crystal did not swing through an arc with incrementing tile

polar angle. Thus, photoelectrons were detected from the same spot on the sample surface.

A survey and detailed core level spectra (Section 2.3.3) were obtained to check for

contaminants, carbon and oxygen, and the surface stoichiometry. The sample used in this study

contained small amounts of surface carbon and oxygen. However, the stoichiometry of the

surface was such that only one species of molybdenum and sulfur were present. Sample heating

in vacuum, at temperatures in the range of 300° - 600°C, was attempted in order to remove the

carbon contaminants from the surface. Heating alone was not useful for removing carbon from

the surface. Heating in oxygen to remove surface carbon was avoided to minimize oxidation of

the surface. Heating in hydrogen was avoided because a second experiment aimed at

understanding hydrogen adsorption on the MoS 2 surface was planned.

-34-



r'--

\ ;

Uietu of Top

o Q o

Figuum8, S_nnple holder amembly used in angle rem)lved HB-ESCA atudim of

MoS2 slngle _ _ne orienl,ed MoS 2 single cryst,sl was placed on
top of the munple holder shown. Two mnadl sczews and s Be-Cu
spring clip were used to fasten the single _ in place.

-35-



Since very accurate angular information was needed for the forward focusirlg

experiment, the spectra were obtained in the spatial mode. This mode decreases the area on the

sample surface in terms of photoelectron detection. Spatial resolution is increased while

photoelectron intensity is decreased in this mode of operation. Thus, the sample must be

positioned at the focal point of the detector lens system for maximum intensity detection. The

sample positionwas maximized by translatingthe sample along the y (perpendicularto the

detectoraxis)and z (parallelto the detectoraxis)axesuntilmaximum photoelectronintensity

was obtainedfor the Mo 3d5/2 peak. The y and z settingsfound from thismaximization

procedurewerekeptconstantthroughoutthe forwardfocusingexperiment.

Calibrationof the rotationalaxis knob was accomplishedusing the accuratescribe

marks presenton thesampleholder.Rotationofthisknob by 2.041unitsrotatedthesample by

30°. Rotation of the knob to higher (lower) numbers rotated the sample clockwise

(counterclockwise). A microscope is located parallel to the detector axis in the sample chamber

of the I-IR-ESCA for sample monitoring. The scribe mark on the sample surface was lined up

parallel to the detector using cross-hairs in the microscope, this rotational position was given an

arbitrary azimuthal angle designation of 0". The rotational setting at this point was 10.35 units.

The first angular resolved HR-ESCA experiment performed was a study of the variation

in photoelectron core level peak intensity vs. azimuthal angle, _, at a constant polar angle, O, of

49*. The azimuthal angle, ¢, and polar angle, 0, as measured from the sample surface are shown

in Figure 9. A constant polar angle of 49* was chosen because for the (0002) plane of 2H-..'vloSo,

forward focusing of an Mo photoelectron by nearest-neighbor sulfur is expected at an angle of

49.1" from the surface normal. Core level regions examined in this study were the following: Mo

3d5/2, Mo 3P3/2 and S 2p. The pass energy, Ep, was increased to 150 eV and the number of

scans for each region was decreased to one without loss of information. The rotational control

knob was rotated in increments of 0.25 units from an initial setting of 4.25 units to a final

setting of 13.00 units. This corresponded to incrementating the azimuthal angle by 3.67* from

an initial setting of 89.7" to a final setting of -39.0*. Sample rotation occurred in a clockwise

direction. During this study, the rotational knob was always incremented in the same direction

to avoid backlash. Reproducibility of the results was examined by obtaining duplicate regional

spectra at azimuthal angles of +30*, 0", and -30*. Reproducibility ranged from 3% to 17% in the

Mo 3d5/2 peak areas. The major reason for low reproducibility in this study resides in the

inaccuracies existing in the rotational knob. The rotational knob is believed to be fairly

reproducible when rotation occurs in the same direction, however rotation of the knob back does

not necessarily reproduce the original sample position. Care was taken to avoid errors by
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examining the sample position in relation to a set of cross-hairs located in the microscope.

The second set of experiments examined the variat, ion of photoelectron core level peak

intensity vs. polar angle at constant azimuthal angles of 0°, 30°, and 60°. The polar angle was

incremented by 2" from an initial setting of -10" to +60 °. The Mo 3d5/2 core level region was

the only region examined.

2.3.5 _I'IR-ESCA of Polycrvstalline MOS,> Exposed to Hydrogen.

Core level and valence band regions of bare and hydrogen adsorbed polycrystalline

MOS,> surfaces were obtained by HR-ESCA. A freshly prepared sample of polycrystalline .MoS,_,,w

was used for this study. The polycrystalline sample was obtained from the tiler,nal

decomposition of MoS 3 to MoS 2 and S under a nitrogen flow (discussed in detail iii Sectio,l

'2.1.2). One important feature of this sample was that exposure to pretreatment procedures

involving hydrogen were avoided since the adsorption of hydrogen was under study. The sample

was then transferred to a nitrogen filled glove box minimizing exposure to air. Sample

mounting of the polycrystalline MoS 2 sample onto an ESCA sample holder took place inside the

nitrogen filled glove box. Since heating of the sample inside the HR-ESCA fast entry chamber

was necessary, indium foil was not used to hold the MOS,) powder sample in place. Instead the

surface of a clean silicon wafer was roughened with a diamond tip pen to produce scratches into

which the MoS 2 polycrystalline sample was pressed to form a smooth relatively thin layer of

sample. The MoSs covered silicon wafer was then mounted with screws onto a gold-plated

ESCA sample holder. The sample and holder were then transferred (under nitrogen) to a

nitrogen filled glove bag attached to the HIt-ESCA fast entry chamber. Thus, sample

preparation and transfer were carried in the absence of air.

Survey and valence band spectra as well as Mo3d, S2p, Cls, and Sls core level spectra

of the bate polycrystalline MoS 2 surface were carried out as indicated in Section 2.3.3. Spectra

of the bare surface were obtained at both normal incidence and grazing angles of detection (8°

takeoff angle). After HR-ESCA analysis of the bate MoS 2 surface was complete, the sample

was transferred to the fast entry chamber where hydrogen exposure was carried out. The sample

was exposed to _, 1 atm of pure tt 2 (99.999% tt2) at room temperature for a period of one

hour. Immediately following hydrogen exposure, the fast entry chamber was evacuated until a

pressure of 5 × 10-6 torr was reached. Survey and valence band spectra as well as core level

spectra were obtained at normal and grazing angles of incidence following transfer of the sample

to the HR-ESCA analysis chamber. After this second HR-ESCA analysis, the sample was

transferred back to the fast entry chamber where it was again exposed to ,-, l atm of hydrogen
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at ,,- 125° C for one hour. Sample heating was carried out by resistive heating of the sample

holder. Survey and valence band spectra as well as core level spectra were obtained at normal

and grazing angles of detection following transfer of the sample to the HR-ESCA analysis

chamber. After the third HR-ESCA analysis, the sample was transferred back to tile fast entry

chamber where it was again exposed to --, 1 atm of hydrogen at --. 350-389 ° C for one hour.

Survey and valence band spectra as well as core level spectra were obtained at normal and

grazing angles of detection following transfer of the sample to the HR-ESCA analysis chamber.

'2.4 Angle Resolved Ultraviolet Photoelectron Spectroscopy, ARUPS

2.4.1 Description of ARUPS

The apparatus used for ARUPS experiments consists of ali attachment to the HR-ES(_'A

system discussed in Section 2.3.2. A windowless VG MICROTECH ultraviolet source that can

be operated with a variety of gases was previously installed in the I-lR-ESCA system. The

source is essentially a gas discharge lamp that when used with ultra-high purity helium gas

becomes a source of ultraviolet radiation. This source is positioned so that the angle between

the detector and source is 45°, as in the case of the monochromatized x-ray Al Ka source.

Because the He source is windowless, a high UV flux that results in high sensitivity is achieved.

Use of ultra-high purity helium gas produces the He I and He II lines at 21.22 eV and 40.8 eV,

respectively. A two-stage differential pumping unit is used to pump away the helium gas such

that sample chamber pressures of 1.0 x l0 -9 torr are reached.

2.4.2 ARUPS .E..xperi.m.ent for th...._eDetermir_ation of Energy Dispersion Curves

Energy dispersion curves were obtained from an ARUPS study of the valence band of

single crystal 2It-MoS 2. As mentioned previously, natural single crystals of 2It-MoS 2 were

cleaved such that the (0002) basal plane was exposed. The crystal used in this study was

oriented by Laue diffraction as described previously, section 2.2.2. Thus, exposure of the surface

to air was not avoided. Mounting of the sample onto the ESCA sample holder was achieved as

discussed in section 2.3.4. Since, the azimuthal direction of forward focusing along the Mo-S

bond corresponds to the direction F-.K in the first Brillouin zone, forward focusing was used to

pinpoint the F-.K direction more exactly. Thus, an angle resolved HR-ESCA experiment was

carried out first by monitoring the Mo 3d5/2 photoelectron intensity vs. azimuthal angle at a

constant polar angle of 49°. The rotational knob controlling the azimuthal angle was

incremented by 0.1 units (1.4T) from an initial setting of 13.70 units (-10.4 °) to a final setting of
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12.30 units (10.215"). These rotational units do not tally with those of the previous aagle

resolved HR-ESCA study, Section 2.3.4, because the sample and rotational knob were moved

between the two studies, In this way, the F-,M direction was located from the maximum bio

3d5/2 photoelectron intensity. The F--K direction was located at azimuthal angles of + 30°
from the F--M direction.

UPS valence bands were obtained with the following instrumental parameters: pass

energy, Ep, 10 eV; step size, 0.04 eV; time/step, 0.5 sec; slit width, 1.1 mm; and number of

scans, 1. Transmission mode was used with the spatial lens physically placed in front of the

detector entrance. UPS valence bands were obtained in azimuths corresponding to the F--M

and F-.K directions. ARUPS experiments were carried out at polar angle increments of 2°

starting at -10" and ending at +60". Tile K-.M direction was also obtained since this direction

is just an extension of F--K.
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Chapter 3_

THEORETICAL METHOD_

A description of the theoretical method used for calculations of the electronic structure

of various transition metal disulfide species is given in this section. The theoretical method used

was actually a solid state adaptation of the extended Hiickel method. A computer program

entitled Extended Hficke[ Molecular, Crystal and Properties Package (EHMACPP) was obtained

from the Quantum Chemistry Program Exchange (QCPE) and was used for a calculation of the

electronic structures. 38 The electronic structure of the MOS,) surface was calculated using

various models for the surface. Some of the models are listed in the following: two-dimensional

molybdenum disulfide, 2-D MOS,); three-dimensional molybdenum disulfide, 3-D MOS,): and

one--dimensional iMoS2) 5 structures, 1-D (MOS2) 5, terminating in (1010) and (101li edges.

The structure and purpose of these models will be discussed below. Adsorption of hydrogen on

the MOS,) surface was also studied theoretically by placing hydrogen atoms at various positionsm,

on the model surfaces. The validity of this method was checked by also calculating the

electronic structure of related transition metal disulfide species, specifically, NBS`) and RuS,).

3.1 Description of the Solid State Adaptation of the Extended Hiickel Method.

As mentioned previously, the theoretical method used in this study was the extended

Hiickel method applied to solid state systems. Actual calculations were carried out on the

Lehigh University VAX 8530 system using the computer program EHMACPP. Some features of

this program are the ability to calculate the density of states, energy dispersion curves, orbital

character of energy bands, total energy, and electron population for a variety of systems, ali to

the same level of approximation. This theory is basically empirical in nature, meaning thaL the

results depend on the input parameters. Specifically, Lhe results depend to a large degree on the

atomic ionization potentials, I-Iii, and the Slater-type atomic orbital radial exponents, _i and

orbital coefficients, c i. Agreement with experiment can be improved by an adjustment of the

input parameters, Hii, _i' and ci, of the atomic orbitals used as the basis.

The approach of this theory is to define a set of local molecular orbitals, ¢,j(r), that

consist of contributions from the valence atomic orbitals, Xp, of the atoms in the primitive cell

of the solid under study. The form of the local molecular orbitals is shown in equation 8a. In

this equation )Cp denotes the atomic orbitals of the primitive cell; n, the number of atomic

orbitals in the primitive cell; p, the index of the atomic orbital; j, the index of the molecular

orbital; Rp,p, the vector denoting the position of the pth atomic orbital in the pth primitive cell

in the lattice and ck, p, the coefficient indicating the contribution of the /_th atomic orbital to
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Born-Karman boundary conditions are imposed on thethe jth molecular orbital (1Pi(r-Rp)). ' '

molecular orbitals within the primitive cells resulting iz_ tile formation of crystal molecular

orbitals (also called the Bloch molecular orbitals), Cjk(r), having the form given in equation 8b.

In this equation k denotes the momentum vector (propagation vector) specified in equation Sd:

N=NANsN C, the number of primitive cells in the crystal: Rp, the lattice vector denoting the

position of the pth primitive cell in the lattice and p, the index of the primitive cell.

Substitution of equation 8a into 8b leads to equation 8c.

n

_=1
N

n,N

_b_(r) = I k (8c)
:_=_,_p cj,p exp(ik. Rp)Xp(r-Rp,p)

nB b* nc
k = 2a'(_A x a* +]_Bx + ]_x c*) (8d)

The next step is to solve tile Schriidinger equation for the crystal Bloch molecular

orbitals as shown in equation 9a. Crystal Bloch molecular orbital energies, _(k), and

coefficients, c_,/_, making up the local molecular orbitals are given by solution of equation 9b.

The Coulomb, resonance and overlap type integrals are defined in equation 9c and 9d. These

integrals are parametrized in the extended Eliickel solid state procedure. The overlap, Sp, v, is

calculated explicitly (equation 9d) using the atomic orbital basis (the Slater-type single or

double zeta basis set). In place of calculating the coulomb, H/_,_, and resonance, Hu, v, integrals

explicitly using equation 9c, these integrals are chosen according to the method of Hoffmann. 39

The coulomb integrals, H_a,/_,EHused in the EHMACPP program are chosen to be the valence state
EH

ionization potentials; the resonance type integrals, H/_,v, are calculated from the components

H_y_ and S_, v. Equation 9e shows the assumed empirical relationship between these quantities
HEH(K is generally taken to be 1.75) for obtaining values of /_,v from the Wolfsberg-Helmholtz

formula. The program actually allows the user to specify one of two ways to calculate the H_Hv

the normal Wolfsberg-Helmholz formula, equation 9e, or a weighted HEH defined in equation

HEH /_,v by neglecting the second and9f. Wolfsberg-Helmholz _,v are obtained from weighted HEH

third terms under the brackets in equation 9f. The momentum vector k gives the directions in

which crystal properties propagate. For example, crystal orbital energies, e(k), obtained from

this solution show dispersion with variation of k. The wavevector, k, maps the momentum
d
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space around a single diffraction spot (or a single Cr-vector of the reciprocal lattice) called til,.

Brillouin zone and is determined by crystal geometry as above. AlL crystal properties including

the crystal orbital energies are periodic with the G-vector, e.g. _(k)=_(k+G). The density of

states is obtained when the _(k) curves are integrated over the whole Brillouin zone. Tile

density of states, dN(e), is proportional to the derivative, dk/d_. In reality, the density of states

is computed from a grid of special points in the first Brillouin zone according to the methou of

Cohen et al. 40 Extended Hiickel theory applied to solid state systems is essentially an empirical

one-electron theory in which correlation effects are not taken into account. However. one

feature of this theory is that overlap interactions other than nearest-neighbor atoms are tak,,_l

into account,

{H/_,vCk)-S_,v(k)c(k)[= 0 9b)

High EH EH
/J,v 1 K (H_,_ + H (gei= v,v)S_,v

/HEH HEH \" /_[EH_ HEH :

\ rSl_,# _ _av ,v / \ " lz,/z_ l"v ,v ,/

As mentioned previously, input parameters for the program include the following:

Slater-type ra_iial exponents, qi' aad coefficients, ci; atomic ionization potential of valence

orbitals, Hii; cartesian coordinates, xi, Yi' and zi, of the atoms contained in one primitive cell of

the model system; and the position and weighting factor of the k-points at which the calculation

is to be carried out. A discussion of the Slater-type orbitals used in the calculations is given is

Section 3.2. Section 3.3 discusses the sets of k-points used in calculations of energy dispersion

curves and density of states.

3.2 Parametrization of the Atomic Radial Functions Via Comparison With Experiment.

R,axlial orbitals used in the EHMACPP program are the single and double zeta Slater-

type orbitals (STO's). Single and double zeta functions are approximate atomic orbitals in
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which a givenelectronorbitalisdescribedby one or two Slater-typefunctions,respectively'.

The singleand doublezetaSTO forms of the radialfunctionsare shown inequations10a and

10b,respectively.Some ofthe parametersshown intheseequationsaredefinedasfollows:Rsz,

singlezetaSTO; RDZ, doublezetaSTO; r,distanceof electronfrom the nucleus;n, principal

quantum number oftheatomicorbital;and Ni,normalizationconstantfortheradialfunctionas

definedin equation10c. Thus, once valuesfor_iand ci are found,the radialfunctionsare

obtained.

RSZ = rn-I x(Ne-q r) (lOa)

= + N2c2e _ (10b_

_ . ,n-4-1

(2_'i) " (10c)Ni = 1

where Ni is N 1, N2 or N and _i is ¢'1' _2 or

The basis orbitals used for calculating the electronic structure of MOS,) were the Mo .Ss,

Mo Sp, Mo 4d and the S3s, S3p valence orbitals. Similar orbitals were used for the transition

metal atoms in NbS 2 and RuS2; however, in the case of Nb and Ru the metal 5p orbitals were

neglected. Initial input parameters for the STO's of MoS2 were obtained from a study

performed by Hughbanks and Hoffmann on the Chevrel phases of a molybdenum-sulfur

system. 41 These parameters will be referred to as the H&H radial parameters and are given in

Table 1. Table 1 also lists a second set of STO input parameters obtained from the SCF

computed, tabulated list of Slater-type orbital double zeta coefficients, exponents and valence

shell ionization potentials of Clementi and Roetti. 42 These parameters will be referred to as

C&R radial parameters. Asterisks after the coefficients indicate that the values of these

parameters were changed in the program so that normalized radial functions resulted. The

values of the coefficients taken directly from the C&R tables were not normalized because these

functions actually contained small contributions from atomic orbitals of lower n value for the

purpose of orthogonalization. Normalization of the atomic radial functions was checked by the

EHMACPP program. The normalization condition for double zeta functions is given in

equatior lla and llb (S is defined in equation 11c). To obtain equation 1lh, equation 10b is

substituted for the radial portion of the wavefunction and equation 10c is substituted for the Ni

of the double zeta function. If the double zeta radial function is not normalized (N' ¢: 1) when

-" -44-
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Tabl..__._e!

STO radial wavefunction parameters for Nb, Mo, Ru, and S valence
orbitals. Values in parentheses indicate the value of i for the double

zeta coefficients, ci, and exponents, (i"

_ I'Iii(eV) _i ci

Mo 5s (8&H) -8.77 1.96 1.00

5p (H&H) -5.60 1.90 1.00
4d (H&tt) -11.06 4.54 (1) 0.5899 (1)

1.90 (2) 0.5899 (2)

Nb 5s(H&I-I) -10.10 1.89 1.00

5p(H&H) -6.86 1.85 1.00
4d(H&H) -12.10 4.08(1) 0.64010(1)

1.64(1) 0.55160(2)

Ru 5s(H&I-I) -8.310 2.078 1.00
5p(H&H) -3.280 2.043 1.00
4d(H&H) -10.740 5.378(1) 0.53399(1)

2.303(2) 0.63649(2)

S 3s (H&H) -20.0 1.817 1.00
3p (H&R) -13.3 1.817 1.00

Mo 58 (C&P,,) -5.8789 1.94119 (1) 0.54776 (1)
1.10333 (2) 0.57494 (2)

4d (C&R) -9.4728 3.81446(1) O.5OO51,(1)
1.86369 (2) 0.62684, (2)

Nb 5s(C&R) -5.6805 1.84738(1) 0.54046,(1)
1.06545(2) 0.55624,(2)

4d(C&R) -7.9241 3.59080(1) 0.47775,(1)
1.71750(2) 0.65431,(2)

R.u 5s(C&K) -5.8443 2.04429(1) 0.52381(1)
1.13104(2) 0.59975(2)

4d(C&R) -10.860 4.25911(1) 0.53422,(1)
2.09384(2) 0.59271,(2)

S 3s (C/zR) -23.918 2.66221 (1) 0.55645, (1)
1.68771 (2) 0.48731, (2)

3p (C/zR) -11.890 2.33793 (1) 0.52120, (1)
1.33331 (2) 0.5443 I, (2)

H&H = parameters obtained from Hughbanks and Hoffmann.
C&Ig = parameters obtained from Clementi and Roetti.
• = coefficients obtained after normalization by the program.

-45-



input into the program, the program normalizes the function by changing the coefficients, c 1

and c2, to c_ and c_ as indicated in equation lid. The double and single zeta STO functions

tabulated by C&R contain the correct number of nodes due to contributions from atomic

orbitals of lower n value. Atomic orbitals of lower n value are more contracted (possess larger

(i) and thus contribute to the overall radial function at distances close to the atomic nucleus.

Orbital coefficients of some of the more contracted atomic orbitals are negative leading to nodes

in the overall double and single zeta radial functions tabulated by C&R. The radial functions

obtained from the parameters of H&H do not contain any nodes. Since, the EHMACPP

program only accepts single or double zeta functions, contributions from atomic orbitals of lower

n value were neglected when using the parameters of C&R. Thus, the radial functions obtained

from C&R, did not contain any nodes.

/ _*_ dr = Nt where _,= YIm x RDZ (lla)

N'=q+ +2s I11bl

J -
c 1 c9

ci = ; = / ld/

Many of the calculations were carried out using the radial parameters of H&H.

However, a better theoretical valence band was achieved through the use of the C&R double

zeta parameters. By parametrizing the C&l:t radial functions according to the HR-ESCA

valence band experiment a good description of the experimental valence band was obtained.

The input parameters., specifically Hii, were varied to match the position of the valence levels in

the HR-ESCA experiment. Variation of Hii caused a corresponding variation in the overlap

matrix elements. Thus the Slater type orbital coefficients, c i, were adjusted to achieve the best

overlap by varying the radius of the valence shell. An example of this occurs for the shifting of

the S3s levels in MoS 2. Initially, the theoretical position for the S3s levels (C&R) was at -

23.918 eV. A comparison of the theoretically calculated and experimentally determined valence

band in this region shows that theoretically this level has approximately the correct shape and

width. After parametrization of the S3s Hii to HR-ESCA valence band, the S3s level is shifted

from -23.918 eV to -17.80 eV. The S3s region calculated with this Hii has a smaller full width
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at half maximum (FWHM). To correct for this smaller width, the contribution, co, of the more

diffuse part of the radial function (with lower _ value, (_,)) was increased. Consequently the

contribution, c1, of the more contracted part of the radial function (with higher ¢:. (1) was

decreased due to normalization. 'thus only the Slater-type double zeta coefficients c i were

varied, but the double zeta exponents were not varied from the values given by C&R.

The original HR-ESCA valence band spectrum of MOS,) was shifted to higher binding

energies by the work function of the sample. Work function measurements obtained from the

literature vary from 4.1 eV 15 through 4.554-0.1 eV 43 to 4.8 4-0.05 eV 44. The two lowest

values were obtained from UPS experiments, while the 4.8 eV value was obtained using a

retarding potential method with an electron gun with subsequent comparison to a standard of

known work function. The 4.1 eV work function is a thermal work function (Ev-El) while the

other two are photoelectric work functions (Ev-EB, see Section 2.:3.1). The HR-ESCA valence

band spectra were corrected by the most recently obtained value of the work function 4.1 eV' in

order to obtain accurate values for the valence state ionization potentials, Hii. The

experimentally obtained ttii were subsequently used as input for the electronic structure

calculations of MoS 2. Experimental and theoretical valence bands were compared in a

qualitative manner only, no attempt at quantitative self-consistency was made. At this point in

the investigation, qualitative explanations of the electronic structure are the desired result.

3.3 Method of Obtaining Theoretical Valence Bands (TVB).

The theoretical calculations discussed above provide the MOS,) density of states. Aw

theoretical valence band is desired for a comparison with the HR-ESCA experimental valence

band. An experimental valence band is actually a density of states modified by the sensitivity

of the photoelectrons to detection and convoluted with the final states. For XPS, final states are

known to vary smoothly with energy, and hence their effect on the structure of the valence band

is small. Sensitivity of the photoelectrons to detection depends on a number of parameters such

as the energy of the incident x-rays and the atom type and orbital from which the

photoelectrons originate. This sensitivity is quantified and referred to as the photoelectron

cross-section. Values of the photoelectron cross-sections have been theoretically calculated by

Scofield and are tabulated in Reference 45. Table 2 reproduces the Scofield cross-sections

relevant to this study. In the core level analysis, the ratios of atoms on the surface can be

obtained in an approximate manner through modification of the core level areas by the

appropriate photoelectron cross-sections. This type of analysis would in principle be possible for

the valence band of MoS 2. However, the valence band region of MOS:?is complicated by overlap
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interactions between the valence atomic levels, Theoretical calculations are needed to dissect the

valence band region into contributions due to the different valence atomic levels.

The theoretical MoS 2 density of states can be partitioned into atomic orbital

populations (AOPOP's), which are defined as contributions to the density of states due to the

valence atomic levels in the basis. The resulting sum of the AOPOP's is the density of states.

Modification of the individual AOPOP's by the appropriate Scofield cross-sections with

subsequent summation of the modified AOPOP's will result in a calculation of the theoretical

valence band. The theoretical valence band can then be compared with greater accuracy to the

experimental valence band. AOPOP's that have been multiplied by the appropriate Scofield

cross-section will be referred to as modified AOPOP's (MAOPOP's) in the rest of the text.

This method of modifying the density of states is based on an approach, developed by Gelius,

that is used for the molecular orbitals of molecules. 46 In this study the major contributions )o

the density of states are due to the S3s, S3p and Mo 4d valence levels. The Mo 5s, Mo 5p levels

contribute a small amount to the density of states with an even smaller contribution to the

valence band due to the small photoelectron cross-sections involved. For this reason, the Mo 5s,

5p levels have been neglected in calculations of the theoretical valence band. Scofield cross-

sections and their ratios for Nb, Mo, Ru and S used in electronic structure calculations are listed

in Table 2. The Mo 4d to S3p cross-section ratio is 4.08. Thus the Mo 4d AOPOP is

effectively multiplied by 4.09 relative to the S3p AOPOP.

3.4 Structural Models of MoS 2 Studied.

3.4.1 _ Structure of MoS 2

Molybdenum disulfide, MOS,), forms a layer structure similar to graphite but with two

crystal modifications. These modifications are the hexagonal structure denoted 2H-MoSo and

the rhombohedral structure denoted 3R-MoS 2. The number in front of the letter in this

designation specifies the number of MoS 2 molecules per unit cell, two for the hexagonal

modification and three for the rhombohedral modification. The focus of this research has been

on the hexagonal modification since this is the structure of the synthesized polycrystalline

samples as well as of the naturally grown single crystals of MoS 2. Thus, the rest of this

discussion will focus on the bulk structure of 2It-MoS 2. Background information on the

transition metal disulfides structures is obtained from Wilson and Yoffe. 47
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Table 2.

Photoelectron Scofield cross-sections for Al Ka radiation.

Atom Orbital Cross-Section

Nb 4d3/2 0.0812

4d5/2 o. 1166
4d O.1978

5sl/2 0.0157

Mo 4d3/2 0.1298
4d5/2 O.1864
4d 0.3162

5sl/2 0.0157

P_u 4d3/2 0.274
4ds/2 0.393
4d 0.667

5si/2 0.0188

S 3sl/2 0.1465
3pi/2 0.0262
3P3/2 0.0512
3p 0.0774

Nb 4d 0.1978 2.56
Ratios: _ = _ =

Mo 4d 0.3162
---_ = 4.09

Ftu4d 0.667
= =8.62
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In 2H-MoS 2, the molybdenum atoms are coordinated to six sulfur atoms in a trigonal

prismatic environment. The sulfur atoms are each coordinated to three molybdenum atoms.

Formal charges of molybdenum and sulfur are generally given as +4 and -2, respectively.

However, as will be discussed later, MoS 2 is actually a fairly covalent compound that shares its

electrons between the molybdenum and sulfur atoms substantially more than indicated by the

formal charges. Calculated charges on molybdenum and sulfur are much smaller tha,i the

formal charges indicated.

2H-MoS 2 forms a layer structure with two molecules of MoS 2 per unit cell. Three

atomic layers consisting of first atomic layer sulfur, second atomic layer molybdenum and third

atomic layer sulfur make up one layer of MoS 2. One MoS 2 unit translated in two-dimensions

within the layer by a linear integral combination of primitive translations a and b forms the

infinite single sheet structure. Three-dimensional crystals are produced by stacking of the .'_[oS._

layers. The three-dimensional crystal is held together by weak van der Waals forces between

the sulfur atoms on adjacent MoS2 layers. In the three dimensional crystal the real lattice

vector, c, is perpendicular to the real lattice vectors, a, b, and to the direction of propagation of

the MoS 2 layers. The second MoS 2 molecule in 2H-MoS 2 resides in a second MoS 2 layer. This

second MoS 2 layer is offset from the first such that molybdenum atoms in the second are

beneath (or above) sulfur atoms in the first while sulfur atoms in the second are beneath (or

above) molybdenum atoms in the first layer. Real lattice vectors for 2H-MoSo are given in

equations ].2a, 12b, and 12c. A picture of the 2H-MoS 2 lattice is given in Figure 10. Table 3

lists the positions of the atoms in one unit cell of 2H-MoSo in terms of tile real lattice vectors,

a_ b, c. The length of the real lattice vectors a and b is the same and equal to 3.1G _.. Ali angle

between the vectors a and b is 120°. The length of c is 12.30 ,_.. The parameter u, equal to

0.128252, is defined as the elevation of the sulfur atoms above and below the plane oi"

molybdenum atoms in terms of c. Thus the two atomic layers of sulfurs in one MoS,_ layer are
O O

located 1.5775 A and -1.5775 A above and below the atomic layer of molybdenums. The

distance between the layers of sulfur belonging to two different MoS,_ layers, the Van der Waals

gap, is defined as h and is equal to 0.243496 or in actual units, 2.995/_.

c= Icl_" (12c)
where £, _', _"are unit vectors along the cartesian axes.
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2H-MoS2(CT)

J.A. Wilson and A.D. Yoffe,Advaa. Ph.vs., 18, 193(1969).

Figure 10. Representation of the bulk structure of 2H-MoS._.
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Table L.
Positions of the atoms in one unit cell of 2H-MoS,) in terms of the real
lattice vectors, a, b, c. (u = 0.128252)

tAkg.m position

Mo (0, 0, O)

s q ni
s
Mo
s (0,0,l+u)

S (0, 0, _-u)

Reciprocal lattice vectors can be calculated, using equations 13a, 13b, and 13c, from the

real lattice vectors defined above. 48 The reciprocal lattice vectors are given in equation 14a,

14b, and 14c. A set of parallel real lattice planes defined in terms of the Miller indices {hkl) has

a vector in the reciprocal lattice, Ghk I- ha*-Fkb*+lc*, that is perpendicular to this set of

planes. This point is important in interpretation of Laue back-reflection patterns. The

reciprocal lattice basis vectors a*, b* are equal in length and subtended by an angle of tj0°. The

reciprocal lattice is rotated by 30" when compared to the real lattice. Figures lla and llb show

the relationship between tlle real lattice vectors, a, b and the reciprocal lattice vectors, a*, b*,

for the 2H-MoS 2 system. The vectors c and c* are not shown but are simply perpendicular to

the first two vectors.

a* = bxc (13a)
a.(bxc)

b* = cxa (13b)a.(bxc)

c* = axb (13c)
a-(bxc)

a*=_-_l (___3) (14a)

b* =T_I (_. + _3) (14b)

(14c)
c*=Icl
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The first Brillouin zone can be found from tile reciprocal lattice by finding the smallest

volume enclosed by the perpendicular bisectors of the reciprocal lattice vectors. The first

Brillouin zone is the momentum space surrounding a single diffraction spot. This momentum

space is mapped by the wavevector, k. The wavevector gives directions in which crystal

properties propagate. For example, crystal orbital energies, e(k), show dispersion with the

wavevector, k. In Figure 11c is shown the two--dimensional first Brillouin zone of 2H-MoSo. lt

is noted that the orientation of the first Brillouin zone is rotated 30" from that of the reciprocal

lattice. Thus, the first Brillouin zone has the same orientation as the real lattice. Some high

symmetry points are indicated as F, K and M. These points are defined in terms of fractional

coordinates of the reciprocal lattice vectors, a*, b*, c*. In terms of the reciprocal lattice vectors

the coordinates of these points are as follows: F, (0, 0, 0); K, (1, 1, 0); and .'vi, (1, 0,0). Points

in the first Brillouin zone actually represent points in the k-space. Therefore, the K polar

actually represents the wavevector kK ta* + ½b* .9 ..= = 3--_alx,with origin at the F point. The9

length of this vector, kK, is 31a'-_'

3.4.2 Two--Dimensional MoS 2 Model

A two-dimensional infinite sheet of MoS 2 was used to model one layer of a 2H-MoS 2

single crystal. This structure excluded effects due to Van der Waals interactions between MoSo

layers. One molecule of MoS 2 translated in both the a and b directions produces the two-

dimensional layer. The structural parameters, cartesian coordinates in A, used in this

calculation are given in Table 4. The atoms Mo1, S2 and S3 define the MoS 2 repeat unit in

two-dimensions whereas the Mo-a and Mo--b atoms are used to define the real lattice vectors in

two--dimensions. Interactions were included up to four neighbors in each direction, a and b.

3.4.3 Three--Dimensional M_19._2 Mode.__.._l

Three--dimensional infinite structure of MoS 2 was used to model single crystals of MoS 2.

In this model, the layers discussed for the 2-D MoS 2 (Section 3.4.2) model were stacked in the

third direction, the c direction. Thus, the Van der Waals interactions were taken into account.

As discussed previously, in Section 3.4.1, the layers are offset such that molybdenum atoms in

adjacent layers are beneath (or above) sulfur atoms in the first layer. The structural

parameters, cartesian coordinates in _t, of the two molybdenum and four sulfur atoms

representing one unit cell of the 3-D structure are given in Table 4. In this calculation,

interactions were included up to four nearest neighbor cells in each of the directions, a, b, and c.
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Figure fla. Real lattice vectors s and b for 2H-MoSo.

Figure llb. Reciprocal lattice vectors &* and b* for 2H-MoSo.

z

t I
I I
I l

Y

x

Figure l lc. Filst Brillouin zone for 2H-MoS 2.
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Ta_D.l._L.

Structural parameters used in electronic structure calculations of 2-D

MoS 2 and 3-D MoS 2. (units are in _)

tamm. x _ z_
Mo 1 0. 0. 0.

Layer 1 -- S,_ 0. -1.8244269 1.5775

S3 0. -1.8244269 -1.5775
........................................................ .... .......

Mo 4 0. -1.8244269 6.1500
Layer 2 -- S5 0. 0. 7.7275

S6 0. 0. 4.5725
........--u..... ..... . .... ----..... .... .... ....... ------q. ..... ----

,)Mo-a 1.5800 -..7366403 0.
Real Lattice Mo-b 1.5800 2.7366403 0.

Vectors Mo-c 0. 0. 12.3000

3.4.4 1-D (MoS2.I 5 Models _ at _lg _ _ _

The 2-D infinite layer of MoS 2 discussed previously was terminated at different edge

planes to theoretically study the changes in electronic structure produced by the addition of

edges. Structures with two d[!ferent edges, (1010) and (1011), were studied. A structure wit,

(1010) edges was produced by theoretically terminating the 2-D infinite sheet with edges

perpendicular to the basal plane (0002). A structure with (1011) edges was produced by

theoretically terminating the 2-D infinite sheet with inclined edges. The result in both cases

was a unit cell of 5 MoS 2 units that when propagated in one-direction, the _"direction, produced

a sheet of infinite in the _" direction but of finite width in the _" direction. Table 5a gives the

structural parameters of the 1-D (MOS2) 5 model terminating in (1010) edges. Figures 12a and

12b show the 1-D (MOS2) 5 system terminating at the (10]'0) edges as viewed parallel to the x-

axis (side view) and z-axis (top view), respectively. Table 5b gives the structural parameter q of

the I-D (MOS2) 5 model terminating in (10il) edges. Figures 12c and 12d show the 1-D

(MOS2) 5 system terminating at the (1011) edges as viewed parallel to the x-axis (side view) and

z-axis (top view), respectively. The only difference in the structural parameters of these two

models occurs in those of sulfur atom S-0601. In the structure terminating by the (1010) edges,

the S-0601 atom is located on the same edge as S-0501. However, in the structure terminating

by the (1011} edges, the S-0601 atom is located on the opposite edge.

The structures discussed above expose molybdenum and sulfur atoms with different

degrees of coordination on edge planes. In 2H-MoS 2, the molybdenum atoms are coordinated to

6 sulfur atoms while the sulfur atoms are coordinated to 3 molybdenum atoms. Addition of
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2.coordinate Mo
(Sdqt 1)

1-coordinate S
(Edge 2)

/
S-0S01

i
S-0601 Mo.0101

Figure 12a. Side view (parallel to the x-a.xis) of th_ ].-D (MOS2)5 system
terminating at the (10_0) edges. The (10T0)structure was
terminated in straight edges perpendicular to the basal plane.
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I a II I
I I

I

T T
1-coordinate S-0501, S-0601 2-coordinate Mo-0101

(Edge 2) (Edge 1)

X

(Direction of propagation)

Figure 12b. Top view (parallel to the z-axis) of tile 1-D (MOS0) 5 system
terminating at the (1010) edges.
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Edge 2 Edge 1

1-coordinate S
(S-OS01)

5-coordinate Mo 4-coordinate Mo
(Mo-0301) (Mo-0101)

2.coordinate S
(S.0601)

z

Fisure 12c. Side view (parallelto tllex-axis)of the I-D (MoSo)5 system
terminatingat the (I011) edges. The (1011) structurewas

terminatedinedgesinclinedtothebasalplane.



.-yr

I
I I
I a I Edge 1

Edge 2 i iI I
I

l
1-coordinate S 4.¢oordlnale Mo /

(S.osol) (Mo.0101) |
S.coordlnate Mo 2.coordinate S

(Ma-O_01) (S-OS01 )

X

Figure 12d. Top view (parallel to the z-a._ds) of the 1-D (MoS2).5 system
terminating at the (LOT1) edge_.



Table 5a.

Structural parameters of 1-D (MOS2) 5 terminating in (10i0)edges.
(units are in i)

Atom x v z
Mo--0101 0. 5.473281 0.
Mo-0201 0. 0. 0.
Mo-0301 0. -5.473281 0.
Mo--0401 1.580 2.736640 0.
Mo--0501 1.580 -2.736640 0.

S-0101 0. 3.648854 1.5775
S-0201 0. 3.648854 -1.5775
S-0301 0. -1.824427 1.5775
S-0401 0. -1.824427 -1.5775
S-0501 0. -7.297707 1.5775
S-0601 0. -7.297707 -1.5775
S-0701 1.580 0.912213 1.5775
S-0801 1.580 0.912212 -1.5775
S-0901 1.580 -4.561067 1.5775
S-1001 1.580 -4.561067 -1.5775

Mo--a 3.160 0. 0.

Table5b.

Structural parameters of 1-D (MOS2) 5 terminating in (1011) edges.
(units are in ,/k)

Atom x z z
Mo-0101 0. 5.473281 0.
Mo-0201 0. 0. 0.

Mo--0301 0. -5.473281 0.
Mo--0401 1,580 2.736640 0.
Mo-0501 1.580 -2.736640 0.

S-0101 0. 3.648854 1.5775
S-0201 0. 3.648854 -1.5775
S-0301 0. -1.824427 1.5775
S-0401 0. -1.824427 -1.5775
S-0501 0. -7.297707 1.5775
S-0601 1.580 6.385494 -1.5775
S-0701 1.580 0.912213 1.5775

S-0801 1.580 0.912212 -1.5775
S-0901 1.580 -4.561067 1.5775
S-1001 1.580 -4.561087 -1.5775

Mo--a 3.160 0. 0.
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edges into these structures exposes atoms that are not fully coordinated. Addition of (1010)

edges exposes two different edges. The first edge consists of two-coordinate molybdenum atoms:

the second edge consists of one-coordinate sulfur atoms (in the first and third atomic layers).

Addition of (1011) edges also exposes two different edges. The first edge consists of two-

coordinate sulfur atoms and four-coordinate molybdenum atoms. The second edge consists of

one-coordinate sulfur atoms (first atomic layer only) and five-coordinate molybdenum atoms.

3.4.5 2-...DDH-MoS 2 Model

Hydrogen adsorption on 2-D MoS 2 was studied by theoretically placing a hydrogen

atom at different spots on the basal plane. Since the 2-D MoS 2 structure contained no edges,

only two types of hydrogen sites were calculated. In the first structure a hydrogen atom was

placed directly above a basal plane sulfur atom such that the S-H distance was t.35 _ (-+-z

direction). This S-H distance was chosen because the S-H distance in an inorganic SH._

molecule is 1.3455 _.3 In the second structure a hydrogen atom was placed directly above a

molybdenum atom such that the Mo-H distance was 1.7 /_. (+z direction). Due to the trigonal

prismatic coordination of molybdenum, hydrogen atoms in the second structure were also

located 1.83 ._. away from three equivalent sulfur atoms. These structures are highly saturated

with hydrogen because there is one hydrogen atom per unit of MoS 2. Figures 13a and 13b show

the position of hydrogen theoretically adsorbed on basal plane sulfur atoms and molybdenum

atoms in 2-D MoS 2. The structural parameters used in the 2-D H-MoS 2 calculations are given

in Tables 6a and 6b.

Table fi_.
Structural parameters used in electronic structure calculations of 2-D

H-MoS 2 with hydrogen directly above basal plane sulfur atoms.
(ds_H=l.35 _, dMo_H=3.45 _)

Atom x v z_
Mo-0101 0. 0. 0.

S-0201 0. -!.8244269 1.5775
S-0301 0. -1.8244269 -1.5775
H-0401 0. -1.8244269 2.9275
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H a HI i
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Figure13a. Hydrogen theoreticallyadsorbedon basalplanesulfuratoms in2-D

MOS.).m

s H

S _ i /,%, !

M6

Figure13b. Hydrogen theoreticallyadsorbedon basalplanemolybdenum atoms
in2-D MoSo.
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Table 6b.

Structural parameters used in electronic structure calculations of 2-D

H-MoS 2 with hydrogen directly above molybdenum atoms.
(dMo_H=l.7 ,_, dS_H=l.83 ,_)

A_aam x v z
Mo-0101 0. 0. 0.

S-0201 0. -1.8244269 1.5775
S-0301 0. -1.8244269 -1.5775
H-0401 0. 0. 1.7

3.4.6 1-D H-(MoS2.}.5 Model Terminating in _

Hydrogen adsorption on the 1-D (MOS2) 5 model terminating in (I0]I) edges was

studied theoretically by placing hydrogen atoms at various sites on the edge and basal plane

atoms. The structure terminating in (10]'1) edges was chosen since this structure was found to

be energetically more stable than the structure terminating in (1010) edges. Insight into

possible sites for hydrogen adsorption was obtained from a study of the electronic structure of

the bare 1-D (MOS2) 5 surface. For instance, on the edge with 2-coordinate sulfur atoms (S-

0601) exposed, dangling sulfur py-type orbitals are present at the top of the valence band.

Thus, theoretically placing a hydrogen atom 1.35 ._. away from this sulfur atom, in the +y

direction, seems like a good site for hydrogen to adsorb. These structures are not as highly

saturated with hydrogen as in the previous case of 2-D H-MoS 2 because there is one hydrogen

atom per five units of MoSo. The structural parameters of the hydrogen atom for each of the 11

different locations are shown in Table 7. The structures of hydrogen adsorbed on the four edge

locations (Cases A-D) and two of the basal plane locauons (Cases E and I) are shown in Figures

14a-14f.

3.5 Structural Models of NbS 2 Studied.

3.5.1 _ _tructure of NbS 2

The bulk structure of 2H-NbS 2 is very similar to that of 2H-MoS 2. Again, a number of

different NbS 2 modifications exist. However, this study focused on the hexagenal modification.

2H-NbS 2 forms a layer structure in which the niobium atoms are coordinated to 6 sulfur atoms

in a trigonal prismatic environment. Each sulfur atom is coordinated to 3 niobium atoms. As

described previously for 2H-MoS 2, Section 3.4.1, sandwiches of NbS 2 propagate in two-

dimensions in the directions of the real lattice basis vectors, a and b. Stacking of the NbS,_

layers in the third direction, c, perpendicular to a and b produces the three-dimensional crystal.

The definition of the real lattice and reciprocal lattice vectors, given in Section 3.4.1, is the same
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Table 7.

Structural parameters of the hydrogen atoms placed on a 1-D

(MOS2) 5 model terminating in (10il) edges. The structural
parameters for bate 1-D (MOS,))5 are given in Section 3.4.4. Also
shown is the name of the nearest" neighbor, NN, atom in each case and

the closest distances, dS_H, dMo._H. (units are in _.)

Cas_...._e Ato_.._._m x v_ z_ NN Atom ds_ H d_Mo_ H Site.

A H-0101 1.58 7.735494 -1.5775 S-0601(+y) 1.35 3.18 Edge 1

B H-0101 0. 7.173281 0. Mo-0101(+y) 2.37 1.7 Edge 1

C H-0101 0. -7.297707 2.9275 S-0501(+z) 1.35 3.45 Edge '2

D H-0101 0. -5.473281 -1.7 Mo-0301(-z) 1.83 1.7 Edge '2

E H-0101 0. 3.648854 2.9275 S-0101(+z) 1.35 3.45 Basal

F H-0101 0. -1.824427 2.9275 S-0301(+z) 1.35 3.45 Basal

G H-0101 1.58 0.912213 2.9275 S-0701(+z) 1.35 3.45 Basal

H H-0101 1.58 -4.561067 2.9275 S-0901(+z) 1.35 3.45 Basal

I H-0101 0. 0. 1.7 lVIo-0201(+z) 1.83 1.7 Basal

J H-0101 1.58 2.736640 1.7 Mo-0401(+z) 1.83 1.7 Basal

K H--O101 1.58 -2.736640 1.7 Mo-0501(+z) 1.83 1.7 Basal
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Edge 1

Edge 2

H on S-0601

Figure 14a. Hydrogen theoretically adsorbed on edge plane $-0601 in the 1-D

(MOS2)5 structure terminating at, d_e (10TI) edges. (Case A)
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H on Mo-0101
(+y)

ge 1

Edge 2

Figure 14b. Hydrogen theoretically adsorbed on edge plane .'vIo-0101 in the I-D

(MOS2) 5 structure terminar, ing at the (lOT1) edges. (Case B)
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H on S-0501
(.z)

Edge 1

Edge 2

Figure14c. Hydrogen theoreticallyadsorbedon edge planeS-0501 in tlle[-D

(MOS2) 5 structure terminating at the (10i"1) edges. (Case C)
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Edge 1

Edge 2

X on Mo-0301
(-z)

Figure 14d. Hydrogen theoretically adsorbed on edge plane Mo-0301 in the I-D

(MOS2) 5 structure terminating at tile (tOTt) edges. (Case D)
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H on S.0301
(Basal plane, +z)

Edge 1

Edge 2

Figure 14e. Hydroger theoretically adsorbed on basal plane S-0301 in tile l-D

(MOS2)5 structure terminating at the (lOT1) edges. (Case E)
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X on Mo-0201

(Basal plane, +z)

/
Edge 1

Edge 2

Figure 14f. Hydrogen theoretically adsorbed oa basal plane Mo-020i ill the 1-D

(MOS2) 5 structure terminating at the (IUTI) edges. (Case [)
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forboth 2H-NbS 2 and 2H-MoS 2. In thecaseof2H-NbS 2,thefollowingstructuralparameters

are defined: lal=lbl=3.31/_, Ic1=11.89 _, u=0.125 (ulc[=1.48625 _,), and h-0.250 (hlc1=2.9725

_).

The main difference between the bulk structures of 2H-NbS 2 and 2H-MoS 2 is in the

orientation of the second NbS2 layer. In 2H-NbS 2, the layers are stacked such thai niobium

atoms in adjacent layers lie above or below niobium atoms in the first layer. Table 8 lists the

positions of the atoms in one unit cell of 2H-NbS 2 in terms of the real lattice vectors, a. b, and

C.

TableS.
Positions of the atoms in one unit cell of 2H-NbS 2 in terms of the real
lattice vectors, a_ b, and c. (u-0.125)

Position

Nb (0, O, O)

s °)
Nb (0,0,½)

3.5.2 2-D N_.b.._.2 Model

Structural parameters used in the electronic structure calculations of one layer of NbS2

are listed in Table 9. Again, this structure neglected the Van der Waals interactions between

adjacent layers. Interactions were calculated up to four nearest neighboring unit cells in the

directions of a and b.

Table9.
Structuralparametersusedin electronicstructurecalculationsof one

NbS 2 layer.(unitsareinllt)

Atom x y. z_.
Nb--0:01 0. 0. 0.

S-0201 0. -1.9110294 t.48625
"- S-0301 0. -1.9110294 -1.48625

Nb--a 1.655 -2.8665441 0.
Nb-b 1.655 2.8665441 0.
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3.6 StructuralModels ofRuS 2 Studied.

3.6.1 Bulk StructureofRuSo

The bulk structureof RuS 2 is verydifferentthan that of the layercompounds, 2H-

NbS 2 and 2H-MoS2, discussedpreviously.RuS 2 existsin the bulk as the pyritestructure.

Many transitionmetal disulfidese.xhibitthe pyritestructure.Some representativepyritic

transitionmetal disulfidesare the following:MNS,),FeS,),COS,),NiSo.and RuS,).The pyrite

structurecan be visualizedas a derivationof the NuCl structure.Unitcellsof both NaCl and

transitionmetal disulfidepyritecompounds areface-centeredcubic(fcc).The unitcellof NuCl

ismade of two interpenetratingfcclattices,one ofwhich containsonlythe Na + cationsand a

secondcontainsonly the Cl- anions. The pyritetransitionmetal disulfidesalsocontaintwo

interpenetratingfcclattices.The firstfcclatticecontainsonly the transitionmetal,M. The

secondfcclatticehas latticepointsthatconsistof the centersofS2 dimers. Sulfurdimersare

positionedsuch that the bond between dimers liesalong one of the fourequivalent(111)

directions.49 The formalchargeon the transitionmetal,e.g.Ra, is+2 whilethaton the sulfur

dimer pairs,$2, is-2. Thus, eachsulfurhas an effectiveoxidatioastateof-I. One unitcellof

the pyritecompound, RuS2, isshown inFigure15.50

There are fourlatticepointsper unitcellin thepyritestructure.Each latticepointis

made up of one transitionmetal atom and a sulfurdimer. The coordinatesofthe latticepoints

are listedinTable 10. The shiftparameter,u, isdesignatedsuchthatifu=0, thentheoriginal

NuCl type latticeisobtained.In the pyritecompounds thiswould leadtoan empiricalcrystal

formulaof MS, insteadof MS2, due to coalescenceof thesulfurs.When the valueof u--l,the

sulfurscoalescewith themetalatoms. Thus the rangeofu isdefinedfor0 < u < 1.

Table 10.

Positionsof the atoms in one unitcellof a pyritictransitionmetal

disulfidecompound intermsofthelatticevectors,a,b,and c.

lo,o,o) (_,,_. 1+_ (.,_,_-u/
/½,½,oi !½+.,½-o, l+u
lo,½, c-°,
(½, 0, ½) (½-u, u, l-u) (½+u, -u, 1-+-u)
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Figure 15. Unit cell of the pyritic transitioa metal disulfide RuSo. la this cubic
structure the lengths of the real lattice vectors, a. b. aad c are ali
equal to 5.6095 .2k. (Whi_e circles=sulfur atoms, black
circles-ruthenium atoms.)
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Each transition metal atom has six nearest neighbor sulfur atoms. The sulfur atoms surround

the metal in a distorted octahedral array. Each sulfur atom is surrounded by 3 metal atoms

and 1 sulfur atom in a distorted tetrahedral environment. The cell dimensions, shift parameter,

u, S-S bond length and M-S bond length for the pyrite compounds, FeS 2 and RuS 2, are

compared to the corresponding values for NbS 2 and MoS 2 in Table 11.

 I.L.
Cell dimensions, shift parameter, u, S-S, M-S and M-M bond length

in pyrite compounds, MnS, FeS_, CoS 2, NiSg, and RuS,), as
compared to the hexagonal compounds 2H-NbS9 and 2H-l_IoSg.

(RuS 2 parameters obtained from Reference 50 and l_nS 2, FeS 2, CoS 2,

NiS2 parameters obtained from Reference 51)

MX2 a S-S M-S M-M
MnS 2 d 5 (Mn +2) 6.097 0.0988 2.086 2.590 4.311

FeS 2 d 6 (Fe +2) 5.404 0.1160 2.171 2.259 3.821 Pyritic

CoS 2 d 7 (Co +2) 5.523 0.1110 2.124 2.315 3.905

NiS 2 d 8 (Ni +2) 5.677 0.1050 2.065 2.396 4.014

RuS 2 d6 (Ru+2) 5.6095 0.1121 2.178 2.351 3.966

2H-NbS 2 dI (Nb+4) 3.31,11.89 0.125 2.97 2.42 3.31 Hexagonal

2H-MoS 2 d2 (Mo +4) 3.16,12.30 0.128252 3.16 2.41 3.16

3.6.2 3-D RuS 2 Model

Since the RuS 2 structure does not exhibit a layer-type structure, only three-dimensional

models of the bulk structure were studied. Structural parameters used in electronic structure

calculations of 3-D RuS 2 are shown in Table 12.

3.7 ChoiceofWavevectorsPoints,k-Points,inthe FirstBrillouinZone.

Priorto electronicstructurecalculations,a setof wavevector,k, pointswas chosenfor

each structure.This setof k-pointsdefinedthe typeofcalculationto be carriedout. A large

setof k-pointsrepresentativenfthe firstBrillouinzone was usedforcalculationsofthe density

of statesand theoreticalvalencebands. A smallersubsetof k-pointspropagatingin one-

directionof the firstBrillouinzone was usedforobtainingthe energydispersioncurves. The

calculationofenergiesand crystalBlochorbitalswas repeatedforeach k-pointintheset.This

sectiondiscussesthek-pointsetsusedinelectronicstructurecalculations.
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Tabl____e12.
Structural parameters used in electronic structure calculations of 3-D

RuS 2. (L,, _s are in ._.)

Ato_......_.mmx v z
Ru-0101 0. 0. 0.
Ru-0201 2.804750 2.804750 0.

Ru-0301 0. 2.804750 2.804750

Ru-0401 2.804750 0. 2.804750

S-0501 -0.628825 -0.628825 3.433575

S-0601 0.628825 0.628825 2.175925

S-0701 3.433575 2.175925 2.175925
S-0801 2.175925 3.433575 3.433575
S-0901 -0.628825 2.175925 4.980675
S-1001 0.628825 3.433575 6.238325
S-1101 2.175925 0.628825 4.980675
S-1201 3.433575 -0.628825 6.238325
Ru-a 5.6095 0. 0.
Ru-b 0. 5.6095 0.
Ru-c 0. 0. 5.6095

3.7.1 The k-PointSetsUsed in(_alculationsoftheDensityof_tatesand Theoretical

ValenceBands o._f2H-NbS2 _ 2H-MoS 2

The densityof statesand theoreticalvalencebands of 2H-NbS 2 and 2H-MoS 2 were

calculatedusinga verylargesetofk-points.As mentionedpreviouslyinSection3.4.1,thetwo-

dimensionalfirstBrillouinzoneof 2H-NbS 2 and 2H-MoS 2 ishexagonal.Due to the hexagonal

symmetry, a triangularportion(I/12ofthe Brillouinzone)can be used to representthewhole

Brillouinzone. This portionisshown inthe firstBrillouinzoneof 2H-MoS 2 (Section3.4.1)as

the area enclosed by the directions r---M, r--K, and K-.M. Two sets of k-points will be

discussed in reference to calculations of the density of states and theoretical valence bands of

2H-NbS 2 and 2H-MoS 2. The first set is referred to as special k-points and the second set is

referred to as a uniform grid of k-points.

The special set of k-points was obtained from a two-dimensional graphite example

contained in the EttMACPP program. Since two-dimensional graphite, NBS2, and MoS 2

exhibit the same two-dimensional hexagonal first Brillouin zone, the k-points from this example

were used for electronic structure calculations of two--dimensional NBS,) and MOS,). This special

set of k-points consisted of a total of 171 k-points. The k-points were input into the program

in terms of kl, k2, and k3, defined as follows: kl=Ua*; k2=vb*; and k3=wc* (where u, v, w are

fractional coordinates). The fractional coordinates u, v and w were input into the program for

each k-point to be calculated. A plot of the 171 special k-points is shown in Figure 16. These
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plots were generated in terms of the vectors kx and ky because the vectors k I andk 2 are not

perpendicular. These vectors are defined in the following: kx=(U+V_-_; ky=(V-U . Thus.

Figure 16 actually plots lalx/3ky vs. lalk x or (v-u)_" vs. (u+v)_. However, tile special points

shown in Figure 16 still represent the area enclosed by the directions F---.M, F--,K, and K-.M of

the first Brillouin zone.

A uniform grid of k-points was derived from the set of special k-points discussed above.

The plot of special k-points shows that every third row of k-points is missing in this set. Upon

inclusion of the missing k-points a uniform grid of k-points consisting of a total of 271 k-points

results. A plot of the uniform grid of 271 k-points is shown in Figure 17. From the figure it

can be seen that the direction F---K lies along the kx axis.

Most of the density of states and theoretical valence band calculations were carried out

using the set of 171 special k-points instead of the uniform grid of 271 k-points. Use of special

k-points resulted in a good description of the electronic structure without loss of information.

Electronic calculations performed using both the uniform grid of 271 k-points and the special

171 k-points provided similar results. Thus, no information was lost when using the special k-

points and substitution was permissible. Calculation of the density of states and theoretical

valence bands using a limited set of 12 special k-points does, however, lead to a markedly

different result. Thus, large sets of k-points are needed for accurate representation of the

theoretical valence band.

3.7.2 The k-Point Sets Used in Calculations of 9_H-MoS2 FdLgtgg Dispersion Curves

Theoretical energy dispersion curves of two- and three--dimensional 2H-MoS, were

calculated using the EttMACPP program. For these calculations, sets of k-points propagating

in specific high symmetry directions were used. Energy dispersion curves for t,he following

directions were calculated: I'-.K, F--.M, and K-.M. The k-points along the F--.M direction

I

had values of Ikl ranging from 0 at the F point to _ at the M point. In this direction the

values of kl, k2, and k3 have the ranges defined in the following: k1=0-.0.5s*; k2=0; and

k3=0. The k-points along the F-.K direction had values of Iklranging from 0 at the F point to
2

1"_ at the K point. In this direction the values of k 1, k2, and k3 have the ranges defined in the

following: kl=O+"; k2=O--,_b*; and k3=O. In general, calculations were carried out using 51

k-points ih each direction to ensure better continuity of the resulting energy dispersion curves.
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Chapter 4

EXPERIMENTAL RESULTS

4.1 HR-ESCA Analysisof PolycrystallineNbS(2_x),MOS2, and RuS 2.

4.1.1 Core_ AnalysisPolycrystallineMp.._.2

Priorto HR-ESCA analysisof the valencebands ofpolycrystallinesamples,the surface

compositionwas probedby obtainingsurveyand corelevelspectra.Surveyspectrafollowedby

detailedcore levelspectrawere obtained as indicatedin Section2.3.3. Core levelspectra

collectedwere thefollowing:transitionmetal T, 3d; S,2p; C, is;and O, is. The carbonand

oxygen regionswere recordedto probethe cleanlinessofthesurface.Approximate surfaceatom

ratioscould be found from a ratioof thecorelevelpeak areasmultipliedby the inverseof the

respectiveScofieldcross--sections.Homogeneous compositionand oxidationstatesof the

transitionmetaldisulfidesurfacewerejudgedfrom thetransitionmetal3d and S 2p regions.If

corelevelsdue toonlyone typeof oxidationstatewere present,thesurfacewas assumed to be

uniform.

A surveyspectrum of polycrystallineMOS2, preparedas describedin Section2.1.2,is

shown in Figure18a. The surveyspectrumshowed thatmolybdenum and sulfuratoms werethe

predominantchemicalspeciespresenton the surfacebut smallamounts of carbonand oxygen

were alsopresent. This sample was pretreatedpriorto HR-ESCA analysiswith a 2.04 %

H2/N 2 gas mixture.The samplewas notexposedtoairafterthepretreatmentprocedure.

Regionalscansof individualcorelevelsforpolycrystallineMOS,) are shown in Figures

18b,18c,18d,and 18e. The carbonisand oxygen Isregions,Figures18b and 18c, indicate

surfacecontaminationby carbonand oxygenspecies.The symmetriesand narrow peaksinthe

Mo 3d regionshown in Figure18d indicatethe presenceof only one molybdenum oxidation

state.The raw data show a Mo 3d5/2 peak at 229.03eV and a 3d3/2 peak at 232.18eV. To

check thespectrometercalibration,a regionalscanof theAu 4fcorelevelswas obtained.The

Au 4f7/2peakshouldappearat83.98eV. Inthiscase,theAu 4f7/2peak appearedat83.96eV,

a differenceof-0.02eV. Thus,on comparisonwiththeAu regionallofthe peakpositionswere

shiftedto higherbindingenergyby .0.02 eV, to 229.05eV (Mo 3d5/2)and 232.20eV (Mo

3d3/2). The spin-orbitsplittingbetween the two Mo 3d peaks is3.15eV. In molybdenum

metal,the Mo 3d5/2 peak appearsat 227.7eV with a 3d splittingof 3.15 eV.52 Thus in

polycrystallineMOS2, molybdenum appears at a higher binding energy relativeto a

molybdenum speciesin themetallicstatebut withthesame spin-orbitsplitting.The 3d shifts

can be interpretedby lookingatthechargepotentialmodel developedby Siegbahnand
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discussed in Reference 53. The charge potential model relating binding energies of a specific core

ejected from same atom in two different environments, E!j),- to the
level photoelectron

 or po di g pote ti l  oiid ,  hownin15.For
existing in two different oxidation states in separate compounds with

where qi0)- charge on atom i

k - constant

E!j)=binding energy

.... v[J)=potential" in ionic solids. Summation extending over the
whole lattice and closely related to the Madelung energy.

q(1)>q(2) (or q(1)<q(2)), then the binding energy of a core level photoelectron ejected from the

first compound, E(1), will be larger (smaller) than the binding energy of a core level

photoelectron ejected from the atom lathe second compound, E(2). Thus, Mo 3d electrons from

the more positively oxidized species will require more energy to be removed from the atom and

the Mo 3d photoelectron peaks will appear at higher binding energy relative to a zero valent

molybdenum species.

The symmetric and narrow peaks in the S 2p region shown in Figure 1Be indicate the

presence of only one sulfur oxidation state. The binding energies of the S 2p emission range

from approximately 160 eV to 170 eV. 50 Sulfate, (SO4)-2 , species generally appear at higher

binding energies near -- 167-169 eV. This region was monitored and sulfate type species were

not detected. The S 2P3/2 and S 2Pl/2 peaks in the present sample appear at 161.86 eV and

163.05 eV with a splitting of 1.19 eV. When shifted by +0.02 eV (consistent with the Au

calibration), the peaks appear at 161.88 eV and 163.07 eV, respectively. The S 2p peaks of a

sulfur, Sn, species appear at _ 164 eV (literature peaks of S 2p region ate unsplit due to lower

spectrometer resolution). 50 Compared to a sulfur, Sn species, the sulfur in MoS 2 is reduced.

A rough estimate of the carbon and oxygen contamination levels on the polycrystalline

MoS 2 surface can be obtained from the corresponding photoelectron peak areas and Scofield

cross-sections. The ratio of molybdenum to carbon surface atoms was found to be

approximately 1.8. The ratio of molybdenum to oxygen surface atoms was found to be

approximately 3.0. Although this sample was not exposed to air after the pretreatment

procedure, it seems likely that this procedure was not effective enough to remove ali of the

impurities.
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4.1.2 Core LevelAnalysisofPolycrystallineNb_(2_x)

PolycrystallineNbS(2_x)was alsostudiedvia HR-ESCA. As discussedinSection2.1.4,

this sample was not stoichiometricand containeda large amount of excess niobium.

Pretreatmentof thissample in a 14.8% H2S/H 2 gas mixturepriorto HR-ESCA analysiswas

carriedout in the hope of creatinga homogeneous NbS 2 surface.HR-ESCA analysisrevealed

thepresenceof a largeamount ofsurfaceoxygen and smallamount ofsurfacecarbon. However,

the most disturbingfeatureabout thissample was the presenceof 2-3 differentniobium

oxidationstatesand 2 differentsulfuroxidationstates.

Curve fittingof the Nb 3d regionindicatedthatthe largestcontributionwas derived

from a Nb 3d5/2 peak situatedat a bindingenergyof 203.45eV. This oxidationstatewas

attributedto niobium atoms in stoichiometricNbS 2. Other niobium specieswere locatedat

higherbindingenergiesand could probablybe attributedto non-stoichiometricniobium oxide

and niobium sulfidespecies.In Nb(0) metal,the Nb 3d5/2 peak appearsat a bindingenergy

between 201.6eV and 202.4eV.25 Thus, niobium atoms in the sulfideareoxidizedrelativeto

niobium atoms in themetal.

Curve fittingof the S 2p regionof NbS(2_x) (Figure19) showed the presenceof two

differentsulfuroxidationstates.However, no sulfate-typespecieswere found on thissample.

The two S 2P3/2 peaksweresituatedatbindingenergiesof 160.83eV and 161.82eV. The peak

at 161.82eV had an area approximatelydouble that of the peak at 160.83eV. Thus, by

comparison to the S 2P3/2 peak of MoS 2 situatedat 161.88eV, the peak at 161.82eV was

attributedtosulfuratoms inNbS 2. The peak at 160.83eV couldbe attributedtosulfuratoms

in non-stoichiometricniobium sulfide.A secondform of niobium sulfide,_Nb2S5,isrelatively

stableand may haveformedinconjunctionwithNbS 2.

4.1.3 Core LevelAlaa_gsisofpolycrystaUineRuS 2

A surveyspectrum of polycrystallineRuS2, preparedas describedin Section'.).I.3,is

shown in Figure20a. This sample was loaded intothe HR-ESCA instrumentunder N,)

immediatelyfollowingthe pretreatmentprocedureand was not exposed to air priorto HR-

ESCA analysis.As indicatedin the surveyspectrum,the surfaceof thissample consistedof

rutheniumand sulfuratoms. A small amount ofoxygen was alsopresenton the surface.An

approximateestimateof the surfaceatom ratioofrutheniumto oxygen was obtainedfrom the

photoelectronpeak areasand Scofieldcross-sections.The surfaceruthenium to oxygen atom

ratiowas found tobe -.,1.6.Due totheuseofa-RuCl3 asa startingmaterialforRuS2,
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contaminationby chlorinewas alsoexpected. However, no significantsignaldue to CI 2p

photoelectronswas observedatbindingenergiesaround 200 eV.

Regionalscansof individualcorelevelsof polycrystallineRuS 2 are shown in Figures

20b,20c,and 20d. In the caseofRuS T the C Ispeak (_ 284 eV) overlapswiththe Ru 3d3/,2

peak (284.05eV). Thus, carboncontaminationcouldnot be monitoredby obtainingthe C is

region. However a carbon Auger transition,KL23L23, locatedat approximately1226 eV was

used tocheckforthe presenceofsurfacecarbon.50 The carbonaugerregionisshown inFigure

20b. The lineshown ixidicatestheapproximatepositionthatthecarbonaugertransitionwould

appearifcarbonwas present.No significantamount ofcarbonwas found to be presenton this

surface.This regiondoesshow a Ru MNN Auger transitionat .-_1214eV.

The Ru 3d region,asshown inFigure20c,indicatesthe presenceofonlyone ruthenium

oxidationstate. The Ru 3d5/2 and l_u 3d3/2 peaks appear at 279.96eV and 284.05 eV,

respectively.Thus, the Ru 3d levelissplitby 4.09eV. HR-ESCA analysisofboth ruthenium

metal,Ru(0),and rutheniumoxide,RuO2, was alsocarriedout such thata comparisonof the

Ru 3d peak positionscould be made. Peak positionsand splittingsof the Ru 3d regionfor

RuS 2, Ru(0),and RuO 2 are givenin Table 13. As indicatedin the Table 13,the Ru 3d5/2

peaksin RuS 2 and Ru(0) occurat a bindingenergiesoi'279.96eV and 280.05eV, respectively.

Ruthenium in the sulfideappears to lievery closein binding energy to the zero-valent

rutheniuminthe metal. From simpleelectrostaticarguments,the rutheniumin RuS 2 seems to

be slightlyreducedrelativeto a rutheniumatom in Ru(0) metalsincethe bindingenergyofthe

Ru 3d5/2 peak islessforthe sulfidethan forthe metal. However. rutheniumatoms in RuC)?

are oxidizedrelativeto a rutheniumatom in Ru(0) metal sincethe bindingenergyof the Ru

3d5/2 peak isgreaterforthe oxidethan forthe metal. This resultcomes as a surprisebecause

the formaloxidationstateof the rutheniumatoms in the sulfideissupposedto be +2. These

resultsindicatethat RuS 2 is held togetherby largelycovalentinsteadof ionicforces.The

rutheniumatoms inRuS 2 may actuallyexhibita verysmallpositiveorzerocharge.

Ta.l_13.

Peak positionsand splittingof the Ru 3d regionobtainedvia HR-

ESCA forthe followingpolycrystallinecompounds: RuS T Ru(0),and

RuO 2.

Peak Positions _ Svin

Ftu 3d3/2 Ru 3d5/2 _

RuS 2 284.05 279.96 4.09

Ru(0) 284.17 280.05 4.12

RuO 2 284.93 280.70 4.23
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The symmetric and narrow peaks in the S 2p region shown in Figure 20d indicate the

presence of only one oxidation state of sulfur. No sulfate-type species were found to be present

on the surface of this sample. A qualitative analysis of the sulfur to ruthenium atomic surface

ratio using corresponding photoelectron areas and Scofield cross-sections resulted in a value of

ca. 2 sulfur atoms per ruthenium atom on the surface. The S 2P3/2 and 2Pl/2 peaks appear at

162.59 eV and 163.73 eV with a splitting of 1.14 eV. The S 2P3/2 peak in polycrystalline MoS 2

appears at 161.88 eV. Thus, the sulfur atoms in pyritic RuS 2 are oxidized relati" _. to sulfur

atoms in layered MoS 2 but reduced relative to a sulfur, Sn, species. Formal oxidation states for
i)_

sulfur atoms in layered MoS 2 and pyritic RuS 2 are -2, from S2- species, and -1, from (S2)-

species, respectively. The binding energies of the S 2p region follow the change in oxidation

state on moving from a layered to a pyritic transition metal disulfide.

To investigate the changes in binding energies (and hence oxidation states) of tile

transition metal and sulfur on proceeding from layered to pyritic structures, a second type of

pyritic material, naturally occurring pyrite, FeS 2, was studied via ttR-ESCA. A natural single

crystal of pyrite, FeS2, was obtained from Ward's Natural Science Establishment. This crystal

was obtained naturally in the cubic modification. Thus, simply cutting the surface parallel to

one of the cubic planes gave the (100) surface of FeS 2. Back-reflection Laue was used to verify

the assignment of (100) to the FeS 2 surface.

HR-ESCA analysis of the Fe 2p region of this sample indicated the existence of only one

iron oxidation state. The Fe 2P3/2 peak in the sulfide appeared at a binding energy of 707.08

eV. Literature values for the Fe 2P3/2 peak in metallic iron, Fe(0), and FeS 2 are 706.8 eV and
706.,5 eV, respectively. 52 Thus, iron in the sulfide appears at approximately the same position

as iron in the metallic state. This situation is similar to that of the ruthenium in pyritic RuSo.

The S 2p region of pyritic FeS 2, as shown in Figure 20e, indicates the presence of only

one sulfur oxidation state. The S 2P3/2 and S 2pl/2 peaks appear at 162.48 eV and 163.68 eV

with a splitting of 1.20 eV. The S 2P3/2 peak in pyritic RuS 2 appeared at 162.59 eV. Thus,

the binding energies of the S 2p peaks are very similar for pyritic compounds.

Table 14 lists the S 2p binding energies for a variety of TS 2 compounds as obtained via

HR-ESCA analysis. As mentioned previously, the S 2p peaks of a zero-valent sulfur species, Sn,

appear at _ 164 eV. Thus, sulfur atoms in both the layered and the pyritic structures are

reduced relative to a zero-valent species. However, sulfur atoms in layered compounds are

reduced to a greater extent than sulfur atoms in pyritic compounds. The S 2p region of pyritic

RuS 2 and layered MoS 2 are compared in Figure 21. Thus, the S 2p region can be used to
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distinguish pyritic-type sulfur from layered-type sulfur. To summarize the HR-ESCA results

discussed above, S 2P3/2 photoelectron peaks for pyritic and layered compounds appear at

~ 162.5 eV and 161.8 eV, respectively. Also, the 3d peaks of transition metals in pyritic TS,>

compounds appear at approximately the same position as a zero-valent species: the 3d peaks of

transition metals in layered TS 2 compounds appear at higher binding energy (positive oxidation

state) when compared to zero-vaient species.

TableD..

Binding energies and splittings of the S 2Pl/_ and 2P3/2 photoelectron
peaks for the listed TS 2 compounds. N_te the difference between
pyritic and layer compounds. (S 2p binding energy for WSo obtained
from Reference 50, units are eV.

Spin Orbit

TS 2 $t_'ucture _ 2_Ill/2 S 2_3/2 Svlittia_

R,uS 2 Pyritic 163.73 162.59 1.14

FeS 2 Pyritic 163.68 162.48 1.20

NBS2_ x Layered 163.06 161.82 1.24

MoS2 Layered 163.07 161.88 1.19

WS 2 Layered 161.825

4.2 Valence Band Analysis of Polycrystalline NbS(2_x ), MoST and RuS T

Valence band spectra of polycrystalline samples were acquired for longer periods of time

compared to the corresponding core levels discussed above. In general valence levels exhibit very

low intensity. The intensity of the valence levels compared to the core levels can be seen on the

survey scans of MoS 2 and RuS 2 discussed in the preceding sections (Sections 4.1.1 and 4.1.3).

Comparison of the valence region between binding energies of .-, 20 eV - 0 eV to that of the

transition metal 3d core levels shows the low intensity of the valence band region compared to

the core levels.

Using AI Ka radiation as the source of x-rays, valence levels appear at low binding

energies, _-20 eV- 0 eV, with high kinetic energies, ~ 1466 eV - 1486 eV. Analysis of the

universal curve for attenuation length, A, of photoelectrons vs. photoelectron kinetic energy,

shows that photoelectrons from the valence band (using AI Ka radiation) originate from

approximately 14 monolayers. 54 Thus, valence band spectrum obtained using Al Kcr radiation

are fairly representative of the bulk compound. Small amounts of surface contaminants such as

carbon and oxygen do not affect the appearance of the valence band to a great extent. Thus, in

this section, the valence band of the non-stoichiometric polycrystalline NbS(2_x ) will be used to
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representthevalenceband ofNbS 2.

Valence bands obtainedwith the use of the presentHR-ESCA for NbS(2_x),MoS 2,

RuS 2,and FeS2 are shown inFigures22a,22b,22c,and 22d,respectively.The valencebands

shown reflectthe differenceinstructure,layeredforNbS2 and MoS 2 and pyriticforRuS 2,and

the differencein the number of 4d electrons.The valencebands of NbS(o_x) and MoS? show

two distinctregions.The firstregionappearsat approximately14 eV bindingenergy,this

regionwillbe referredto as the S3s valenceband region. The second regionextendsfrom

approximately0 eV (theFermi levelof the instrument)to 8 eV. This regionisgenerally

referredto as the metal 4d-S3p region.In both cases,the metal 4d-S3p regionconsistsof 4

distinctpeaks. In the caseof NbS(2_x),the topmost peak extendspast0 eV and exhibitsa

sharpdrop at theFermi levelidentifyingthissample asmetallic.StoichiometricNbSo isknown

to possessmetallicconductivity.MOS,) isknown to be a small band gap semiconductor.The.#

valenceband regionof MoS 2 shown in Figure22b doesnot possesssignificantelectrondeasity

above 0 eV bindingenergy,confirmingthe semiconductingnatureof thissample. The upper

portionof the valenceband regions,metal 4d-S3p region,forboth NbS(2_x) and _A-S2 are

plottedtogetherin Figure22e. Differencesin the topmostportionofvalenceband (near0 eV)

aremore apparentinFigure22e.

The valenceband of polycrystallinepyriticRuS2, as shown in Figure22c,isquite

differentfrom thevalencebandsofthelayeredcompounds, NbS 2 and MoS 2. Again,thevalence

band consistsof two distinctregions.The S3s regioncenteredat approximately14 eV, is

dispersedintotwo or more differentpeaksdue totheassociationofthesulfursintodimer pairs,

($2)2-.As indicatedinSection3.6.1,the closestsulfl,r-sulfurdistance,dS_S, inRuS 2 is2.178

_. In NbS 2 and MOS2, the closestsulfur--sulfurdistances,dS_S, are 2.97 _ and 3.16_,

respectively.Thus, the sulfur3s valenceorbitalsin pyriticRuS 2 interactto a greaterextent

thaninthelayeredcompounds.

The upper portionof the RuS 2 valenceband, Ru4d-S3p region,extends from

approximately0 eV to I0 eV. This regionisdominated by a peak at the top of the valence

band centeredat -,,2 eV. Ruthenium speciesin RuS 2 have a formaloxidationstateof +2,

leavingthe Ru with a d6 configuration.Thus, contributionofRu 4d electronsto the valence

band regionishigh compared to the layeredcompounds (Nb+4, dl; Mo +4, d2). The peak

centeredat _,2 eV isgenerallyattributedto theRu 4d orbitals.RuS 2 isknown to be a small

band gap semiconductor. The valenceband region,shown in Figure22c,does not possess

significantelectrondensitybeyond0 eV. PyriticFeS2 exhibitsa valenceband similarto thatof

RuS 2. The valenceband ofFeS2 isshown inFigure22d.
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Valence band regions of the polycrystalline samples will be discussed in more detail in

Chapter 6. Chapter 5 presents theoretical results of an electronic study of NbS 2, MoS 2, and

RuSs using the EHMACPP program discussed previously (Chapter 3). Discussion, Chapter 6,

will bring together experimental results (Chapter 4) and theoretical results (Chapter 5) for a

better understanding of the electronic structure of the transition metal disulfides, NbSo, MoS,_,

and RuS T

4.3 HR-ESCA of Polycrystalline MoS 2 Exposed to Hydrogen.

4.3.1 AnalysisoftheBare MoS 2 Surface.

ExposureofthepolycrystallineMoS 2 usedinthisstudywas rigorouslyexcludedpriorto

HR-ESCA analysis.However,smallamounts ofoxygen and carbondid remain on thesample

surfaceand were not removed even by exposureof thesample surfaceto ,_I atm of hydrogen

_tt_50"--389"C. The Mo3d region(spectrasimilarto Figure19d) of the bare MoS 2 surface

showed the presenceofonlyone molybdenum oxidationstatewithMo3ds/2 and Mo3d3/2 peaks

at229.00and 232.17eV. The S2p region(spectrasimilarto Figure19e)showed thepresenceof

one sulfuroxidationstatewith$2P3/2 and $2Pi/2 peaksat 161.86and 163.05eV respectively.

Au4f corelevelsof goldplatedonto thesample holderwere alsomonitoredto assureaccurate

instrumentalcalibrationduringthe durationof the hydrogenadsorptionexperiment.Priorto

hydrogen adsorption,the Au4fT/2 levelappearedat 83.97eV. A valenceband spectraof this

samplesimilartothatofFigure22b was alsoobtainedforthissample.

,_..,

4.3.2 Analysis_ the_ Exvosed_=9_.2_urface.

Exposure of the MoS 2 sample to -_I atm of hydrogen at room temperatureforone

hour resultedin onlyminor shiftsin the Mo3d and S2p corelevels.The Mo3d regionof the

hydrogen adsorbedsample againshowed the presenceof onlyone molybdenum oxidationstate

with Mo3d5/2 and Mo3d3/2 peaks at 229.07and 232.23eV respectively.The S 2p region

showed the presenceof one sulfuroxidationstatewith$2P3/2 and $2PI/2 peaksat 161.92and

163.11eV respectively.Both Mo3d and S2p corelevelsshiftedto higherbindingenergyby

~ +0.06---*-4-0.07eV. Figures23a and 23b show the Mo3d and S2p corelevelsrespectivelyfor

thebareMoS 2 surfaceand thesurfaceexposedtohydrogenatroom temperature.Although the

shiftto higherbindingenergiesupon hydrogenadsorptionissmall,thisshiftiseasilyseenfor

the Mo3ds/2 and $2P3/2 corelevels.Analysisofthegoldplatedon thesampleholderindicated

no correspondingshiftto higherbindingenergyof the AU4fT/2 corelevel.The AU4fT/2 level

appearedat83.98eV afterexposureofthesampletohydrogen.Figure23c sb,_wsthetwo Au4f
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regions obtained at different points in the experiment. The Au4f spectrum obtained on 8/6/92

was obtained prior to hydrogen adsorption, while the Au4f spectrum obtained on 8/7/92 was

obtained after exposure of the sample to hydrogen. Thus, changes in the instrumental

calibration can be ruled out as the origin in the Mo3d and S2p bindiag energy shifts. Exposure

of the sample to hydrogen also seemed to shift the entire valence band to higher binding energies

by ~ +0.06 eV. Figure 23d shows the two valence band regions obtained for the bare MoS2

surface and the surface exposed to hydrogen at room temperature. The valence band of the

hydrogen exposed sample was shifted by -0.064 eV so that a qualitative comparison of the

positions, intensities and widths could be carried out. The positions of the five major bands

that makeup the Mo4d-S3p valence band are very similar after the -0.064 eV shift of the

hydrogen adsorbed sample. The Mo4d-S3p band width is also very similar in both cases.

Specifically, there is no widening of the Mo4d-S3p band at the top of the valence band and

there is no widening of the Mo4d-S3p band at the bottom of this band. Thus, hydrogen

adsorption at room temperature caused ali of the levels to shift to higher binding energies by

~ +0.06--,+0.07 eV. A shift of this type indicates that charging of the MoS2 surface may be

occurring upon exposure of the surface to hydrogen.

Exposure of the sample to ~ 1 atm of hydrogen at 125"C and 350"-389"C resulted in

similar binding energy shifts of the Mo3d and S2p core levels. Binding energies and full widths

at half maximum (FWrlM) of the Mo3d and S2p core level regions obtained at normal incidence

for the bare and hydrogen exposed MoS2 surface tabulated in Table 15. Exposure of the sample

TableD.,

Binding energies (BE) and full widths at half maximum (FWHM) of
the Mo3d and S2p core level regions obtained at normal incidence for
the bare and hydrogen exposed MoS2 surface, l:Iydrogenexposure was
carried under ~ 1 atm It,_ for a period of one hour at room
temperature, 125"C,and 350"--'389"C.(Units are eV)

Level Parameter Bare 1:!:2,_ F12_125"C I-!2__50"-389"_

Mo3d512, BE 229.00 229.07 229.07 229.04
FWHM 0.57 0.59 0.58 0.56

M°3d3/21 BE 232.17 232.23 232.24 232.20FWHM 0.74 0.76 0.74 0.75

$2P3/2, BE 161.86 161.92 161.93 161.91FWHM 0.56 0.58 0.58 0.57

$2P1/2/ BE 163.05 163.11 163.12 163.10FWHM 0.56 0.58 0.61 0.57
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to hydrogen at room temperature caused a ,,-+0.06-+0.07 eV shift to higher binding energies

that remained throughout the experiment. No significant widening of the Mo3d and S2p core

levels, as evidenced by the FWHM's given in the table above, was observed. Thus, at normal

incidence only one Mo3d and one S2p oxidation state was present on the sample surface for both

hydrogen exposed and bare surfaces. Again, the valence bands of the samples exposed to

hydrogen at 125"C and 350'C-389"C were similar to the valence band of the bare MOS,) surface

except for the small shift to higher binding energies.

Binding energies and full widths at half maximum (FWHM's) of the Mo3d and S2p core

level regions obtained at grazing angles of detection (82" off normal) are shown in Table 16.

Exposure of the sample to ~ 1 atm hydrogen at 125"C shifted the Mo3d and S2p core levels

obtained at grazing angle by +0.06 eV to higher binding energies. A shift to higher binding

energies upon exposure of the sample to hydrogen at 350"C is not as apparent in tile spectrum

obtained at grazing angle. The sample used in this experiment was polycrystalline MoS 2 in the

form of a powder. Due to the requirement of sample heating during hydrogen exposure, the

MoS,_ powder was mounted onto a silicon wafer by pressing the powder into scratches resident

on the wafer surface. Initially a smooth, continuous layer of MoS2 powder was present on the

wafer surface. The frequent hydrogen exposures, sample heating and sample transfers inside the

HR-ESCA chambers caused the continuous layer of powder to crack and thin with subsequent

loss of MoS 2 powder from the sample holder. After exposure of the sample to hydrogen at

350"C-389'C, only a small amount of MoS 2 powder remained on the sample holder. Extensive

sample manipulation was necessary to obtain a survey spectrum that did not record core levels

due to the underlying silicon wafer. Thus, core level and valence band peak intensities obtained

at grazing angle of detection after hydrogen exposure at 350"C-389"C were not as intense as for

bare MoSo. However, the peak positions and full widths at half maximum can still be

compared. The valence band regions obtained at grazing angle of detection for the bare MOS,)w

surface and the same surface exposed to hydrogen at 350"C-389"C are shown in Figure 24. The

valence band of the hydrogen exposed surface was multiplied by 1.18 so that the background

intensity of the two spectra was similar. The two spectra are very similar except that the

hydrogen exposed sample exhibits extra intensity at the top of the valence band (at--. 0 eV).

This extra intensity at the top of the valence band could be attributed to the filling of

previously empty states at the top of the valence band or to destabilization of the highest

occupied crystal orbitals upon hydrogen adsorption. Possible origins of the valence band and

core level changes upon hydrogen exposure will be addressed in the Discussion of Chapter 6.
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Table16.
Binding energies (BE) and full widths at half maximum (FWHM) of
the Mo3d and S2p core level regions obtained at grazing angle of
detection (82' of normal) for the bare and hydrogen exposed MoS,_

surface. Hydrogen exposure was carried under _ 1 atm H2 for
period of one hour at 125"Cand 350"-389"C. (Units are eV)

Level p_ameter Bare I'12__ _[2" _50"-389"C

Mo3d5/2 BE 229.03 229.09 229.04FWHM 0.59 0.60 0.58

Mo3d3/_ BE 232.20 232.25 232.21" FWHM 0.76 0.77 0.77

$2P3/2 BE 161.89 161.95 161.91FWHM 0.59 0.60 0.58

$2Pl/2/ BE 163.07 163.13 163.10FWHM 0.64 0.65 0.58

4.4 HK-ESCA Analysis of MoS 2 Single Crystal.

4.4.1 Analysis of_ Col_tamination

As indicated in Section 2.1.1, the MoS 2 single crystal used for the angle resolved studies

was oriented by back reflection Laue diffraction. Thus, this crystal was exposed to air prior to

analysis via HK-ESCA. A survey spectrum of the MoS 2 single crystal is shown in Figure 25a.

The surface of this sample consists mainly of molybdenum and sulfur atoms with minor

contamination by carbon and oxygen. A rough estimate of the level of the carbon impurity

gave a surface composition of ~ 2.4 molybdenum atoms per carbon atom.

Regional scans of the Mo 3d and S 2p peaks are shown in Figure 25b and 25c. The Mo

3d5/2 and 3d3/2 peaks occur at 229.06 eV and 232.24 eV, respectively, with a splitting of 3.18

eV. These binding energies were corrected tor the Au calibration by shifting the peaks by -0.3

eV. The Mo 3d5/2 peak position in polycrystalline MoS2 occurred at 229.05 eV, thus the values

for single crystal MoS2 are in good agreement with those of the polycrystalline sample.

The symmetric and narrow peaks in the S 2p region for single crystal MoS,_, shown inu

Figure 25c, indicate the presence of only one sulfur oxidation state. No sulfate species were

found on this surface even though the surface was exposed to air. S 2P3/2 and 2Pl/2 peaks are

situated at binding energies of 161.91 eV and 163.11 eV (corrected by the -0.3 eV of Au

calibration), respectively, with a splitting of 1.20 eV. The S 2P3/2 peak of polycrystalline MoS 2

was found at a binding energy of 161.88 eV. Thus, this surface, as expected, has characteristics

similar to those of the polycrystalline, layered MoS2 discussed in Sections 4.1.1 and 4.1.3.
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4.4.2 Valence Band Analysis

Valence band analysis of siagle crystal MoS, was carried out as iadicated iii Scctioa

2.3.3. As discussed in the previous section, this sample did possess small amounts of surface

carbon. However, this carbon did not affect XPS analysis of the valence band region due to the

low carbon 2s and 2p cross-sections and the large escape depth of photoelectrons originating

from the valence band region (using AI Ka radiation).

The valence band region of tile single crystal MoS2 is shown in Figure 26a. The single

crystal valence band is similar to that of polycrystalline MoS,2 with some minor differences. For

instance, in polycrystalline MoS2 the intensity of the top two peaks is very close. However, in

the single crystal, the intensity of the first band is greater than that of the second band. Figul'e

26b shows the valence bands of the single crystal and polycrystalline MoSo samples plotted on

the same energy scale (each corrected using Au calibration). The differences in intensity are

more apparent when plotted in this way. The S3s region is similar in both samples. Only the

Mo 4d-S3p valence band region varies on going from polycrystalline to single crystal MoST

Possible explanations for the valence band differences will be discussed in more detail in Chapter

6.

4.4.3 AggJ._ l:tesolved HR-ESCA

As discussed in Section 2.3.4, the MoS2 single crystal used in the angle resolved HR-

ESCA study was first oriented by Laue diffraction. Thus, the freshly cleaved surface was

exposed to air prior to the angle resolved HK-ESCA study. The major contaminant was carbon

as indicated in Section 4.2.1. However, the presence of the carbon overlayer was not believed to

affect the results of the angle resolved study significantly since carbon is believed to be a weak

scatterer of high kinetic energy photoelectrons.

On the (0002) surface of MoST forward focusing of second atomic layer molybdenum

photoelectrons by first atomic layer sulfurs is expected to occur at a polar angle of 49.1" along

the (i2i0). (i"T20), and (2n'0) (or .1. to (1010), (1100), and (1100) planes) azimuthal directions

(see Figure 3a). These directions are located 120" apart. Orientation of the MoS 2 crystal by

back-reflection Laue diffraction was used to locate these directions. A scribe mark placed on the

sample surface was used to reference one of these directions. This direction was parallel to the

{12T0} set of planes and will be referred to in the rest of the text as azimuthal angle equal to 0°.

Mo6t of the angle resolved ESCA studies done previously have been performed on single

crystals consisting of one type of atom or on metal overlayers on a metallic single crystal
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surface. Thus, this is one of the first angle resolved HR-ESCA investigations of forward

focusing in a compound exhibiting a complex structure. Prior to presenting the experimental

results, it seems reasonable to investigate the structure of the (0002) MoS 2 surface in terms of

ali geometrically possible forward focusing directions. Table 17a tabulates ali geometrically

possible polar angles at which forward focusing could occur for Mo photoelectrons. The

corresponding azimuthal angles at which this forward focusing would be detected is also

tabulated along with the distance, dMo..sc, between the Mo photoelectron emitter and the

scatterer. Table 17b tabulates ali geometrically possible polar angles at which forward focusing

couldoccur forS photoelectrons.The correspondingazimuthalanglesofdetectionalongwith

thedistance,ds_sc,between thesulfurphotoelectronemitterand scattererarealsogiven.This

geometricalstudywas carriedout down to fifthatomiclayermolybdenum assumingpositionof

allatoms asinbulkcrystalstructure(seeFigure7 and Section3.4.1).

As indicatedin Table 17a and 17b,forwardfocusingof Mo and S photoelectronsby

molybdenum and sulfuratoms residingin the restof the structure is very complicated.

However, forward focusingby near-surfaceatoms at short distancesfrom the emittersis

expectedto dominate.This study primarilyfocusedon a polarangle of 49". As indicatedin

Table 17a,forwardfocusingofsecondatomic layermolybdenum photoelectronsby firstatomic

layersulfuratoms willoccurat azimuthalanglesof0",120",and 240". However,thesame type

of forward focusingwilloccur for fifthatomic layermolybdenum photoelectronsby fourth

atomic layersulfuratoms at azimuthalanglesof 60",180",300",shown in Figure27. ifthe

surfaceisconsideredto consistof firstlayersulfuratoms then a fifthlayermolybdenum atom

resides7.73 /_ from the surface.Thus, ifboth typesof forward Ibcusingoccur,then at a

constantpolarangleof 49.1",maxima in Mo 3d photoelectronintensitywillbe presentat the

following arbitrary azimuthal angles: 0", 60", 120", 180", 240", and 300". Minima are expected to

occur in between the listed azimuthal directions. A similar type of forward focusing of third

atomic layer sulfur 2p photoelectrons by second layer molybdenum atoms is expected to occur at

a polar angle of 49.1" at the following azimuthal angles: 60", 180", 300".

Results of the angle resolved HR-ESCA experiments obtained at constant azimuthal

angles are shown in Figures 28a, 28b, and 28c. This set of experiments is described in Section

2.3.4. Figures 28a, 28b, and 28c plot the area of the molybdenum photoelectron peak (Mo

3d5/2 or Mo 3P3/2 ) vs. polar angle for constant azimuthal angles designated as 0", 30", and 60".

The directions represented by the 0" and 60" azimuths correspond to one of the azimuthal

directions represented by the following planes which contain the Mo-S bond and are thus

paralleltotheforwardfocusingdirections:(12i0),(i"i20),and (2Yi0)or (1210),(I120),and
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Table 17a_._.,.

Tabulation of polar angles, azimuthal angles, and distance between

emitter and scatterer, dMo..SC, for forward focusing of Mo
photoelectrons. (AL=Atomic Layer, E=Emitter, SC=Scatterer)

Descripti0.n. dMo_SC _.) Polar An_le Azimuthal Angles

5th AL Mo by 3rd AL S 4.57 0" Ali

5th AL Mo by 1st AL S 7.73 0" Ali

5th AL Mo by 2nd AL Mo 6.41 16.5 ° 60°, 180°, 300 °

5th AL Mo by 1st AL S 8.35 22.2" 30°, 90", 150", 210".
270L 330"

5th AL Mo by 2nd AL Mo 7.15 30.7' 0", 120°. 240 °

5 th AL Mo by 3rd AL S 5.56 34.6" 30°, 90°, 150°,
210°,270 ", 330"

5th AL Mo by 1st AL S 9.47 35.3" 0", 60", 120", 180°,
240", 300 °

5th AL Mo by 2nd AL Mo 7.82 38.1 ° 40.9 °, 79.1", 160.9 °,
199.1", 280.9", 319.1"

5 th AL Mo by 1st AL S 9.98 39.3" 30", 90°, 150°, 210"
270 °, 330°

5th AL Mo by 2nd AL S 9.00 46.9" 46.1", 73.90, 166.1",
193.9", 286.1", 313.90

5th AL Mo by 1st AL S 11.38 47.2" 10.9", 49.1", 70.9 °,
109.1 °, 130.9", 169.1"
190.9 °, 229.1 °, 250.9"
289.1 °, 310.9", 349.1"

2nd AL Mo by 1st AL S 2.41 49.1" 0", 120", 240"

5th AL Mo by 4th AL S 2.41 49.1" 600, 180°. 300°

5th AL Mo by 2nd AL Mo 9.54 49.9" 60", 180", 300"

5th AL Mo by 3rd AL S 7.13 50.1" 0", 60", 120°, 180°,
240", 300"

5th AL Mo by 1st AL S 12.23 50.8" 30", 90", 150", 210",
270", 330"

5th AL Mo by 2nd AL Mo 10.05 52.3" 36.6 °, 83.4 °, 156.6",
203.4 °, 276.6", 323.4 °
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Table 17a lc.nrl.
Tabulation of polar angles, azimuthal angles, and distance between

emitter and scatterer, dMo..SC, for forward focusing of Mo
photoelectro,ls. (AL=Atomic Layer, E=Emitter, SC=Scatterer)

Description dMo..SC _) Polar _ Azimuthal An_les

5th AL Mo by 3 rd AL S 7.80 54.1 ° 30", 90", 150°, 210",
270 °, 330"

5th AL Mo by 1st AL S 13.40 54.8" 0°, 60", 120", 180",
240°, 300 °

5th AL Mo by 1st AL S 13.77 55.8" 16.1", 43.9 °, 76.1 °
103.9", 136.1°, 163.9°
196.1 °, 223.9 °, 256.1 °
283.9", 316.1 °, 343.9"

5th AL Mo by 2nd AL Mo 11.00 56.0 ° 0", 120°, 240 °

5th AL Mo by 2nd AL Mo 11.45 57.5 ° 19.1", 100.9 °, 139.1 °.
220.9 °, 259.1 °, 340.9 °

5th AL Mo by 1st AL S 14.81 58.6" 30", 90", 1500, 2100,
270",330"

5th AL Mo by 1st AL S 15.79 60.7" 6.6 °, 53.4 °, 66.6",
113.4", 126.6", 173.4"
186.6", 233.4", 246.6 °
293.4", 306.6", 353.4 °

5th AL Mo by 2nd AL Mo 12.69 61.0"

5th AL Mo by 3rd AL S 9.53 61.3" (12 Azimuths)

5th AL Mo by 2nd AL Mo 13.45 62.8 °
5th AL Mo by 1st AL S 16.94 62.8"

2nd AL Mo by 1st AL S 3.98 66.6" 60", 180", 300"
5th AL Mo by 4th AL S 3.98 66.6" 0", 120", 240"
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Za.b.

Tabulation of polar angles, azimuthal angles, and distance between
emitter and scatterer, ds_sc, for forward focusing of S photoelectrons.
(AL-Atomic Layer, E-Emitter, SC=Scatterer)

Descrivtion _s-sc _ _ An_le Azimuthal A.Rg_

3rd AL S by Ist AL S 3.15 0' Ali

4th AL S by 2nd AL Mo 4.57 0° Ali

4th AL S by 1st AL S 6.41 16.5" rf, 12rf, 240"

4th AL S by 1st AL S 7.15 30.7" 60% 180", 300"

4 th AL S by 3 rd AL S 3.51 31.3" 0°, 120", 240 °

4th AL S by 2nd AL Mo 5.56 34.6" 30". 90", 150", 210",
270", 330"

4th AL S by 1st AL S 7.82 38.1" 19.1", 100.9", 139.1",
220.9", 259.1", 340.9"

3rd AL S by 1st AL S 4.46 45.0" 30% 90", 150% 210",
270", 330"

4th AL S by IstAL S 9.00 46.9" 46.1",73.9",166.1",

193.9",286.1",313.9"

3rd AL S by 2nd AL Mo 2.41 49.1" 60", 180", 300'

4th AL S by 1st AL S 9.54 49.9" 0", 120', 240"

4th AL S by 2nd AL Mo 7.13 50.1" 0", 60", 120", 180"
240", 300"

4th AL S by 3rd AL S 4.72 50.6" 60", 180", 300"

4th AL S by 1st AL S 10.05 52.3" 23.4", 96.6", 143.4%
216.6", 263.4", 336.6"
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_ (contl.
Tabulation of polar angles, azimuthal angles, and distance between
emitter and scatterer, ds_so for forward focusing of S photoelectrons.
(AL=Atomic Layer,E=Emitter, SC=Scatterer)

DescrivtLon _[s-sc_.I Polar_ Azimuthal Angles

4th AL S by 2nd AL Mo 7.80 54.1" 30",90",15rf,210",
270",330"

4th AL S by 3rd AL S 5.68 58.2° 19.I',I00.9°,139.1',
220.9°,259.l',340.9°

3rd AL S by 1st AL S 6.32 60.0 ° 0", 600, 1200, 180°,
240", 300"

3 rd AL S by l st AL S 7.06 63.5" 30", 90", 150°, 210 _,
2700, 330 °

3 rd AL S by 2nd AL Mo 3.98 00.6" 0", 120", 240"
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Figure 27. Azimuthal directions of forward focusing at a constant polar angle of
49.1" for second atomic layer molybdenum photoelectrons by first
atomic layer sulfur atoms and for fifth atomic layer molybdenum
photoelectrons by fourth atomic layer sulfur atoms.
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(2110). As indicated above, a maximum in Mo photoelectron intensity is expected at a polar

angle of 49.1" for every 60' azimuthal rotation of the sample. However, back-reflection Laue

diffraction can not distinguish the direction of the Mo-S bond arising from second atomic layer

molybdenum atoms from that arising from fifth atomic molybdenum atoms because both Mo-S

bonds lie parallel to the {i2i0} set of planes (see Figure 18). Thus, forward focusing due to

second layer and fifth layer molybdenum photoelectrons can not be differentiated. Intense

maxima are present at polar angles of 0*and 48" for the 0" azimuth as shown in Figure 28a. For

the 30" azimuth, as shown in Figure 28b, one intense maximum is present at a polar angle of

approximately -3". A smaller maximum is present at a polar angle of 36". For the 30" azimuth,

maximum in Mo photoelectron area is absent near a polar angle of 49". For the 60" azimuth, as

shown in Figure 28c, intense maxima are present at polar angles of -3* and 4T'.

The result of an angle resolved HR-ESCA study performed at a constant polar angle of

49" is shown in Figure 28d. In this study the azimuthal angle was incremented by 3.67* as

described in Section 2.3.4. Intense maxima in Mo photoelectron area occur at approximate

azimuthal angles of 5" and 72". The difference between these two directions is 67" which is very

to the expected difference of 60'. As mentioned previously, this study may not be as accurate as

the previously discussed studies involving incrementation of the polar angle since the azimuthal

rotational control was not as precise.
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Figure 28c. Angle resolved HK-ESCA study of (0002) plane of natural

molybdenite, 2H-MoS,). Plotted is the Mo 3d5/2 and Mo 3p3/2
photoelectron peak area vs. polar angle for the 60"-_tmuth.
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_hapter 5

THEORETICAL RESULTS

5.1 Electronic Structure of 2-D MoS 2.

Two-dimensional MoS T consisting of one MoS 2 per unit cell, was modeled as described

in Section 3.4.2. A set of 171 special k-points, described in Section 3.7.1, was used in the

calculation of the theoretical valence band. Ra_ial functions for the valence orbitals involved in

this study were represented by Slater-type orbitals using the parameters of Hughbanks and

Hoffmann, Section 3.2. These parameters are for single zeta S3s, S3p and Mo5s, Mo5p and

double zeta Mo4d radial functions.

5.1.1 Theoretical Valence

A two-dimensional infinite sheet of MoS 2 was used to model one layer of 2H-MoS 2. A

description of this structure as well as the structural coordinates of the atoms is given in Section

3.4.2. Initially, the density of states (and theoretical valence band) was studied using the set of

171 special k-points described in Section 3.7.1. The first set of studies used the atomic

parameters of Hughbanks and ttoffmann, discussed in Section 3.2, for the S3s, S3p and Mo4d

atomic orbitals. A theoretical valence band was obtained by summation of the S3s, S3p and

Mo4d modified atomic orbital populations, MAOPOP's, as described in Section 3.3.

The density of states and theoretical valence band of 2-D MoS 2 are shown together in

Figure 29a. Figure 29b shows the theoretical valence band of 2-D MoSo scaled to the

experimental valence band of MoS 2 obtained via I,IR-ESCA shown in Section 4.2. Modified

atomic orbital populations, MAOPOP's, for the Mo4d and S3s, S3p orbitals are shown in Figure

29c. The theoretical density of states shows a large number of states in the center of the Mo4d-

S3p valence band. When the density of states is modified by the Scofield photoelectron cross-

sections (Reference 18) to obtain a theoretical valence band, the contribution of the states in the

center of the Mo4d-S3p valence band is decreased. This decrease occurs because much of the

contribution in this region comes from the S3p orbitals. S3p orbitals have a low photoelectron

cross-section compared to the Mo4d orbitals, 0.2448 S3p/Mo4d. Thus, the theoretical valence

band not the density of states is compared to the experimental valence band. Some of the

features of the experimental valence band (Section 4.2) are reproduced in the theoretical valence

band. For instance, the broad band located at ~-22 eV in the theoretical valence band

consists of mainly S3s character. This band has a similar dispersion in both theoretical and

experimental valence bands. However, the S3s band is located too close to the upper portion of
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the valence band (Mo4d-S3p) compared to the experimental valence band. Also, the Mo4d-

S3p portion of the experimental valence band consists of 4 distinct bands. In the theoretical

valence band the Mo4d-S3p region consists of 3 bands with the center band indicating a certain

amount of splitting. The energies obtained from the theoretical calculation indicate that this

particular system is a semiconductor. Prior to gaussian smoothing, the top of the valence band

is located at -10.656 eV. However, the theoretical valence band, Figure 29b, shows a small

number of bands present at the Fermi level. These bands are an artifact of the Gaussian

smoothing functions imposed on the energy levels by the EHMACPP program. The EHMACPP

program calculates discrete energy levels for each k-point in the Brillouin zone that is input for

the particular structure under study. Gaussian functions (exp[-(E-Ei)2/_2]) are placed on the

energy levels with a certain standard deviation defined by a factor delta, 6. Wider gaussians

and more smoothing .-esult through the use of larger delta values. In ali of tile tlleoreticat

calculations discussed, a value of delta equal to 0.5 eV was used. This value was chosen because

it leads to a peak width at the top of the theoretical MoS2 valence band similar to that of the

experimental MoS2 valence band.

The modified atomic orbital populations, MAOPOP's, for the Mo4d and S3s, S3p

orbitals as shown in Figure 29c indicate the breakdown of the theoretical valence band. The

lowest energy band consists of mainly S3s orbitals with a small amount of contribution from the

Mo4d orbitals. This band will be referred to as the S3s band. The upper part of the valence

band consists of mainly S3p and Mo4d orbitals and will be referred to in the rest of the text as

the Mo4d-S3p valence band. The highest occupied band (at the top of the valence band)

consists of mainly Mo4d character. MAOPOP's of the individual Mo4d orbitals are shown in

Figure 29d. Mo 4d_2, 4dxy, and 4dx2_y2 orbitals contribute to the highest occupied band of the

valence band such that the contribution of dz2 > dxy > dx2_y2. Two intense bands form the

lowest unoccupied portion of the conduction band. The lowest unoccupied band (at the bottom

of the conduction band) has mainly Mo4d character also. Again, Mo 4dz2, 4d_y, and 4dx2_y2

orbitals contribute such that dx2_y2 > dz2 __dxy. The next lowest unoccupied band consists of

Mo 4dy_ and 4dzx character such that the contribution of dy2 > dzx. Crystal field splitting of

the d orbitals in a transition metal coordinated by ligands in a trigonal prismatic environment

occurs such that dffi2is lowest in energy followed by degenerate dxy and dx2_y2 orbitals and the

highest energy degenerate dr_ and du orbitals. The Mo4d orbital contributions in 2-D MoS2

follow the crystal field splitting to a limited extent. The d_y and dx2_y2 orbitals mix with the

dz2 orbitals to a large degree in the valence band. However, the dyz and dzx orbitals are well

separated from the rest of the d orbitals at the top of the valence band.
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S3p orbitalscontributeprimarilyto the lowerand centerportionsof the Modd-S3p

valenceband. The highestoccupiedband has almost no contributionfrom the S3s or S3p

orbitals.One important featurein tileelectronicstructurecalculationsis the degree of

dispersionof theS3p orbitals.Using thesinglezetaradialfunctionsobtainedfrom the work of

Hughbanks and Hoffmann, the S3p MAOPOP exhibitsa dispersionconsistingof two major

peaks. This leadsto thethree-peakednatureofthe Mo4d-S3p valenceband. Thus,dispersion

of the S3p orbitalshas a major effecton the appearanceof the valenceband in thisregion•

Calculationsinvolvingthe double zetafunctionsobtainedfrom Clementi and Roettiwillbe

discussedinSection5•6.

A similar calculation was carried out using the 271 k-points of a two-dimensional

uniform grid, Section 2.7.1. The uniform grid was used in place of the 171 special k-point set to

see ifany informationwas lostby usingthesmallersetofk-points,rhiscalculationrevealed

thatno informationwas lostthroughthe useof the 171 specialk-points.Sincetheamount of

cpu timeincreasedwiththenumber ofk-pointscalculated,thesmallersetwas used.

5.1.2 _b._LeJJ.Cd_ _ _isversion Curve_

Energy dispersion curves for 2-D MoS 2 in the F---,M, F--,K, and K--,M directions were

also calculated using the atomic parameters of Hughbanks and Hoffmann, discussed in Section

3.2. The k-point sets used in these calculations are described in Section 3.7.2. The 2-D MoSs

energy dispersion curves are shown in Figures 30a and 30b. Figure 30a shows the energy

dispersion of the S3s and Mo4d-S3p portion of the valence band as well as the lower portion of

the conduction band. Figure 30b shows the upper Mo4d-S3p portion of the valence band

compared to the experimental energy dispersion curves of 2H-MoS 2 obtained by Mamy et al. 15

The theoretical energy dispersion curves indicate correctly that 2-D MoS2 is a small

band gap semiconductor. The highest energy point of the occupied valence band and the lowest

energy point of the unoccupied conduction band occurs at the K point. Thus, for the theoretical

system, 2-D MOS2, the band gap is direct with an energy of 1.19 eV. Optical experiments

indicate that the band gap of 2H-MoS 2 is actually indirect with a gap of -_ 1.25 eV. 13 STM

experiments also show the presence of a 1.35 eV indirect gap in 2H-MoS2.55 Previous
9

theoretical work on MoS2 positions the indirect gap as occurring from the top of the valence

band atr tothebottom oftheconductionband atT (I/2F-.K).8'9'I0

The theoreticalenergy dispersioncurvesalsoshow the ,presenceof an energy gap

betweenthe highestoccupiedvalenceband (band #9) and thelowerMo4d-S3p bands (bands
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#3-#8). An energy gap in the energy dispersion curves indicates no overlap between these

bands. Thus, the valence band should exhibit a well separated band at the top of the valence

band. The theoretical valence band for this system does exhibit a band at the top of the valence

band that is well separated from the rest of the Mo4d-S3p bands. However, the experimental

valence band exhibits a band just below the Fermi level that has a large degree of overlap with

the lower Mo4d-S3p bands. Also, the experimental energy dispersion curves of Mamy et al.,

reproduced in Figure 30b, do not show a significant gap between the highest occupied band and

the lower portion of the Mo4d-S3p valence band. Curvature of the energy bands at the top and

bottom of the Mo4d-S3p valence band is very similar for both theory and experiment.

In summary, the theoretical valence band and energy dispersion curves of 2-D MoSo

were obtained using the atomic parameters of Hughbanks and Hoffmann. The following features

of the experimental energy dispersion curves were reproduced by the theory: semiconductor

nature of 2H-MoS2, energy dispersion of the S3s bands and curvature of the energy bands,

specifically at the top and bottom of the Mo4d-S3p valence band. The following features were

not reproduced by the theory: indirect gap from r-.T and overlap between the highest occupied

valence band and the lower Mo4d-S3p bands.

5.2 Electronic Structure of 3-D MoS T

Three-dimensional MoS T consisting of two MoS2's per unit cell, was modeled as

described in Section 3.4.3. Since this calculation included the lattice vector c, the set of k-points

also had to include points in the direction of c* or k3--wc*. A aet of 855 special k-points was

used in the three--dimensional calculation of the theoretical valence band. These points were

obtained by repeating the 171 special k-points (used in the two-dimensional case) in the k3 (or

c*) direction such that k3 was incremented by 0.1c* from an initial value of 0 to 0.4c*

(k3=0.5¢* was not included due to a maximum number of k-points of 1000 set by the

EHMACPP program). The calculations discussed in this section again used the atomic

parameters of Hughbanks and Hoffmann, given in Section 3.2. Interactions were included up to

four neighbors in each direction.

5.2.1 _ _ _ der _ Interactions

Prior to analysis of aa infinite 3-D MoS 2 structure, the effect of Van der Waals

interactions between adjacent MoS 2 layers was studied. As discussed previously, one layer of

MoS 2 with no Van der Waals interactions was studied, next four MoS 2 layers, (MOS2)4, with

three Van der Waals interactions was studied. These systems were propagated in only two
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dimensions. Three--dimensional MoS 2, propagated in 3 directions, with an infinite number of

Van der Waals interactionsbetweenthe layers,was thelastsystemstudied.

The most interestingresultof thisstudy comes from a comparison of the standard

energyof formation,AUp per MoS 2 unitforeach system. The energiesof formationforthe

threesystemsdiscussedabove are given in Table 18. A descriptionof the method used for

determiningthe energiesof formationisgiven in Appendix A. Comparison of the energies

shows that2-D MoS 2 isthe most stablesystem. Theoretically,the additionof threeVan der

Waals interactions,as in 2-D (MOS2)4,and an infinitenumber of Van der Waals interactions,

as in 3-D MoS T causesa destabilizationof thesystem. Thus, theoretically2-D MoS 2 ismore

stablethan 2-D (MOS2)4 which ismore stablethan 3-D MoS T 3-D MoS 2 isdestabilizedby

9.84kcal/molewhen compared to2-D MoSs. These theoreticalresultsindicatethat3-D .MoSs
w w

shouldnot form becauseof thestabilityof the2-D form. However,in nature3-D MOS,) isthe

form thatactuallyexists.Van der Waals interactionsshouldstabilizellotdestabilizetlm 3-D

MoS 2 structure.

Tablel&

Standard energyof formation,AUp per MOS,) unitforthe following

systems: 2-D MoSs, 2-D (MOS2)4, 3-D MoS 2, and l-D (MoSs)5

terminatingin (1050")and (1051)edges. The I-D (MOS2)5 systems
are discussedin Section5.3. Appendix A givesa descriptionof the

method usedfordeterminingtheenergiesof formation.Unitsare in
kcal/mol.

o

_ _ _ _.._f (kca_/mol of _2 l

2-D MoS 2 None I -463.58

2-D (MOS2)4 None 4 -456.24

3-D MoSs None so -453.74
ac

I-D (MOS2)s (1010) 1 -435.75

I-D (MOS2) 5 (I011) I -447.28

Energy deatabilization due to the addition of Van der Waals interactions between

successive layers is also obtained in calculations of graphite using the EHMACPP program. The

hexagonal layer structure of graphite consists of 4 carbons per unit cell. Two carbons repeat in

the first layer and the remaining two carbons repeat in the second layer. Calculations similar to

those for MoS2 were carried out such that the energies of formation for 2-D graphite containing

1, 2, and 4 layers of carbon atoms (thus 0, 1, and 3 Van der Waals interactions) could be

compared. The energies of formation for 2-D graphite containing 1, 2, and 4 layers of carbon

-139-



were found to be -254.57 kcal/mole, -253.71 kcal/mole, and -253.28 kcal/mole, respectively.

Theoretically, the graphite structure containing 1 carbon layer is the most stable structure, as

the number of Van der Waals interactions and carbon layers increases, the graphite structure

was destabilized in energy. Thus, solid state extended Fiiickel theory, in general, does not

accurately calculate the small energies of Van der Waals interactions.

5.2.2 Theoretical Valence Band of 3-D MoS 2

The theoretical valence band of three--dimensional MoS 2 was calculated using the

structural parameters referred to in Section 3.4.3. A set of 855 special k-points and the atomic

parameters of FIughbanks and Hoffmann were used for this calculation. The theoretical valence

band of 3-D MoS 2 is shown in Figure 31. Large differences between the theoretical valence

bands of the 2-D and 3-D MoS 2 systems are not present. The only difference seems to be a

smoothing out of levels in the 3-D case. Thus, in calculations of the theoretical valence band of

MoS,_, the 2-D system results in similar structure as the 3-D system.

5.2.3 Theoretical E_ Dispersion (_urves

Energy dispersion curves for 3-D MoS 2 were calculated in the following directions:

F---M, F--.K, K---.M, and F--.A. The k-point sets used in this calculation were the same as those

used in the 2-D case and are described in Section 3.7.2. Figure 32 shows the theoretical energy

dispersion curves of 3-D MoS T S3s and Mo4d-S3p valence bands as well as the lower portion

of the conduction bands are shown. One immediately obvious feature is that the number of

bands in the 3-D case is twice that of the 2-D case. The 2-D case involved only one MOS,) perw

unit cell; the 3-D case involves two MoS2's per unit cell. The number of crystal energies output

depends on the number of atomic orbitals input. There are 9 atomic orbitals per Mo atom (one,

5s; three, 5p; and five, 4d) and 4 atomic orbitals per S atom (one, 3s and three, 3p). Thus, for

the 2-D system, 17 atomic orbitals are input resulting in the calculation of 17 crystal energies

and 17 energy bands. For the 3-D system, 34 atomic orbitals are input resulting in the

calculation of 34 crystal energies and energy bands.

The lowest energy bands, S3s bands, run almost parallel in some directions indicating a

splitting of the bands due to the addition of the third dimension. For instance, focusing on the

lowest S3s energy band (band #1), this band has been split from one band in the 2-D case to

two bands in the 3-D case. One of the 2 bands was stabilized in energy while the other was

destabilized in energy. The largest degree of splitting between the two bands occurs at the F

point. At the K point the S3s bands become degenerate. The reason for this splitting can be
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explained by looking at the atomic orbital character of the crystal orbitals responsible for the

energy dispersion of the S3s bands. Addition of the third dimension adds MoS 2 layers in the c

direction. Adjacent MoS2 layers result in Van der Waals interactions between the layers. If the

atomic orbitals involved in a particular band do not possess a significant component in the c

direction (or _"direction), for instance Px, Py, dxy or dx2_y2, then these orbitals will not interact

across the wide Van der Waals gap to a significant extent. If the atomic orbitals involved in a

particular band do possess a component in the c direction, for instance Pz, dz2, dzx, and dyz,

then these orbitals will interact more across the Van der Waals gap. The orbital character of

the crystal orbitals responsible for the energy dispersion will be discussed in detail in Chapter 6.

Addition of the third dimension into the calculation of the energy dispersion curves

dramatically affects the band gap of the MoS 2 system. From Figure 32, it can be seen that the

highest energy point of the valence band is now located at F. The previous calculation on 2-D

MoS 2 resulted in this point being located at K, see Figure 30a. The lowest point of the

conduction band in the 3-D system (as well as the 2-D system) occurs at the K point. An

indirect band gap from the highest occupied band at F to the lowest unoccupied band at K of

0.68 eV is the smallest energy gap in the 3-D system. Thus, on proceeding from the 2-D to the

3-D system, the band gap changes from direct (K--,K) to indirect (F--K) and narrows from 1.19

eV to 0.68 eV. In ali cases for the MoS2 system, addition of the third dimension results in an

indirect band gap.

Splitting of the highest energy valence band at the F point results in the formation of

the indirect gap. As described for the S3s bands, this band is split into two bands at F. One

band is stabilized in energy while the other is destabilized in energy. The band that is

destabilized in energy causes the indirect gap. The cause of the destabilization can be obtained

from the orbital character of the crystal orbitals and will be discussed in Chapter 6. One other

feature to notice is that the band destabilized in energy is destabilized more than the band that

is stabilized in energy. This results in a net destabilization of the 3-D structure when compared

to the 2-D structure. Thus, addition of Van der Waals interactions into the system causes a net

destabilization of the energy, as indicated by the energies Section 5.2.1. Addition of Van der

Waals interactions should actually stabilize the structure. Thus, solid state extended Hfickel

theory does not accurately calculate Van der Waals interactions.

Energy dispersion in the direction F--.A is shown in Figure 33. In this direction, the

value of the wavevector ranges from k=0 to k= lc*. Energy dispersion in this direction is

relatively flat, such that no curvature of the bands is evident. Again as in the previous

directions, the largest amount of splitting is present at F. For example the highest crystal band,
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Band #9 in 2-D MOS,), is split into two bands #17 and #18 in 3-D MOS,). As one proceeds

from F to A, the bands begin to decrease in the amount of splitting until at A the ba,_ds are

degenerate. For example, Bands #17 and #18 have energies of-10.93 eV and -10.13 eV at F

respectively. At A, Bands #17 and #18 are degenerate and have an energy of-10.43 eV. This

energy is close to the energy of Band #9 at F in 2-D MoS 2 of -10.68 eV. As will be discussed

in Chapter 6, splitting of the bands on proceeding from 2-D to 3-D MOS,) occurs mainly due to

bonding and antibonding interactions of the sulfur orbitals across the Van der Waals gap. The

degeneracies present at A indicate that an equal number of antibonding and bonding

interactions are present in both bands due to the value of the phase factor at A. Thus

degeneracy of the bands results at A.

5.3 Electronic Structure of I-D (MOS2) 5 Terminating in (1010) and (1011) Edges.

The electronic structures of two systems having a repeat unit of five MoS2"s per unit

cell, (MOS2)5, and terminating in different edge planes were studied. Systems terminating in

(1010) and (1011) edges were studied. A description of these models is given in Section 3.4.4.

The purpose of this study was to look at changes in the electronic structure produced upon the

addition of edges. Since the (MOS2) 5 unit was propagated in one-dimension parallel to the

F---*K, the set of k-points for the calculations ranged from kl=0 to kl=0.5a* in increments of

0.05a*. Atomic parameters used for the Slater-type radial functions were those obtained from

Hughbanks and Hoffmann, Section 3.2.

5.3.1 l-D M__M.9_2,_5Terminating in (1Qi0)

The first 1-D (MOS2) 5 system studied was the system terminating at the (1010) edges.

As discussed previously, addition of (1010) edges exposes two different edges. The first edge

consists of two-coordinate molybdenum atoms; the second edge consists of one--coordinate sulfur
o

atoms (in both the first and third atomic layer). The energy of formation, AUf, of the l-D

(MOS2) 5 systems containing edges must be compared to the energy of formation of the 2-D

MoS 2 system containing no edges. This is a correct comparison since these structures each

contain one MoS 2 layer such that Van der Waals interactions are not present. The energy of

formation of 1-D (MOS2) 5 containing (1010) is -435.75 kcal/mole while that of 2-D MoS 2 is -

463.58 kcal/mole as shown in Table 18 Section 5.2.1. Thus, addition of (1010) edges

destabilizes the structure. Addition of these edges also leads to edge states that widen the S3s

valence band, specifically at the K point. Surface states also appear at the top of the valence

band leading to overlap of the conduction and valence bands.
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The theoretical valence band of the 1-D (MOS2) 5 system terminating at the (1010)

edges is shown in Figure 34a. Modified atomic orbital populations for the Mo4d, S3s, and S3p

orbitals and Mo 4dz2, 4dxy, 4dx2_y 2, 4dzx, and 4dy z orbitals are shown in Figures 34b and 34c,

respectively. The theoretical valence band indicates that the valence and conduction bands

overlap to a large degree. In 2-D and 3-D MoS 2 systems, a small energy gap existed between

the valence and conduction bands. Thus, semiconductor behavior is not present in the I-D

(MOS2) 5 system terminating at the (10i0) edges. Prior to gaussian smoothing by the program,

the top of the valence band is located at -10.769 eV for the (1010) system. Thus, the highest

occupied levels of the (1010) system lie lower in energy than those of the 2-D MoS 2 system in

which the top of the valence band occurs at -10.656 eV. This indicates that surface states due

to the addition of edges are unoccupied. Most of the changes in the theoretical valence band can

be attributed to changes in the Mo4d MAOPOP. The S3s and S3p MAOPOP's are similar ibr

both the 2-D MoS 2 and 1-D (MOS2) 5 systems. However, the Mo4d MAOPOP has changed

dramatically so that the valence and conduction bands overlap. A comparison of the Mo4d

contributions in both cases shows that most of the valence band changes occur because of

changes in the Mo 4dzx and 4dy z MAOPOP's. The Mo4dxz orbitals now contribute to the

highest occupied valence band and the Mo4dy z orbitals contribute to the region between the

highest occupied valence band and lowest unoccupied conduction band,

5.3.2 1-D _19._215 Terminating in (10T_)

A 1-D (MOS2) 5 system terminating at the (10il) edges was also studied. As discussed

previously, Section 3.4.4, addition of (10T1) edges also exposes two different edges. The first

edge consists of two-coordinate sulfur atoms (third atomic layer only) and four--coordinate

molybdenum atoms. The second edge consists of one-coordinate sulfur atoms (first atomic layer

only) and five--coordinate molybdenum atoms. Thus, Mo atoms residing on (1011) edges have a

higher degree of coordination than atoms residing on (1010) edges. Theoretically, the energy of

formation of the 1-D (MOS2) 5 structure was found to be more stable by 11.5 kcal/mole when it

terminated (1011) edges rather than (1010) edges. For these structures, the energies of

formation were -447.28 kcal/mole and-435.75 kcal/mole for the (10il) and the (10i0) edges

shown in Table 18 Section 5.2.1. Both of the structures with edges were found to be less stable

when compared to the 2-D MoS 2 system possessing no edges.

Since the 1-D (MOS2) 5 system terminating in (10il) edges was found to be the more

stable structure, this structure was studied in greater detail. Addition of these edges leads to a

widening of the S3s valence band particularly at the K point. Surface states are also introduced
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at the top of the valence band such that the valence band and the conduction bands overlap.

The orbital character of the surface states can be obtained from the coefficients of the

crystal orbitals. A more detailed analysis of the coefficients will be discussed in Chapter 6. The

theoretical valence band of the 1-D (MOS2)5 system terminating in (1011) edges is shown in

Figure 35a. The modified atomic orbital populations for the Mo4d, S3s, and S3p orbitals and

the individual Mo4d contributions to the valence band are shown in Figures 35b and 35c.

Again, the theoretical valence band overlaps with the conduction band changing the behavior of

the system from semiconductor to metallic. In this system, the top of the valence band is

located at -10.645 eV which is slightly above that of the 2-D MoS2 system which occurs at -

10.769. This may indicate that unlike the (1010) system, the (1011) system possesses a small

amount of occupied surface states. Thus, if a real system possessed a large amount of (1011)

edges, XPS valence band analysis of this system would show extra intensity at the top of the

valence band due to electrons residing in surface states at the top of the valence band. This

result will be discussed in more detail in Chapter 6 where it will be used to explain differences in

the XPS valence bands of polycrystalline and single crystal MoST The behavior of the S3s and

S3p MAOPOP's is similar in both the 2-D MoS2 system and the 1-D (MOS2)5 edge terminated

systems. Changes in the'theoretical valence band can be attributed to changes in the Mo4d

MAOPOP. Major changes occur in the MAOPOP's of the Mo 4dzx and Mo 4dyz orbitals. In

the 2-D MoS2 system, these orbitals were well separated from the other three Mo4d orbitals at

the top of the valence baald and the bottom of the conduction band. Addition of (1011) edges

leads to a mixing of the dzx and dy z orbitals with the dz2, dxy, and dxz_y2 orbitals.

5.3.3 Comoaricon of Theoretical

The EHMACPP program also provides an option for calculating the overall electron

population on the atoms (over the filled crystal orbitals). Electron populations can be used to

obtain average charges oa the atoms contained in one unit cell. For example, in the case of 2-D

MoS2, electron populations were calculated for each of the 171 special k-points. Since the

repeat unit was one MoS2, these populations were calculated for one molybdenum atom (Mo1)

and two sulfur atoms (S2 and $3). Individual electron populations obtained at each k-point

were averaged over ali of the 171 special k-points, to obtain an average electron population for

each atom. Average charges were found by subtraction of the average electron population from

the number of valence electrons on the bare atom. In 2-D MoS2, average electron populations

on the ator_ were the following: Mo1, 5.442790; S2, 6.278607; and S3, 6.278607. Molybdenum

atoms (5s14d5) and sulfur atoms (3s23p4) each possess 6 valence electrons. Consequently,
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average charges are the following: Mo 1, +0.56; S2, -0.28; and S3, -0.28. Average charges on

t the molybdenum and sulfur atoms in the 3-D MoS 2 system were also calculated. Average

charges for the atoms of the 3-D system are the following: Mo 1, +0.74, $2,-0.37; S3, -0.37;

Mo 4, +0.74; $5, -0.37; and $6, -0.37. The theoretical average charges are much different than

the formal oxidation states assigned to the atoms in MoS 2. The formal oxidation state of Mo is

+4 while that of S is -2. Thus, these results indicate that the bonding in MoS 2 is largely

covalent in nature.

On the 1-D (MOS2) 5 structures, average charges are more complicated. In each unit

cell there are 5 different Mo species and 10 different S species due to termination of the structure

with edges. Average molybdenum and sulfur charges for the 15 atoms can be obtained by

averaging the individual charges at each k-point. The resulting average charges are given in

Table 19. As indicated in the table, molybdenum atoms in 1-D (MOS2) 5 systems are more

positively charged when compared to the corresponding 2-D MoS 2 system. Sulfur atoms are

also less negatively charged when compared to the 2-D system, except for coordinately

T,a_ 19.

Average charges for 2-D MoS 2 and 1-D (MOS2) 5 systems terminating
in (10i0) and (10il) edges. Coordination of the atoms is shown in
parentheses.

1-D (MoSg) 5 1-D (MoSo) 5
Atom 2-D MoS 2 (10i0) ._ 1_ e_

Mo-0101 +0.56 (6) +0.87 (2) +0.69 (4)
Mo--0201 +0.70 (6) +0.65 (6)
Mo-0301 +1.47 (6) +1.25 (5)
Mo-0401 +0.92 (6) +0.64 (6)
Mo--0501 +0.65 (6) +0.71 (6)

S-0101 -0.28 (3) -0.22 (3) -0.27 (3)
S--0201 -0.28 (3) -0.22 (3) -0.19 (3)
S-0301 --0.27 (3) -0.26 (3)

S-0401 --.0.27 (3) ....0.27 (3 )
S--0501 -1.30 (1) -1.21 (1)
S-0601 -1.30 (1) -0.68 (2)
S-0701 -0.26 (3) -0.27 (3)

: S-0801 -0.26 (3) -0.27 (3 )
S-0901 -0.25 (3) -0.21 (3)
S--1001 -0.25 (3) -0.29 (3)

unsaturated edge sulfur atoms. Edge sulfur atoms are more negative when compsred to sulfur

in 2-D MoS2. In the structure terminating in (1010) edges, the two one-coordinate edge sulfur

atoms (S-050_ and S-0601) possess an average charge of-1.30 as compared to -0.28 for the 2-D

system. Two-coordinate edge molybdenum atoms possess an average charge of +0.87 as

-154-



compared to +0.56 for molybdenum atoms in the 2-D system. Thus, termination of MOS.)

layers in (1010) edges results in one positively charged edge and one negatively charged edge. It

is interesting to note that the most positively charge molybdenum atoms are not two-coordinate

edge molybdenums but rather six--coordinate molybdenum atoms (Mo-0301) bound to two one-

coordinate sulfur atoms (S-0501 and S-0601). Thus, electrons are transferred from the

molybdenum atoms (Mo--0301) toward the two one-coordinate sulfur atoms (S-0501 and S-

0601).

In the structure terminating at the (1011) edges, two--coordinate edge 1 sulfur atoms (S-

0601) and one-coordinate edge 2 sulfur atoms (S-0501) possess average charges of-0.68 and -

1.21, respectively. These charges are more negatively charged when compared to the sulfur

charge of-0.28 in 2-D MoS T Four-coordinate edge 1 molybdenum atoms (Mo-0101) and five--

coordinate edge 2 molybdenum atoms (Mo--0301) possess average charges of +0.69 and +1.25,

respectively. Again, the molybdenum atoms are more positively charged when compared to the

2-D case. The most positively charged molybdenum atoms are edge 2 molybdenum atoms

(Mo-0301) coordinated to a one-_:,_ordinate sulfur atom. A general trend seems to be that when

molybdenum atoms are coordinated to one-coordinate sulfur atoms, electrons are transferred

from the molybdenum to the sulfur. The structure terminating at (1011) edges does not exhibit

large edge charge separation as does the structure terminating at (1010) edges. In the (10T0)

structure, edge 1 consists of positively charged molybdenum atoms (+0.87) while edge 2 consists

of negatively charged sulfur atoms (-1.30). There are two edge 2 sulfur atoms per one edge 1

molybdenum atom. Thus, the charge separation can be viewed as j+0.87 - (2 x-1.30)1 = 3.47

units of charge. In the (1011) structure, edge 1 consists of negatively charged sulfur atoms (-

0.68) and positively charged molybdenum atoms (+0.69). Edge 2 also consists of negatively

charged sulfur atoms (-1.21) and positively charged nlolybdenum atoms (+1.25). Thus, the

charge separation can be viewed as 1(-0.68 + 0.69) - (-1.21 + 1.25)1 = 0.03. Edge charge

separation in the (10i0) structure is much greater than that in the (1011) structure. This

difference in edge charge separation could account for the large energy stabilization (by 11.53

kcal/mole) of the (1011) structure compared to the (1010) structure. Of course, this is a

situ _listic vmw of the edges since charges of fully coordinated atoms next to edge atoms were not

co',:fidered. However, these results do explain the stability of one structure over another.

5.4 Electronic Structure of 2-D H-MoS T

Hydrogen adsorption on 2-D MoS 2 was studied by theoretically placing a hydrogen

atom at different sites on the basal plane. Hydrogen was placed at two sites in this study, above
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a basal plane sulfur atom and above a basal plane molybdenum atom. A more detailed

discussion of these structures can be found in Section 3.4.5. For this calculation, the 171 special

k-points were used, as well as the atomic parameters of Hughbanks and Hoffmann, Section 3.2.

5.4.1 Comvaris01_ Qf Energies

A description of the method used in determining the energies and enthalpies of

formation and the binding enthalpies of the 2-D H-MoS 2 system is given in Section A.3 of

Appendix A. As discussed in Appendix A, theoretical binding enthalpies can be obtained from

the enthalpies of formation of the bare and hydrogen covered 2-D MoS 2 surface. The first

reaction under consideration is the reaction of hydrogen atoms, H°, with the basal plane of an

MoS 2 surface, equation 16a. As indicated in Table 20, when the MoS 2 is theoretically exposed

to hydrogen atoms, hydrogen preferentially adsorbs on exposed sulfur atoms. Molybdenum

atoms are not a thermodynamically favored site for hydrogen adsorption in this study, since a

positive enthalpy is calculated for reaction 16a. The next reaction under consideration is the

reaction of hydrogen molecules, H2, with the basal plane of an MoS2 surface, equation 16c.

This reaction was studied because most of the experimental results for hydrogen adsorption on

MoS 2 were performed using hydrogen gas not hydrogen atoms. Again as indicated in Table 20,

thermodynamically the most stable sites for hydrogen adsorption are the sulfur atoms.

H°(g) + MoS2(s) -- H-MoS2(s) AH10=see Table 20 (16a)

1 H2(g ) -., H0(g) AHl1=52.10 kcal/mole (16b)

1 H2(g ) + MoS2(s ) -, H_MoS2(s ) AH12 = see Table 20 (16c)2

_20.

Binding enth_,lpies of hydrogen atoms, AH10 , and molecules, AHlo,
on the surface of 2-D MoS T The two sites studied were hydrogen o'n
sulfur and hydrogen on molybdenum. (Units are in kcal/mole.)

Structure _ Site Coordination _H10 _H12

2-D H-MoS 2 Mo Basal 6 10.24 62.34

2-D H-MoS 2 S Basal 3 -68.95 -16.85

5.4.2 Comvarison o_fTheoretical Charges

When the surface of 2-D MoS2 is theoretically covered with hydrogen atoms, the

average charges are dramatically altered. Two cases of hydrogen adsorption were studied,
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hydrogen above basalplane sulfuratoms ($2)and hydrogen above basalplanemolybdenum

atoms (MOl). Averagechargesforthesesystemsare shown inTable 21. When hydrogenwas

placedabove basalplanesulfuratoms,the chargeon thissulfuratom ($2)changed from -0.28

to +0.54. The molybdenum atom chargechangedfrom +0.56 to -0.27and thechargeon the

oppositeplanesulfuratom ($3)changed from -0.28to-0.36.The chargeon thehydrogenatom

was small,+0.1. A sulfuratom on the basalplaneMoS 2 alreadyhas a fullcoordinationof3,

thus inclusionof a hydrogen atom increasesthe number of atoms attachedto thisatom. The

positivechargeexhibitedby the sulfaratom ($2)witha coordinatedhydrogen iscounteracted

by themore negativechargesofthemolybdenum and theremainingsulfur($3)atoms.

When the hydrogenatom isplaceddirectlyabove a basalplanemolybdenum atom, the

chargeon S2 againbecomes more positive,+0.078compared to -0.28.The molybdenum atom

becomes lesspositivechangingfrom +0.56 to +0.018. Again,electrondensityistransferred

away from the hydrogen adsorbedbasalplaneto the molybdenum atoms and to the opposite

planeofsulfuratoms. In thiscase,thehydrogen atom islocatedinthe centerofa triangleof

equivalentsulfuratoms,S2's. Thus, thesethreesulfuratoms are sharingthe positivecharges

imposed by thehydrogencoveredsurface.

Table 21..._

Average chargeson molybdenum, sulfur,and hydrogenatoms in 2-D

H-MoSo systems. Two casesof hydrogen adsorptionwere studied,

molybdenum atoms (dMo..H- 1.7_,,ds_id=l.83,_).

S£stem H Positio_ M_.9oCharge _.Charge H Charge

MoS 2 None +0.56 -0.28

H-MoS 2 S2 -0.27 +0.54 ($2) +0.10

-o.3 (s3)
H-MoS 2 Mo I +0.02 +0.08 (S2) +0.27

-0.36 (S3)

5.4.3 TheoreticalValenceBands

Theoreticalvalencebands of2-D H-MoS 2 areshown in Figures36a and 36c. Modified

atomicorbitalpopulationsoftheMo4d, S3s and S3p orbitalsareshown in Figures36b and 36d.

In Figures36a and 36b, hydrogen is locateddirectlyabove basalplane sulfuratoms at a

distance,ds_H, of 1.35_. In Figures36c and 36d_hydrogen islocateddirectlyabove basal

planemolybdenum atoms at a distance,dMo..H,of 1.7_,.Theoretically,_he valencebands have

changeddramaticallywiththeadditionofhydrogenatoms tothesurface.

-157-







-160-





As indicated in Section 5.4.1, basal plane sulfur atoms are more thermodynamically

favorable sites for hydrogen adsorption than molybdenum atoms. Addition of hydrogen to basal

plane sulfur atom_ causes some changes in the theoretical valence band shown in Figure 36a.

Dispersion of the S3s band changes so that the maximum peak position is shifted to higher

binding energies. A widening of the Mo4d-S3p valence band by ,-, 0.8 eV occurs mainly at the

bottom of the Mo4d-S3p valence band shown in Figure 36a. The band at the lower end of the

Mo4d-S3p valence band is smoothed into a large shoulder. The top peak of the valence band

has also shifted to higher binding energies by ,,- 0.4 eV Also, a small portion of the conduction

band is now filled due to the additional electron from the hydrogen atom.

The theoretical valence band obtained upon the addition of hydrogen to basal plane

molybdenum atoms is shown in Figure 36c. Small changes in the dispersion of the S3s band

result from the addition of hydrogen. An additional band at the bottom of the Mo4d-S3p

valence band has appeared and the top peak of the valence band has shifted to higher binding

energies by -_ 0.3 eV. Again, a portion of the conduction is occupied due to the additional

electron from the hydrogen atom.

5.4.4 _ _ Disversion Curves

The origin of the changes in the theoretical valence bands that occur upon the addition

of hydrogen to 2-D MoS 2 can be explained by studying the energy dispersion curves. Energy

dispersion curves for the H-MoS 2 systems with hydrogen adsorbed on basal plane sulfur and

molybdenum atoms were calculated in the following directions: F---,M, F--,K, and K-,M. In

Figure 37a are shown the energy dispersion curves for the system in which hydrogen resides on

top of the basal plane sulfur atoms. In Figure 37b are shown the energy dispersion curves for

the system in which hydrogen resides on top of the basal plane molybdenum atoms.

When hydrogen resides directly above the basal plane sulfur atoms, Figure 37a, the two

S3s bands (bands #1 and #2) are lowered in energy in ali of the directions calculated. A

lowering in energy of the S3s dispersion curves results in the shift of the maximum to higher

binding energy seen in the S3s valence band. The lowest band of the Mo4d-S3p valence band

(band #3) is lowered in energy at F by -,, 1 eV. This results in a widening of the Mo4d- S3p

valence band as described in Section 5.4.4. The highest fully occupied energy band (band #9) is

lowered in energy at F by _, 0.4 eV. The lowest energy conduction bands remain relatively

unchanged.
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Figure 37a. Theoretical energy dispersion curves of 2-D H-MoS 2 with hydrogen
located directly above the basal plaae sulfur atoms.
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Figure 37b. TheoreticaJ energy dispersion curves oi"2-D H-MoSe with hydrogen
located directly above the basal plane moi.vbdellum a_oms.
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When hydrogen resides directly above the basal plane molybdenum atoms, Figure 37b,

the two S3s bands (bands #1 and #2) are again lowered in energy, particularly at F. The S3s

bands at K become degenerate for the two systems _'ith and without hydrogen. This result

implies no bonding interaction between the hydrogen and the S3s orbitals. The lowest band of

the Mo4d-S3p valence band (band #3) is lowered in energy, especially in the direction K-.M.

This band is relatively dispersionless in the K---,M direction and thus produces the new peak in

the theoretical valence band, described in Section 5.4.3. The highest fully occupied energy band _

(band #9) is lowered in energy at 1"by ~ 0.3 eV. The lowest energy conduction band remains

relatively unchanged.

Experimental photoelectron spectroscopy (HR-ESCA and UPS) can not be used to

directly detect hydrogen adsorbed on a MoS 2 surface. However, the theoretical studies discussed

above suggest that changes in the valence band and energy dispersion curves caused by hydrogen

adsorption could be detected using photoelectron spectroscopy. If changes are found

experimentally, the theoretical calculations described above may help identify the sites for

hydrogen adsorption.

5.5 ElectronicStructureof I-D H-(MoS2) 5 Terminatingat the (I0ii)Edges.

5.5.1 Compa.risonof Energies

The calculatedbindingenthalpiesof hydrogen atoms, AHI5 , on the I-D (MOS2)5

structureterminatingin (10TI)edgesare givenin Table 22. Theoreticallyon thissurface,the

most stablesitesforhydrogen atoms are on the edge and basalplanesulfuratoms. Reaction

17cshows the reactionofhydrogenmoleculeswith the I-D (MOS2)5 surface.The enthalpiesfor

thisreaction,kxH16,areshown inTable 22. Again,theenthalpiesindicatethatedge and basal

planesulfursitesare the most thermodynamicallyfavoredforhydrogenadsorption.However,

the four-coordinateedge molybdenum siteis alsotherm_'Synamicallyfavoredfor hydrogen

adsorption. Five-coordinateedge and basal plane molybdenum atoms are not

thermodynamicallyfavorablesitesforhydrogenadsorption.

One of the reasonsfor the unfavorablebindingenergyfor hydrogen adsorptiononto

molybdenum basalplanesitescould be the proximityof basalplanesulfuratoms. The basal

planeof 2H-MoS 2 isgenerallythoughtto consistof sulfuratoms. Since,molybdenum atoms

are coordinatedto 6 sulfuratoms in a trigonalprismaticgeometry,molybdenum atoms are

buriedbeneath a surfaceof exposedatoms. Thus, when hydrogen adsorbs,on a molybdenum

atom it alsoresidescloseto 3 equivalentsulfuratoms. This may be the reasonfor the

destabilizatior,jf themolybdenum basalplanesitescompared to edgesiteswithsmallernumber
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of coordinating sulfur atoms.

(MoS2)5(s) + H°(g) -- H-(MoS2)5(s ) AH15=see Table 22 (17a)

I Ho
H2(g ) -- (g) AHII=52.10 kcal/mole(17b)

(MoS2)5(s) + 1 H2(g ) ., H_(MoS2)5(s) AH16-see Table 22 (17c)

99

Binding enthalpies of hydrogen atoms, &HI._, and molecules, -_Hlfi,

on the surface of 1-D (MOS2)5 with (10T1) edges. Four different ec[g_e
sites and six basal plane sites were studied. (Units are in kcal/mole.)

$tructt_re Atom _ o_ _J_[15 _L_[16

1-D (MOS2) 5 S-0601 Edge(l) 2 -90.30 -38.20

Mo-0101 Edge(l) 4 -83.84 -31.74

S-0501 Edge(2) 1 -92.14 -40.05

Mo-0301 Edge(2) 5 -37.26 14.84

$-0101 Basal 3 -98.01 -45,91

S-0301 Basal 3 -101.60 -49.50

S-0701 Basal 3 -I01.87 -49.77

S-0901 Basal 3 -101.70 -49.60

Mo-0201 Basal 6 -22.73 29.37

Mo-0401 Basal 6 -23.16 28.94

Mo--0501 B_sal 6 -22.88 29.22

The binding enthalpy for adsorption of hydrogen molecules onto basal plane sulfur

atoms in the 2-D MoS 2 system and 1-D (MOS2) 5 system is -16.85 kcal/mol and -49.50

kcal/mol, respectively. This result would lead one to believe that adsorption onto basal plane

surfaces of MoS 2 containing a large ratio of edge to basal plane area would be more

thermodynamically stable than adsorption onto basal plane surfaces with a smaller ratio of edge

to basal plane area. However, the binding enthalpy comparison between the 2-D H-MoS 2 and

the 1-D H-(MoS2) 5 is not correct since the ratio of hydrogen atoms to MoS 2 units is 1 for the

2-D system and 0.20 for the 1-D system. Thus, the difference between the binding enthalpies

for hydrogen adsorption onto basal plane Mo and S atoms may be due to a concentration effect.

To check the validity of this statement, a second set of calculations was carried out on the 1-D

system. In this set of calculations, hydrogen was first placed on five basal and edge plane sulfur
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sites and then on five basal and edge plane molybdenum sites to obtain a ratio of one hydrogen

per MoS T Binding enthalpies of these calculations are shown in Table 23. In both cases

hydrogen adsorption onto the (MOS2) 5 system with a ratio of one hydrogen atom per MoS 2

leads to stabilization of the overall binding enthalpy such that the values obtained are closer to

the binding enthalpies for adsorption of hydrogen on basal plane atoms of the 1-D system.

Thus, a concentration effect does not explain the binding enthalpy differences between the 2-D

and 1-D systems. The only reasonable explanation for the stabilization is that the addition of

edgesto the I-D system modifiesnot onlyedge plane atoms but alsobasalplaneatoms such

thatthesesitesbecome more favorableforreactionswith hydrogen. Thus, a MoS 2 systemwith

a largenumber ofedges (suchas polycrystallineMoS 2 )shouldadsorbhydrogen more readily

than a systemwitha smallnumber ofedges(singlecrystalMOS2).

 23.

Binding enthalpiesof hydrogen atoms, AH10 ,and molecules,AH12 ,
on the surfaceof I-D (MoSo)5. The two sitesstudiedwere hydrogen
on sulfurand hydrogenon molybdenum. In thisstudya ratioof one

hydrogenper MoS 2 was used. (Unitsareinkcal/moleMOST)

Site -RlO
1-D (H-MoS2) 5 Mo Basal and Edge -36.50 15.60

1-D (H-MoS2) 5 S Basal and Edge -93.84 -41.74

5.5.2 o._.Rl:RP.Arj_ of Charues

Once the hydrogen atoms were placed on the 1-D (MOS2) 5 structure terminating at the

(1011) edges, the distribution of average atomic charges was altered. Charges for each 1-D H-

(MOS2) 5 structure were calculated as indicated in Section 5.3.3. Average charges for 1-D H-

(MOS2) 5 systems with hydrogen residing on the edge plane atoms are given in Table 24a.

Average charges for 1-D H-(MoS2) 5 systems with hydrogen residing on the basal plane atoms

are given in Table 24b.

When hydrogen atoms reside on Edge 1 two-coordinate sulfur atoms (S-0601), some

changes in the average charges occur. The Edge 1 sulfur atoms are oxidized from -0.68 to

+0.032. Edge 1 four-coordinate molybdenum atoms (Mo-0101) are reduced from +0.69 to -

0.081. The hydrogen atom possesses a positive charge of +0.099. Edge 2 five-coordinate

molybdenum atoms (Mo--0301) are also reduced from +1.25 to +1.17. Thus, electron density is

transferred from the hydrogen atom through the sulfur a_om (S-0601) to the molybdenum atom

(Mo-0101). Edge 2 five-coordinate molybdenum atoms (Mo-0301) are reduced due to transfer
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Average chargesforI-D H-(MoS2) 5 structuresterminatingin (i0ii)
edgeswithhydrogen residingon edgeplaneatoms.

(MOS2)5 H-(MoS2) 5 withH on:
Atom Bare S-0601 Mo-01Ol S-0501 Mo-0301

Mo-0101 +0.69 -0.081 +0.88 +0.36 +0.51
Mo-0201 +0.65 +0.66 +0.68 +0.64 +0.67

Mo-0301 +1.25 +1.17 +1.29 +0.76 +0.86

Mo---0401 +0.64 +0.68 +0.68 +0.64 +0.68
Mo-0501 +0.71 +0.71 +0.79 +0.70 +0.73
S-0101 -0.27 -0.28 -0.29 -0.28 -0.27
S-0201 -0.19 -0.20 -0.25 -0.20 -0.19
S-0301 -0.26 -0.26 -0.26 -0.27 -0.27
S-0401 -0.27 -0.26 -0.26 -0.27 -0.27

S-0501 -1.21 -1.21 -1.20 -0.42 -1.23
S-0601 -0.68 +0.032 -0.72 -0.72 -0.70
S-0701 -0.27 -0.27 -0.27 -0.27 -0.27
S-0801 -0.27 -0.27 -0.27 -0.27 -0.27

S-0901 -0.21 -0.21 -0.19 -0.22 -0.22

S-1001 -0.29 -0.29 -0.26 -0.31 +0.II

H-0101 u +0.099 -0.34 +0.12 +0.15

24b__

Average charges for 1-D H-(MoSo) 5 structures terminating in (1011)
edges with hydrogen residing on basal plane atoms.

(MOS2) 5 H-(MoS2) 5 with H on:
Atom Bar....__e $-0_01 Mo-0201

Mo-0101 +0.69 +0.16 +0.17
Mo-0201 +0.65 +0.61 +0.88
Mo--0301 +1.25 +1.01 +1.00
Mo--0401 +0.64 +0.63 +0.63
Mo-0501 +0.71 +0.64 +0.67
S-0101 -0.27 -0.28 -0.28
S-0201 -0.19 -0.20 -0.20

S-0301 . -0.26 +0.61 -0.12
S-0401 -0.27 -0.27 -0.27
S-0501 -1.21 -1.23 -1.23
S-0601 -0.68 -0.73 -0.73

S-0701 -0.27 -0.26 +0.018
S-0801 -0.27 -0.27 -0.27
S-0901 -0.21 -0.21 -0.22
S-1001 -0.29 -0,30 -0.30
H-0101 -- +0.098 +0.27
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of electrons through the bulk-like lattice. This is similar to the situation for hydrogen residing

on the basal plane sulfur in the 2-D H-MoS 2 system. Of the three sulfur sites studied on the

(1011) system, hydrogen on this sulfur site, two-coordinate edge S-0601 atoms, is the least

stable. The binding enthalpy for a hydrogen molecule on this site is -38.20 kcal/mole.

Hydrogen atoms residing on the Edge 2 one--coordinate sulfur atoms (S-0501) also

producechanges inthe averagechargesof the atoms. Edge 2 one-coordinatesulfuratoms are

oxidizedfrom -1.21 to -0.42. Edge 2 five-coordinatemolybdenum atoms (Mo-0301) are

reducedfrom +1.25 to +0.76. Edge 1 four-coordinatemolybdenum atoms (Mo-0101) arealso

reducedfrom +0.69 to +0.36. However, edge 1 two-coordinatesulfuratoms (S-0601)are

slightlyreducedfrom -0.68to -0.72. The hydrogenatom possessesa positivechargeof +0.12.

Again,electrondensityistransferredfrom the hydrogen atoms through the sulfuratoms (S-

0501)to the molybdenum atoms (Mo-0301). Edge i molybdenum (Mo-0101) and sulfuraLoms

(S-0601)are alsoreducedby transferofelectronsthroughthe bulk-likelattice.Of the three

sulfursitesstudied,thissulfursiteisintermediatein hydrogen bindingenthalpy.The binding

enthalpyforhydrogenmoleculeon thissiteis-40.05kcal/mole.

" The last sulfur site studied was hydrogen adsorption onto basal plane three-coordinate

sulfur atoms (S-0301). This study was expected to parallel the behavior of hydrogen atoms

residing on basal plane atoms in the 2-D H-MoS 2 system. Of the three sulfur sites studied, this

site was the most stable for hydrogen adsorption. The binding enthalpy for a hydrogen molecule

on this site is -49.50 kcal/mole. In this system, the fully coordinated basal plane sulfur atom

(S-0301) is oxidized from -0.26 to +0.61. Basal plmm and edge plane molybdenum atoms are

reduced. Basal plane atoms Mo-0201 and Mo-0501 are reduced from +0.65 to +0.61 and from

+0.71 to +0.64, respectively. Mo--0201 and Mo-0501 are directly connected to the hydrogen

adsorbed basal plane sulfur atom (S-0301). Edge plane molybdenum atoms, Mo-0301 and Mo-

0101, are also reduced from +0.69 to +0.16 and from +0.65 to +0.61. Edge plane sulfur atoms,

S-0501 and S-0601, are reduced slightly from -1.21 to -1.23 and from -0.68 to -0.73,

respectively. The hydrogen atom possesses a slight positive charge of +0.098. Thus, electrons

are transferred from the hydrogen and sulfur (S-0301) atoms through basal plane molybdenum

atoms (Mo--0201, Mo-0501 and Mo--0401) to edge plane molybdenum atoms (Mo-0101 and Mo-

0301) and sulfur atoms (S-0601 and S-0501). One interesting feature present in the 2-D H-

MoS 2 system with hydrogen adsorbed on basal plane sulfur atoms is not present in this system.

In the 2-D H-MoS 2 system, electrons were transferred from hydrogen and first atomic layer

sulfur atoms (S-0201) to molybdenum atoms (Mo-0101) and third atomic layer sulfur atoms

(S-0301). Thus, sulfur atoms that did not possess hydrogen atoms were reduced from -0.28 to -
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0.36. In the H-(MoS2) 5 system terminating at the (1011) edges and with hydrogen adsorbed on

basal plane sulfur atoms (S-0301), third atomic layer sulfur atoms (S-0401) were not reduced

significantly• Electrons are transferred to unsaturated edge plane atoms instead of to third

atomic layer basal plane sulfur atoms•

When hydrogen is theoretically adsorbed onto Edge 1 four-coordinate molybdenum

atoms (Mo--0101), ali of the molybdenum atoms in the unit cell are slightly oxidized• Basal "

plane molybdenum atoms, Mo-0201, Mo-0401 and Mo-0501, are oxidized from +0.65 to +0.68,

from +0.64 to +0.68, and from +0.71 to +0.79, respectively. Edge plane molybdenum atoms,

Mo-0101 (4-coordinate) and Mo-0301 (5-coordinate), are oxidized from +0.69 to +0.88 and

from +1.25 to +1.29, respectively. Only small changes occur in some of the sulfur atoms• Edge

1 two-coordinate sulfur (S-0601) and basal plane three-coordinate sulfur (S-0201) atoms are

reduced from -0.68 to -0.72 and from -0.19 to -0.25, respectively. Both of these sulfur atoms

are bound to Mo-0101. The hydrogen atom possesses a negative charge of-0.34 in this

structure. Thus, electrons are transferred from second atomic layer molybdenum atoms to

adsorbed hydrogen atoms. Edge 1 four-coordinate molybdenum atoms (Mo-0101) are the most

stable molybdenum sites for hydrogen adsorption. The binding enthalpy for a hydrogen

molecule on this site is -31.74 kcal/mole.

When hydrogen is theoretically adsorbed onto Edge 2 five-coordinate molybdenum

atoms (Mo--0301), this atom is reduced from +1.25 to +0.86. Sulfur atoms attached to this

molybdenum atom are S-0501 (1-coordinate), S-0901 (3-coordinate), and S-1001 (3-'

coordinate). S-0501 is reduced only slightly, however S-1001 is oxidized from -0.29 to +0.11.

The charge on S-0901 is relatively unaffected by the addition of hydrogen atoms• S-1001 is

strongly affected by the addition of hydrogen atoms to Mo-0301 because this atom is located

only' 1.83 _ away from the hydrogen atom. The hydrogen atom itself possesses a positive

charge of +0.15. Edge 1 four-coordinate molybdenum atoms (Mo-0101) are also reduced from

+0•69 to +0.51. Thus, electrons are transferred from the hydrogen atoms to tile molybdeaum

atom it is attached to, Mo-0301. Also, electrons are transferred from sulfur atoms located close

to the adsorbed hydrogen atoms, S-1001, to Mo-0301. The bindiag eathalpy of a hydrogen

molecule on this site, Mo-0301, is 14.84 kcal/mole, an unfavorable process.

The last hydrogen adsorption site studied was hydrogen on basal plane molybdenum

atoms, Mo-0201. This site was expected to exhibit behavior similar to hydrogen adsorbed on

basal plane molybdenum in the 2-D H-MoS 2 system• In the 1-D H-(MoS2) 5 system

terminating in (10il) edges, this site is thermodynamically less favorable than the previous sites.

The binding enthalpy of a hydrogen molecule on this site is 29.37 kcal/mole. The charge on
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Mo-0201 is increased from +0.65 to +0.88. Sulfur atoms attached to Mc_-0201 include S-0301,

S-0401, S-0701, and S-0801. Charges on S-0401 and S-0801 are not affected significantly by

hydrogen adsorption, because these atoms _r,, located on the bottom of the MoS 6 trigonal prism,

away from the adsorbed hydrogen atom. However, charges on S-0301 and S-0701 change from

-0.26 to -0.12 and from -0.27 to +0.018, respectively. Edge plane molybdenum atoms, Mo--

0101 and Mo-0301, are reduced from +0.69 to +0.17 and from +1.25 to +1.00, respectively.

The hydrogen atoms possesses a positive charge of +0.27. Thus, electrons are transferred from

the hydrogen and basal plane sulfur (S-0301 and S-0701) and molybdenum (Mo-0201) atoms to

edge plane unsaturated molybdenum atoms, Mo-0101 and Mo-0301. In the 2-D H-MoS`)

system with hydrogen adsorbed on basal plane molybdenum atoms, the molybdenum atom with

hydrogen attached is reduced from+0.56 to +0.018. Basal plane sulfur atoms located on the

same side as the hydrogen atoms are oxidized from -0.28 to +0.078. Basal plane sulfur atoms

located on the opposite side are reduced from -0.28 to -0.36. The hydrogen atoms possess a

positive charge of +0.27. Thus, electrons are transferred from hydrogen and basal plane sulfur

atoms located on the same side to molybdenum atoms and sulfur atoms located on the opposite

basal plane. The 2-D H-MoS 2 system has a binding enthalpy for hydrogen molecules on basal

plane molybdenum atoms of 62.34 kcal/mole. Hydrogen adsorption onto basal plane

molybdenum atoms ill the 2-D MOS.) system is thermodynamically less stable compared tom

hydrogen adsorption onto basal plane molybdenum atoms, Mo-0201, in the 1-D (MOS2) 5

system terminating at the (10il) edge. One reason for the difference in stability could be that

the 2-D system has a ratio of one hydrogen per molybdenum but the 1-D (MOS2) 5 system has a

ratio of one hydrogen per 5 molybdenum atoms. The 1-D H-(MoS2) 5 systems seem to transfer

electrons to unsaturated edge atoms, while the 2-D H-MoS 2 systems transfer electrons to sulfur

atoms on the opposite basal plane.

These results indicate that the most thermodynamically favorable site for hydrogen

adsorption is on basal plane sulfur atoms in the 2-D and 1-D systems. Basal planes in 1-D

systems terminating in edges are more favorable because electron transfer occurs to unsaturated

edge molybdenum atoms instead of to basal plane sulfur atoms.

5.6 Parametrization of the MoS 2 Theoretical Valence Band.

As discussed in Section 5.1.1, the theoretical valence band of 2-D MOS,), obtained using

the atomic parameters of Hughbanks and Hoffmann, does not accurately represent the

experimental valence band of MoS 2 obtained via HR-ESCA. One notable feature that is not

reproduced by the theory using these parameters is the four-peaked nature of the upper portion
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of the valence band (Mo4d-S3p region). Also, the S3s band is located too close to the upper

Mo4d-S3p valence band. Thus, a theoretical calculation of 2-D MoS 2 was carried out using the

atomic parameters of Clementi and Roetti, discussed in Section 3.2. Double zeta functions,

instead of single zeta functions, were used for the S3s and S3p orbital.,_ in an attempt to obtain

the four-peaked nature of the upper Mo4d-S3p valence band. After the effect of double zeta

functions was studied, the atomic parameters, Hii and c_, were adjusted to fit the experimental

valence band. Ionization potentials, Hii, were measured directly from tile experimental valence

band of MOS`) (after shifting the entire experimental valence band by -4.1 eV, the work function

of MOS2).

5.6.1 Effect o_[S30 Double Zeta Functions

The effect of S3s, S3p double zeta functions on the theoretical valence band was

investigated first. The double zeta functions and atomic ionization parameters of Clementi and

Roetti, discussed in Section 3.2, were used for the S3s, S3p and Mo4d atomic orbitals. Energy

dispersion curves obtained using the more diffuse S3p double zeta function show some

differences. Curvature of the bands, particularly band #3, at the bottom of the Mo4d-S3p

valence band becomes more pronounced. Overlap of the two highest occupied crystal bands,

bands #8 and #9, of the Mo4d-S3p valence band now occurs. Previously, using the single zeta

functions of Hughbanks and Hoffmann, bands #8 and _9 did not overlap but were separated by

a gap. This gap between bands #8 and #9 led to the three-peaked nature of the theoretical

valence band.

Tile theoretical valence band of 2-D MOS,) obtained using the atomic parameters of

Clementi and Roetti is shown in Figure 38a. Modified atomic orbital populations, MAOPOP's,

for the S3s, S3p and Mo4d orbitals are shown in Figure 38b. The upper Mo4d-S3p theoretical

valence band now consists of four distinct peaks, similar to the experimental valence band. The

total width of the Mo4d-S3p theoretical valence band region is ca. 6 eV, the experimental

width is also ca. 6 eV. However, the S3s band is separated from the bottom of the Mo4d-S3p

valence band by ca. 9 eV. Experimentally, the S3s band is separated from the upper Mo4d-S3p

valence band by ca. 6 eV. Thus, the atomic ionization potentials, Hii, of Clementi and Roetti

did not correctly match those needed to produce good agreement between theory and

experiment.

The S3p double zeta functions are necessary for a better representation of the MOS,)

valence band. The use of more diffuse S3p double zeta functions increases the overlap between
2

the S3p and Mo4d atomic orbitals leading to the four-peaked nature of the upper valence band.

-172-



i I i i I

860" 0

A±I_N3±NI

-173-



_.=

- __

_ °_

< = P.

N-?-.
_ ud_

•_ .<._

ILl "=-:_'=

".__.:
eg

\ !' _

i ....... i.... i ' i'- "
860" 0

AZISN_ZNI

-174-



i

Representationof the S3p atomic orbitalswith a verydiffusesinglezetafunctioninsteadof a

doublezetafunctiondces not leadtoan accuraterepresentationof thevalenceband. The rest

of the calculationsdiscussedin Section5.6.1were performed using the atomic parameters

includingionizationpotentialsofClementiand Roettiforallofthe MoS 2 valenceorbitals.

•Chargesobtainedfortheatoms usingthe parametersofClementiand Koettiwere very

similarto thoseobtainedusingtheparameters_.fHughbanks and Hoffmann. The chargeon the

molybdenum was +0.55 whilethat on the sulfuratoms was -0.28. In previouscalculations

usingthe parametersof Hughbanks and Hoffmann,the molybdenum chargewas +0.56 and the

sulfurchargeswere-0.28. Thus, thesecalculationsproducethesame typeofchargedistribution

probably due to the similaratomic ionizationpotentialsof the Mo4d and S3p orbitals.The

energyof formationof 2-D MoS 2 obtainedusingthe parametersof Clementi and Roettiwas

-371.02kcal/mole. Thus the totalenergychanged from -463.58kcal/moleusing Hughbanks

and Hoffmann parametersto-371.02kcal/moleusingClementiand Roettiparameters.

5.6.2 Parametri;_ation of Atomic Parameters, Hii and c i

As discussed previously, Section 5.6.1, the relative positions of the S3s and Mo4d-S3p

valence bands were not theoretically reproduced using the atomic ionization potentials of

Clementi and Roetti. For this reason, parametrization of the atomic ionization potentials, Hii ,

was carried out as discussed in Section 3.2. Changes in the atomic ionization potentials, Hii,

caused overlaps to become smaller leading to bands with smaller widths. To correct for this

smaller width, the contribution of the more diffuse part of for example the S3p radial function,

c2, was increased. Once the atomic ionization potentials were set by comparison with

experiment, the new theoretical valence band obtained with these parameters was compared to

the experimental valence band. A set of theoretical calculations were carried out in which only

one parameter was varied for _ach run. This set oi" calculations led to a set of atomic

parameters that qualitatively reproduced the experimental valence band. These parameters are

shown in Table 25. The 2-D MoS 2 theoretical valence band obtained with the new set of

parameters is shown in Figure 39a. The modified atomic orbital populations, MAOPOP's, are

shown in Figure 39b. Comparison of the theoretical valence band to the experimental valence

band is shown in Figure 39c. Modified atomic orbital populations, MAOPOP's, of the

individual Mo4d contributions are shown in Figure 39d.

An increase of the more diffuse part of a double zeta function involves an increase in c2

with a corresponding decrease in Cl, due to normalization requirements. The initi _l parameters,

_i and ci, for Slater-type double zeta functions were obtained from Clementi and Roetti. The
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Table_I_.
Radialparameters,Hii,_i'and c.,forthe Mo4d, S3s,and S3p atomic
orbitals. Pararnetrizationof t_eoreticaland experimentalvalence

bands led to the parameterslistedin thistable. The numbers in

parenthesesindicatethe valuei.

Qrbita! Hii(eV_ _i ei

Mo 4d -6.00 3.81446 (1) 0.3884'1 (1)
1.86369(2) 0.72684(2)

S 3s -17.80 2.66221(I) 0.43538(I)

1.68771(2) 0.60731(2)

S 3p -8.845 2.33793(I) 0.35338(I)
1.33331(2) 0.70431(2)

most probable radius of the S3s orbitals was located at 1.32 au (0.698 _). An increase of c2

from 0.48731 to 0.60731 led to a most probable radius of 1.40 au (0.741 ._). The new set of

parameters for the S3s orbitals leads to a broader S3s band in the theoretical valence band. The

resulting S3s theoretical band width is comparable to the experimental S3s band width, as seeni

in Figure 39c.

The most probable radius of the Mo4d orbitals was located initially at 1.32 au (0.698

_). An increase in c,_ from 0.62684 to 0.72684 led to a most probable radius of 1.48 au (0.783

._). The more diffuse Mo4d atomic orbitals led to changes in the conducti6n band and only

small changes in the valence band. The bottom of the conduction band (band #10) was

destabilized (snifted upwards) in energy by -,_0.4 eV. The top of the valence band was also

destabilized by _-0.05 eV for a net change of -,_ 0.35 eV. Thus, the band gap between the

valence and conduction bands was increased by the use of more diffuse Mo4d zeta functions.

However, the direct gap located at K still remains since this calculation was performed oll the

two-dimensional MoS,_ model. The nature of the Mo4d-S3p valence band was not changed

through the use of more diffuse Mo4d radial functions.

The most probable radius of the S3p orbitals was located initially at 1.70 au (0.900 _).

An increase in c_ from 0.54431 to 0.70431 led to a most probable radius of 1.74 au (0.9")_.! ik).
w

The more diffuse S3p atomic orbitals led to a greater degree of overlap between the s_alfur and

molybdenum orbitals. Four definite peaks in the Mo4d-S3p valence band were obtained in this

calculation. The width of this band also increased by --. 0.45 eV due to a lowering at the

bottom of the Mo4d-S3p valence band of _ 0.4 eV and a raising of the top of the va!::nce band

of --- 0.05 eV. The raising of the top of the valence band results in a decreased direct band gap

at K. More diffuse S3p zeta functions result in a splitting of the central Mo4d-S3p peak into
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two peaks in the valence band region. The nature of the radial part of the S3p atomic functions

has the greatest effect on the Mo4d-S3p valence band.

This set of studies found that diffuse S3p double zeta functions are needed to produce a

theoretical valence band that is in qualitative agreement with the experimental valence band.

In 2H-MoS 2 the closest Mo--S distance is 2.41 _,, the most probable radius of the more diffuse

Mo4d and S3p orbitals are 0.741 _ and 0.921 ,_, respectively. The sum of these two most

probable radii is 1.662 ,_, approximately 69 % of the closest Mo--S distance. The size of the

band gap is largely dependent on the diffuseness of the Mo4d orbitals. As the diffuseness of the

Mo4d orbitals is increased the size of the band gap increases. This increase is mainly due to

destabilization of the lowest energy conduction band (band #10). Diffuse S3s double zeta

functions widen the S3s band but do not affect the rest of the valence band.

Theoretical energy dispersion curves for the 2-D MoS 2 system using the parameters

given in Table 25 were calculated for the following directions: F--M, F--.K, and K-,M. The

energy dispersion curves are shown in Figures 40a and 40b. Figure 40a shows the dispersion of

the S3s, Mo4d-S3p valence bands and the bottom of the conduction bands. Figure 40b shows

the dispersion of the Mo4d-S3p bands compared to the experimental energy dispersion curves

obtained by Mamy et al. 15 Overlap between the top of the valence band (band #9) and the

rest of the Mo4d-S3p valence band (specifically bands #7 and #8) can be seen in the energy

dispersion curves. This overlap occurs between band #9 at the M point and bands #7 and #8

at the r point. Thus, a large gap between the top of the valence band and the rest of the

Mo4d-S3p valence ba_ld is not present iii the theoretical valence band. As in the previous

calculations involving the 2-D MoS 2 system, the top of the valence band and bottom of the

conduction band are located at the K point resulting in a direct gap. A calculation using the

parameters given in Table 25 for 3-D MoS 2 results in the formation of an indirect gap occurring

from the top of the valence band at F to the bottom of the conduction band at K.

The energy dispersioncurves,especiallyof the bands with a largeamount of S3p

contributionshow a greateramount ofdispersionor curvaturewithenergy. Overall,curvature

of theenergydispersioncurvesobtainedusingtheparametersof Table 25 (and thusdoublezeta

S3p radialfunctions)ismore pronounced than thatof the energydispersioncurvesobtained

usingthe parametersofHughbanks and Hoffmann (singlezetaS3p radialfunctions).The total

widthof theMo4d-S3p bands issimilartothatoftheexperimentalenergydispersioncurves.

The energyof formationofthe 2-D MoS 2 systemobtainedusingthe parametet_given

inTable 25,was found tobe -247.58kcal/mol.The energycalculatedusingthe parametersof
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Figure 40a. Theoretical energy dispersion curves of 2-D MOS2. S3s a|ld Mo4d-
S3p valence bands as well as the lowest energy portion of the
conduction band are shown. Parameters of Table 25 were used for
this calculation.
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Figure 40b. Theoreticalenergy dispersioncurvesof 2-D MOS,) (solidlines)

compared to the experimentalvalenceenergydispersioncurvesof

Mamy etal.(trianglesand circles).15 Only"the upper portionofthe
valence band is shown, the S3s bands have not been obtained

experimentally.
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Hughbanks and Hoffmann, Section 5.2.1, was -463.58 kcal/mol. Table 26 lists the energies and

enthalpies of formation as well as the molybdenum and sulfur charge for the three different sets

of basis sets used in calculations of the electronic structure. Thus, changes in the atomic

ionization potentials produce large changes in the energies. However, changes in the energies

produced on the introduction of Van der Waals interactions between the layers and termination

in edge planes are expected to follow the same trends. For example, a 3-D MoS2 calculation

was carried out using the atomic parameters given in Table 22 and a set of 12 special k-points.

The calculated energy of formation for this calculation was -241.54 kcal/mole. As discussed in

Section 5.2.1, introduction of Van der Waals interactions between the MoS 2 layers destabilized

the structure by 6.0 kcal/mole. The enthalpy of formation of bulk MoS 2 as calculated from

thermodynamic data is -356.37 kcal/mole. 56a'b Thus, neither set of parameters calculates the

enthalpy of formation of MoS_ correctly.

Table 26.

Energies of formation and charges obtained for the three sets of
calculations involving different basis sets. H&H-parameters obtained
from Hughbanks and Hoffmann, C&R-parameters obtained from
Clementi and Roetti, ESCA=parameters obtained by parametrization
with the ESCA valence band of MoS,_.

Basis Set ,,,TT'__kcal, Ag_kcal_----- _--'v'f_m---'Zi'J_'=-t'_o[ol' Mo Charge S Charge

H&H -463.58 -465.36 +0.56 -0.28

C&R -371.02 -372.80 +0.55 -0.28

ESCA -247.58 -249.36 +0.99 -0.50

Experimental -356.37

Charges were also increased by parametrization of the atomic ionization parameters

with experiment. In the 2-D MoS 2 system calculated using the parameters given in Table 22

the charges are the following: Mo, +0.99; $2, -0.50; and $3, -0.50. Thus, the molybdenum

charge was increased from a value of +0.56 obtained with the parameters of Hughbanks and

Hoffmann to +0.99. The sulfur charges were decreased from a value of-0.28 to -0.50. Charges

of the 3-D MoS,_ system calculated using the parameters of Table 2'2 are tile following: Mo,w

+1.33; S, -0.67. Thus on proceeding from the 2-D to 3-D system, the molybdenum was

oxidized from +0.99 to +1.33 and the sulfur was reduced from -0.50 to -0.67.
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5.6.3 _c.t of Nodes on the Theoretical .Valence Band.

As mentioned in Section 3.2, the Mo4d, S3s, and S3p radial functions used in

calculations of the electronic structure of MoS 2 did not contain any nodes. The number of

nodes in a true radial function should be equal to the principal quantum number of the orbital,

n, minus the azimuthal quantum number of the orbital, l, minus one or n-l-1. Thus, the

Mo4d radial function should possess 4-2-1 = 1 node; the S3p radial function should possess 3-

1- 1 = 1 node; and the S3s radial function should possess 3- 0-1 = 2 nodes. Addition of a

node to the S3p radial l'unctiou was carried out by changing the sign of the coefficient belonging

to the more contracted zeta functhJn of the double zeta STO. However, simply changing the

sign of one of the coefficiel, ts _rzJduces a very different radial function. Thus, the coefficients

and zeta values were also changed to produce a S3p double zeta function that had most probable

radius close to 1.74 au (similar to that of the S3p orbitals given in Table 27) and contained one

node close to the atomic center. Inclusion of the node did not affect the theoretical valence band

or energy dispersion curves. However, the total radial function at large distances from the

atomic center now resembled a single zeta function as used by Hughbanks and Hoffmann. The

resulting theoretical valence band possessed a three-peaked nature in the Mo4d-S3p valence

band. A gap between the highest occupied crystal band (band #9) and the lower Mo4d-S3p

(specifically bands #7 and _8) was also present in the theoretical energy dispersion curves.

From the above discussions, addition of nodes does not affect the valence band or energy

dispersion curves. The characteristic shape Of the MoS 2 valence band was only achieved when

double zeta S3p radial functions containing no nodes were used as the basis. Inclusion of nodes

with retention of the'double zeta character of the S3p orbitals could be carried out by using a

S3p radial function that included more than two STO's. However, at this time, the EHMACPP

program only allows double zeta STO's.

5.7 ElectronicStructureof2-D NbS 2

Two--dimensional(2-D) NBS2, consistingof one NbS 2 per unitcell,was modeled as

describedin Section3.5.2.The setof171 specialk-points,describedin Section3.7.1,was used

in thecalculationofthe theoreticalvalenceband. Initially,a theoreticalcalculationwas carried

out usingradialfunctionsforthe valenceorbitalsthatwere representedby Slater-typeorbitals

usingthe parametersofHughbanks and Hoffmann forthe S3s,S3p and Nb4d orbitals,Section

3.2. A secondtheoreticalcalculationwas carriedout usingthe parametersof Clementi and

l_oetti, Section 3.2. A third theoretical calculation was carried out using the S3s and S3p

atomic parameters obtained from the parametrization of the MOS,) valence band, Section 5.6.2w
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and Table 25. The ionization potential, Hii, and coefficients, ci, for the Nb4d orbital were

obtained by comparison with an experimentally obtained XPS valence band of polycrystalline

NBS2_ x, Section 4.2.

5.7.1 Theoretical Valence

The theoretical valence band for NbS 2 was obtained by first modifying the S3s, S3p,

and Nb4d atomic orbital populations by their corresponding photoelectron cross-sections to

obtain modified atomic orbital populations, MAOPOP's. Subsequent summation of the S3s,

S3p and Nb4d MAOPOP's leads to a NbS 2 theoretical valence band. This method is described

in Section 3.3. The ratio of Nb4d to S3p photoelectron cross-sections is 2.56. This ratio is

approximately 1/3 lower than that of Mo,td to S3p photoelectron cross-sections. Thus in NbSo,
w

the Nb4d orbitals will contribute less to the upper Nb4d-S3p valence band region in NBS,) than

theMo4d orbitalscontributetothe upper Mo4d-S3p valenceband regionin MoS T The valence

of 2-D NbS 2 isshown in Figure41a. S3s,S3p and Nb4d modifiedatomicorbitalpopulations,

MAOPOP's, for2-D NbS 2 areshown inFigure41b. The theoreticalvalenceband of NbS 2 was

obtained using the parameters given in Table 27. The ionizationpotentialsand atomic

parameters of the S3s, S3p orbitals obtained by parametrization of the MoSo theoretical valencew

band were used for this calculation, Section 5.6.2. Nb4d double zeta exponents, (i' were

obtained from tabulations of Clementi and Roetti. The Nb4d ionization potential and double

zeta coefficients were parametrized according to the experimentally obtained XPS valence band

of NBS2_ x. This set of parameters is referred to as the ESCA atomic parameters.

Radial parameters, Hii , (i' and c i, for the Nb4d, S3s, and S3p atomic
orbitals. Parametrization of theoretical and experimental valence
bands led to the parameters listed in this table. The numbers in
parentheses indicate the value of [.

AD.In Orbital HliD-Y-). _i ¢i

Nb 4d -5.53 3.59080(1) 0.36188(1)
1.71750(2) 0.75431(2)

S 3s -17.80 2.66221(1) 0.43538(1)
1.68771(2) 0.60731(2)

S 3p -8.845 2.33793( 1) 0.35338( 1)
1.33331(2) 0.70431(2)
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The theoreticalvalenceband of 2-D NbS 2 isvery similarto thatof 2-D MoS 2. The

valenceband consistsof a singleS3s band locatedat ca. 18 eV and an upper Nb4d-S3p band,

The S3s band of 2-D NbS 2 has lessdispersion(FWHM of S3s band less)than the S3s band of

2-D MoS 2. The lossof S3s dispersionin 2-D NbS 2 can be attributedto the longerS-S bond

distancewithinthe sulfuratomic layersof NbS 2. In NbS 2 the S-S bond distancewithinthe

sulfur atomic layers is 3.31 /_, whereas in MoS 2 this distance is 3.16 /_. Thd highest occupied

band isonly occupiedby I/2 (orone electronper NBS2) and as a result2-D NbS 2 possesses

metallicconductivity.

5.7.2 o_ of Energies and Charges:

Energies and charges were obtained for each of the theoretical calculations involving

different atomic basis sets. The charges and energies for the three sets of calculations are given

in Table 28. Calculations involving the atomic parameters of Hughbanks and Hoffmann give

TAbJs_.

Energies of formation and charges obtained for the three sets of

calculations involving different basis sets. H&:H-parameters obtained
from Hughbanks and Hoffmann. C&R-parameters obtained from
Clementi and rtoetti, ESCA-parameters obtained by parametrization

with the ESCA valence band of NBS2_ x.

Basis _ " kcal " kcal----. AUldm---_f) A Hf(_-_-I.) _ Charge S

H&H -533.37 -535.14 -0.43 +0.21

C&R -321.97 -323.74 + 1.13 -0.56

ESCA -277.74 -279.52 +1.75 -G.87

Experimental _ -391.57

unrealistic negative niobium and positive sulfur charges of -0.43 and +0.21, respectively. As

discussed in Section 4.1.2, the binding energy position of the Nb 3d5/2 core level peak of

polycrystalline NBS2_ x indicates that niobium atoms in the sulfide are oxidized relative to

niobium atoms in the metal. The binding energy position of the S 2P3/2 core level peak

indicates that sulfur atoms in the sulfide are reduced relative to a zero--valent sulfur species.

The theoretical energy of formation of the crystalline NbS2(s ) from the separated gas atoms,

Nb(g) and 2 S(g), is also too large when compared to the experimental enthalpy.

More realistic enthalpies and charges are obtained when the ionization potentials and

atomic parameters of Clementi and Roetti are used to calculate the electronic structure of 2-D
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NbS 2. A positive niobium charge of +1.13 and negative sulfur charge of -0.56 are obtained

using the parameters of Clementi and Roetti. However, the entire theoretical valence band is

shifted to higher binding energies compared to the experimental XPS valence band of NBS2_ x

when the parameters of Clementi and Roetti are used. These parameters also separate the S 3s

band from the bottom of tile Nb4d-S3p valence band by ca. 9 eV. Experimentally, the S3s

band is separated from tile upper Nb4d-S3p valence band by,ca. 6 eV.

The ionization potentials and atomic parameters of the S3s, S3p, and Nb4d orbitals

obtained by parametrization of the NbS 2 theoretical valence band with the experimental XPS

valence band (ESCA atomic parameters) also give a positive niobium charge of +1.75 and

negative sulfur charge of-0.87. However, the magnitude of the enthalpy of formation has been

decreased by the decrease in the magnitudes of the S3s, S3p, and Nb4d ionization potentials.

The theoretical enthalpy of formation is -279.52 kcal/mol as compared to the experimental

enthalpy of -391.57 kcal/mol. The top of the valence band in NBS,> (or the Fermi level in

metallic NBS2) is located at -5.1 eV, whereas the top of the valence band in MoS 2 is located at

-5.4 eV.

5.8 Electronic Structure of 3-D RuSo

Three--dimensional RuS T consisting of four RuS 2 molecules per unit cell, was modeled

as described in Section 3.6.2. A set of 10 special k-points obtained from References 40, were

used in the calculation of the theoretical valence band. Kadial functions for the valence orbitals

involved in this study were represented by Slater-type orbitals using the parameters of

Hughbanks and Hoffmann and Clementi and Roetti, Section 3.2 and Table 1. A third

calculation was carried out using the S3s and S3p atomic ionization potentials and double zeta

coefficients obtained by parametrization of MoS 2, Table 25. The Ru4d atomic ionization

potential and double zeta coefficients were obtained by comparison of the theoretically obtained

valence band with the experimental XPS valence band of polycrystalline RuS 2 shown in Section

4.2.

5.8.1 Theoretical Valence _ of _ RuS 2.

The theoretical valence band for RuS 2 was obtained by first modifying the S3s, S3p,

and Ru4d atomic orbital populations by their corresponding photoelectron cross--sections to

obtain modified atomic orbital populations, MAOPOP's. Subsequent summation of the S3s,

S3p and Ru4d MAOPOP's leads to a B,uS 2 theoretical valence band. This method is described

in Section 3.3. The ratio of Ru4d to S3p photoelectron cross-sections is 8.62. This ratio is
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approximately two times higher than the corresponding Mo4d to S3p photoelectron cross-section

ratio. Thus in RuS 2, the Ru4d orbitals will contribute more to the upper Ru4d-S3p valence

band region in RuS 2 than the Mo4d orbitals contribute to the upper Mo4d-S3p valence band

region in MoS T The valence of 3-D RuS, 2 is shown in Figure 42a. S3s, S3p and Ru4d modified

atomic orbital populations, MAOPOP's, for 3-D RuSo are shown in Figure 42b. The theoreticalm

valence band of RuS 2 was obtained using the parameters given in Table 29. The ionization

potentials and atomic parameters of the S3s, S3p orbitals obtained by parametrization of the

MoSo theoretical valence band were used for this cak.ulation, Section 5.6.2. Ru4d double zetaw

exponents, _i' were obtained from tabulations of Clementi and Roetti. The Ru4d ionization

potential and double zeta coefficients were parametrized according to the experimentally

obtained XPS valence band of polycrystalline RuS,). This set of parameters is referred to as the

ESCA atomic parameters.

__.9.

Radial parameters, Hii , _i' and ci, for the Ru4d, S3s, and S3p atomic
orbitals. Patametrization of theoretical and experimental valence
bands led to the parameters listed in this table. The numbers in
parentheses indicate the value of i.

Orbital Hii{eV) Ci c i

Ru 4d -5.065 4.25911(1) 0.42606(1)
2.09384( 2) 0.69271 (2)

S 3s -17.80 2.66221(1) 0.43538(1)
: _.68771(2) 0.60731(2)

,

: S 3p -8.845 2.33793(1) 0.35338(1)

1.33331(2) 0.70431(2)

The two lowest energy bands centered around -17.8 eV (see Figures 42a and 42b)

consist of mainly S3s orbitals with a small amount of contribution from the Ru4d orbitals.

These two bands will be referred to as the S3s bands. In RuSo, the sulfur atoms occur as dimer

pairs, S,)-2, such that the S-S distance of 2.178 ._ is smaller than the Ru-S distance of 2.351 _,.

Thus, interaction of the two sulfur atoms occurs so that the S3s band which was a single band

in the layered NbS 2 and MoS 2 compounds is split into two bands in RuS T The highest

occupied band (at the top of the valence band) consists of mainly Ru4d character. Ftu 4dxy,

4dy z, 4dzx, 4dx2.y 2, and 4dz2 orbitals contribute to the highest occupied band of the valence

band such that the contribution of 4dxy __4dy z _ 4dzx > 4dx2.y 2 ,'- 4dz2. One intense band

forms the lowest unoccupied portion of the conduction band The lowest unoccupied band
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(atthebottom ofthe conductionband) has mainlyRu4d characteralso.Again,Ru 4dxy,4dyz,

4clzx,4dx2.y2,and 4dz2 orbitalscontributesuch that 4dx2.y2 "-4dz2 > 4dxy__ 4dyz __ 4dzx.

Crystalfieldsplittingof the d orbitalsin a transitionmetal coordinatedby ligandsin an

octahedralenvironmentoccurssuchthatthe4dxy,4dyz,and 4dzxorbitalsare degeneratemd lie

lowestin energyfollowedby thehigherenergydegenerate4dx2.y2 and 4dz2. The Ru4d orbitals

inRuS 2 followthecr:'sta!fieldsplittingonlytoa limitedextent.S3p orbitalscontributeto the

lower and center portions of tile Ru4d-S3p valence band. The highest occupied band h_ ahnost

no contribution from the S3s or S3p orbitals.

5.8.2 _omDa,rison _ Energies and Char_es.

Energies and charges were obtained for each of the theoretical calculations involving

different _tomic basis sets. The charges and energies for the three sets of calculations are given

in Table 30. Calculations involving the atomic parameters of Hughbanks and Hoffmann give

Z@_ 30.

Energiesof formation and chargesobtained for the threesetsof

calcul_.ion.sinvolvingdifferentbasissets.H&H-parameters obtained

from Hughbanks and Hoffmann, C&R-parameters obtained from
Clementi and Roetti,ESCA=parameters obtainedby parametrization

with theESCA valenceband ofRuS_.

.',ZT",kc_l., ^ 1_°/kcalx
set _q_m----_o'_'_f'm---'_o'_ _ 5

H&H -364.53 -366.31 -0.58 +0.29

C&R -227.42 -229.20 -0.96 +0.48

ESCA -59.61 -61.38 +0.94 -0.47

Experimental -- -336.07

unrealisticnegativerutheniumand positivesulfurchargesof-0.58 and +0.29,respectively.As

discussedin Section4.1.2,the bindingenergy positionof the Ru 3d5/2 core levelpeak of

polycrystallineRuS 2 does not indicatea largechange in oxidationstatefrom the sulfideto

ruthenium atoms in the metal. The bindingenergy positionof the S 2P3/2 corelevelpeak

indicatesthatsulfuratoms in the sulfideaxe reducedrelativeto a zero-valentsulfurspecies.

The theoreticalenergyof formationof the crystallineRuS2(s) from the separatedgas atoms.

Ru(g) and 2 S(g),iscloseto theexperimentalenthalpy.

When the ionizationpotentialsand atomicparametersofClementi and Roettiare used

• to calculatethe electronicstructureof 3-D RuS_, the negativechargeon the ruthenium and
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positive charge on the sulfur atoms remains. The entire theoretical valence band is shifted to

higher binding energies compared to the experimental XPS valence band of RuS 2 when the

parameters of Clementi and Roetti are used. These parameters also separate the S 3s band from

the bottom of the Ru4d-S3p valence band by ca. 3 eV too much.

The ionization potentials and atomic parameters of the S3s, S3p, and Ru4d orbitals

obtained by parametrization of the l_uS 2 theoretical valence band with the experimental XPS

valence band (ESCA atomic parameters) gives a positive ruthenium charge of +0.94 and

negative sulfur charge of -0.47. However, the magnitude of the enthalpy of formation has been

decreased dramatically by the decrease in the magnitudes of the S3s, S3p, and Nb4d ionization

potentials. The theoretical enthalpy of formation i_ -336.07 kcal/mol as compared to the

experimental enthalpy of-61.38 kcal/mol. The top of the valence band in RuS 2 is located at -

4.17 eV, whereas the top of the valence band in MoS 2 is located at -5.4 eV.

The experimental enthalpies of formation for the the three disulfides, NbS 2, MoS T and

l_uSo are -391.57, -356.37, and -336.07 kcal/mol, respectively. Thus, the order ofw

thermodynamic stability is the following: NbS 2 > MoS 2 > RuS T Theoretical enthalpies for

the three disulfides, NbSo, MoSo, and RuSo, obtained using the ESCA atomic parameters are -

279.52, -249.36, and -61.38 kcal/mol. The same order of stability (NbS2>MoS2>RuS2) is

obtained from the theoretical calculations, although the magnitudes of the theoretical enthalpies

are too low.
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DISCUSSION

6.1 OrbitalPictureof EnergyDispersion.

The orbitalcharacterand overlapcharacteristicsof each band shown in Figure30a

change on proceeding from r where k=0 to M where k=la * and to K where k=½(.'+ b*)in the

first Brillouin zone. These changes in the crystal orbital wavefunction lead to smooth

continuous changes in the binding energy at each point along the directions F--,M and F-,K

resulting in the energy dispersion curves of Figure 30a. In this section, the nature of the energy

dispersion is investigated by analysis of the crystal orbital coefficients and overlap populations

between neighboring atoms. The first system examined will be the 2-D MoS 2 system containing

one MoS 2 molecule per unit cell. Structural parameters for this system are given in Table 4.

The two sulfur atoms are located in the yz plane as shown in Figure 43. The next system

examined is the 3-D MoS 2 crystal and the 1-D (MOS2) 5 linear _crystal" terminating at (1010)

and (10il) edges. Differences in the electronic structures of 2-D and 3-D MoS 2 systems are

used to study the origin of the indirect gap. Comparison between the 2-D and 1-D systems will

be made to study the effect of introducing surface states through termination of MoS 2 at edges.

The electronic structures of ali of the systems discussed in this section were calculated using the

parameters of Hughbanks and Hoffmann (parameters shown in Table 1). 41

The equation 8c for the crystal orbital consists of linear combinations of atomic orbitals

x#(r-R#,p) multiplied by a phase factor or Bloch function exp(21rik-P_). The EHMACPP

program provides the user with contributions of the local atomic orbitals Lo the crystal

wavefunction for each energy level at a specific value of the wavevector k. Thus, for example in

2-D MOS,) theseatomic coefficientsgivea localpictureof the characterand bonding of one

molybdenum atom with two neighboringsulfuratoms locatedinthe same unitcell.However,

foran accurateorbitalpictureofthe bands thephasefactormust be includedforatomic orbitals

on neighboringunitcells.At the I"point,thewavevectorhas a valueofzeroand thusthe phase

factorexp(2_ri0-Rp)isequal to I. Thus, atomic orbitalson neighboringunitcellshave the

same orientationinspace. However,at the M pointthe wavevectorhas a valueof k= I a* and

k-Rp= (1 a*).(ma+nb)=_ where m and n are integral multiples of the primitive lattice

vectors a and b respectively (primitive lattice vectors a, b, c and reciprocal lattice vectors a*, b*

and c* are defined in Section 3.4.1). Then the phase factor at M is exp(Trim) and changes value

from +1 when m is an even number (0, +2, +4, +2j) to -1 when m is an odd number
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Figure 43. Geometry of the MoS,_unit in the 2-D MoS, system. Sulfur atoms.

S2 and S3 are located "_nthe yz-plane.
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(± I, ± 3, ± 5, ± {2j+i}). The phase factorsforthe primitivelatticepointsof2-D MoS 2 at

M are shown in Figure44a. The whitecirclesindicatea phaseof +I whilethe blacktextured

circlesindicatea phase of-I. At K, the wavevectorhas a valueof k-½a*+ ½ b* and then

k.Rp= (½ a*+ ½ b').(ma+nb)=(m_'n ). The phase factor at K is exp(2:ri[m+n]/3)and

changes in value from 1 when m+n=0, . 3, ± 6, + 3j, to e2"n'i/3 or 120"out of phase when

m+n=...-2, i, 4, 3j+l to e41ri/3 or .'240"out of phase when m+n=...-i, 2, 5, 8, 3j+2. The

phase factors for the primitive lattice points of 2-D MoS 2 at K are shown in Figure 44b. The

white circles indicate a phase of +1, the black circles indicate a phase of e(2a'i/3) or 120" and the

whitesquaresindicatea phaseofe(4_ri/3)or 240°.

6.1.i OrbitalPictureofEnergy_ in_ MOS2,

The natureof the totalcrystalorbitalcan be obtainedby analysisof the localatomic

orbitalcoefficientswith inclusionof theappropriatephase factorforatomic orbitalsresidingon

neighboringunitcells.Localatomicorbitalcoefficients,individualatomic orbitalchargesand

totalchargeson theatoms Mo, $2,and S3 (seeTable 4,S2 locatedat +1.5775 _"and S3 located

at -1.5775_')in 2-D MoS 2 forBands #I through #13 at r and M are giveninTable 31. In

generalonly atomic orbitalsthat exhibita coefficient>10.11are shown. At F, localatomic

orbitalsinvolvedinbonding forBand #I are theMo5s and S3s orbitals.Localatomicorbitals

on neighboringunitcellsare inphasewith thelocalatomicorbitalsofthe firstunitcell.Figure

45 reproducesthe arrangementofthe localatomicorbitalson 7 latticepointsofthe 2-D MoS 2

latticeforBand #i at I'.Overlapbetween the molybdenum and sulfuratoms ispositive+0.19

indicatingbonding interactionbetween the Mo and S atoms in the trigonalprism. Overlap

between the S2 and S3 atoms isalsopositive+0.052 indicatingweak bonding between sulfur

atoms separatedby 3.155 _. Interactionsbetween sulfuratoms separatedby 3.155_ or 2ulcl

(whereu=0.128252,[ci=12.30A) willbe referredto as inter-sulfurinteractionsacrossthe MoS 2

layer,sincetheseinvolveinteractionsbetween a firstatomic layersulfuratom and a third

atomic layersulfuratom eg.$2-S3. Interactionsbetweensulfuratoms separatedby 3.16A or

lalwillbe referredto as intra--sulfurinteractionswithinthe sulfurlayer,sincetheseinvolve

interactionsbetween sulfuratoms residingin the same atomic layereg. $2-S2 and $3-S3.

Intra--sulfuroverlap$2-S2 and $3-S3 isalsopositive+0.15 indicatingbonding interactions

between sulfuratoms residingin the firstatomic layerand betweensulfuratoms residingin the

thirdatomic layer.On proceedingfrom r to M, the energyof Band #I isdestabilizedfrom a

minimum at r of-24.17eV toa maximum of-20.43eV at M. The causeofthisdestabilization

can be tracedprimarilyto the change in intra-sulfurinteractions$2-S2 and $3-S3 from

bonding+0.15 at r to antibonding-0.061at M.
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Figure44a. Phase factorin the reallatticeof 3-D MoS,_ at M. White circles

indicatea phase exp(2,'rik.l_)of +i while black texturedcircles
indicatea phaseof-I. The integersnaand n areintegralmultiples

oftheprimitivelatticevectorsa and b respectively.
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Figure 44b. Phase factor in the real lattice of ?-D MOS,, at K. White circles

indicate a phase exp(2,'rik- R_ ) of-1. black textured circles indicate
a phase of e (2'ri/3} or 120" and white squares indicate a phase of
e{4;ri/3} or 240 °. The integers m and n are integral multiples of the
primitive lattice vectors a and b respectively.
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Table31.
Local atomic orbital coefficients, individual atomic orbital charges and

total charges on the atoms Mo, S2, and S3 in 2-D MoS 2 for Bands
#1-#13 at r and M. The atomic parameters of Hughbanks and
Hoffmann were used in this calculation.

r Point: k=O M Poi_
Atomic Orbital AO Atom Atomic Orbital AO Atom

Band # Orbital CoefficientCharge Charg_ Orbital CoefficientCharge Charge
Band #I Mo5s 0.11 0.26 0.26 Mo5s 0.14 0.099 0.42

Mo4dz2 0.03 0.0034 Mo5Px 0.11 0.17

Moddxy 0.12 0.075

$238 0.5,_ 0.87 0.87 $238 0.58 0.78 0.79
0.54 0.87 0.87 _ 0.58 0.78 0.79

Band #2 MoSpz -0.10 0.21 0.21 Mo5p z -0.12 0.07 0.49

I Mo4dzx -0.28 0.31

Mo4dy z 0.16 0.10

$238 -0.57 0.89 0.90 $938 -0.60 0.75 0.76

o.s7 0.89 0.90 0.80 0.75 o.T6
Band #31 Mo4dz2 -0.30 0.33 0.43 Mo4dz2 -0.13 0.074 0.37

Mo5s -0.16 0.17

Mo4dxy -0.082 0.036

$938 -0.11 0.011 0.79 $23Px 0.44 0.60 0.81

$23Pz -0.54 0.78 S93py -0.26 0.20

$338 -0.11 0.011 0.79 $33Px 0.44 0.60 0.81

S 3p 0.54 0.78 _ -0.26 0.20
Band #4 Mo5p z -0.12 0.11 0.11 Moop z -0.15 0.20 0.30

Mo4dzx 0.13 0.07

S23Pz 0.68 0.95 0.95 $23Px 0.47 0.63 0.85

S23py " -0.27 0.21

S33Pz 0.68 0.95 0.95 $33Px -0.47 0.63 0.85

__ 0.27 0.21Band #5 Mo4dxy -0.68 1.12 1.14 xy -0.26 0.23 0.41
Mo4dz2 0.20 0.12

Mo4dx2_y 2 0.15 0.077
$23P x 0.47 0.43 0.43 $23P z 0.58 0.74 0.79

S,_3s 0.19 0.048

S33px 0.47 0.43 0.43 [ S33Pz -0.58 0.74 0.79

0.19 0.048
Band _6 Mo4dxz_y 2 -0.68 1.12 1.14 ] Mo4dx2_y 2 _.1"2 0.034 0.30

Mo5Px 0.15 0.063

Mo5py 0.25 0.19
S23py 0.47 0.43 0.43 S93py -0.57 0.64 0.85

S23P x -0.33 0.21

S33py 0.47 0.43 0.43 ]$33P v -0.57 0.64 0.85

Band #7 Mo4dzx -0.68 0.97 0.97 ] Mo4dy z 0.49 0.62 0.83
I Mo4dzx 0.28 0.21

S23px 0.54 0.52 0.52 |S,)3py -0.46 0.44 0.59

LS_3p x -0.26 0.15

S33px -0.54 0.52 0.52 S33py 0.46 0.44 0.59
O.')f 0.15
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31 (contL

Local atomic orbital coefficients, individual atomic orbital charges and

total charges on the atoms Mo, So, and S3 in 2-D MOS,) for Bands
#1-#13 at r and M. The ator_ic parameters of Hug_banks and
Hoffmann were used in this calculation.

r Point: k=O M Point: k=a*/3
Atomic Orbital AO Atom Atomic Orbit'alAO Atom

Band # Orbital CoefficientCharge Charg_ Orbital CoefficientCharge Chargq

Band #8 MO4dy 2 -0.68 0.97 0.97 Mo4dzx 0.25 0.19 0.26

Mo4dy z -0.15 0.06
S23py 0.54 0.52 0.52 S23Pz -0.65 0.82 0.87

So3s -0.14 0.023

S33py -0.54 0.52 0.52 S33Pz -0.65 0.82 0.87

$33s 0.14 0.023
Band #9 Mo4dz2 0.91 1.65 1.65 Mo4dz2 -0.58 0.68 1.63

Mo4dxy 0.53 0.58

Mo4dx2_y2 -0.30 0.19
$23Pz -0.34 0.17 0.17 So3pz 0.32 0.18 0.18

$33pz 0.34 0.17 0.17 S._3pz -0.32 0.18 0.18

Band #10 Mo5Px 0.27 0.092 0.96 Mo4dx2_y2 -0.94 1.46 1.97

MO4dxy -0.74 0.87 Mo4dxy -0.55 0.49
$23Px -0.62 0.52 0.52 So3px -0.051 0.0038 0.015

S_3p -0.087 0.012. y

$33Px -0.62 0.52 0.52 S33Px -0.051 0.0038 0.015
S33pv -0.087 0.012

Band #11 Mo5py -0.27 0.092 0.90 Mo4dz2 -0.84 1.12 1.85

Mo4dx2_y2 0.74 0.87 MO4dx2_y_ 0.32 0.17

Mo4dxy -0.55 0.50

S23py 0.62 0.52 0.52 S_3py 0.12 0.016 0.075

S23px -0.20 0.049

S33py 0.62 0.52 0.52 S33py 0.12 0.016 0.075
$33Px -0.20 0.049

13and#12 Mo4dy z -0.82 1.03 1.03 Mo4dy z -0.79 0.88 1'i7
I Mo4dzx -0.46 0.29
ISo3pv -0.62 0.48 0.48 S,_3Pv -0.52 0.31 0.41

i " s 3p;, -o.3o
S33py 0.62 0.48 0.48 S33py 0.52 0.31 0.41

So3px 0.30 0.I0
Band #13 Mo4dzx 0.82 1.03 1.03 Mo4dzx -0.83 0.90 1.30

Mo4dy z 0.48 0.30
Mo5p z 0.33 0.10

$23Px 0.62 0.48 0.48 S23Px 0.30 0.057 0.35
S,)3p -0.17 0.019- Y
S23Pz -0.39 0.15

$23s 0.41 0.13

$33Px -0.62 0.48 0.48 S33Px -0.30 0.057 0.35

S_3py 0.17 0.019

St3pz -0.39 0.15
S.,3s -0.41 0.13
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Figure 45. Arrangement of the $3s local atomic orbitals on ? lattice points of
the 2-D ._loS._lattice for Bands #1 and #2 at F and M.
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Inter-sulfur interactions $2-S 3 remain bonding, increasing slightly from +0.052 at r to +0.069

at M. Overlap between the molybdenum and sulfur atoms increases from +0.19 to +0.30 at M

due to the inclusion of Mo4dxy and Mo5Px character at M. Intra-sulfur antibonding

interactions at M result from the form of the phase factor on neighboring unit cells. A unit cell

located at the center of a hexagon is surrounded by 6 neighboring unit cells located at a distance

of [ai or 3,16 ._. Two of the neighboring unit cells are in phase with the central unit cell while

four are out of phase by -1 with the central unit cell. The local atomic orbital coefficients of

these four unit cells are then multiplied by the phase -1. A crystal orbital picture of Band _1

at M is shown in Figure 45, Atomic orbital charges indicate that when two electrons occupy

Band #1 at r, 1.74 electrons or 87% of the electrons are located on tile sulfur atoms in the S3s

orbitalswhile0.26electronsor 13% arelocatedon themolybdenum atom. At M, 1.58electrons

or 79% of the electronsare locatedon the sulfuratoms mainly in the S3s orbitalswhile0.42

electronsor 21% ofthe electronsarelocatedon themolybdenum atom. Thus, energydispersion

ofthisband ismainlydue tointeractionsbetweentheS3s orbitalsofneighboringunitcells.

Figure45 reproducesthe arrangementoftheS3s localatomicorbitalson 7 latticepoints

of the 2-D MoS 2 latticeforBand #2 at r and M. As shown in Figure30a,Bands #I and #2

possesssimilar,almost paralleldispersion.Overlapbetweenthe molybdenum and sulfuratoms

inBand #2 ispositive+0.16 and +0.25 at I_ and M respectively,indi'catingbonding interaction

between the Mo and S atoms in the trigonalprism. Overlap between the S2 and S3 atoms is

however now negative-0.047at r and -0.053at M indicatingweak inter--sulfurantibonding

betweensulfuratoms separatedby 3.155/_. Inter-sulfurinteractions,$2-S3,in Band #1 are

weakly bonding at both r and M. Thus, the lessstable,lessnegativeenergiesof Band #2

compared to Band _I are due primarilytothechangein inter--sulfurinteractionsfrom bonding

forBand #l toantibondingforBand #2. On proceedingfrom F to M, theenergyof Band #2

isdestabilizedfrom a minimum at ["of-22.91eV to a maximum of-19.47eV at M. The cause

of thisdestabilizationcan Le tracedprimarilyto the change in intra-sulfurinteractions$2-S2

and $3-S3 from bonding +0.18 at r to antibonding-0.064at M. The change inintra-sulfur

interactionsfrom bondingat r toantibondingat M issimilarforBands #I and #2 resultingin

paralleldispersioncharacteristicsfor the two bands. Overlap between the molybdenum and

sulfuratoms increasesfrom +0.16 to +0.25 at M due to the inclusionof Mo4dzx and Mo4dy z

characterat M. Atomic orbitalchargesindicatethatwhen two electronsoccupyBand #2 at F,

1.80electronsor 90% of the electronsarelocatedon the sulfuratoms primarilyin S3s orbitals

while0.21electronsor 10% are locatedon themolybdenum atom. At M, 1.52electronsor 76%

oftheelectronsarelocatedon thesulfuratoms mainlyin theS3s orbitalswhile0.49electronsor
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24% of the electrons are located on the molybdenum atom mainly on the Mo4dzx and Mo4dy z

atomic orbitals. Thus, energy dispersion of this band is mainly due to interactions between the

S3s orbitals of neighboring unit cells.

Band #3 (energy dispersion shown in Figure 30a) consists of primarily Mo4dz2, S3s and

S3pz character at F and Mo4dz2, Mo5s, S3Px and S3py character at M. Stabilization of this

level from an energy of-15.49 eV at F to -16.26 eV at M is mainly due to an increase in

bonding between molybdenum and sulfur atoms from -60.16 at F to 4-0.23 at M and between

sulfur atoms residing in the same atomic layer (intra-sulfur) from -60.058 at F to 4-0.15 at M.

The increase in Mo-S bonding at M results from the better overlap between S3py and S3Px

orbitals with Mo4dz2 and Mo4dxy orbitals respectively as compared to the overlap of S3p z

orbitals with Mo4dz2 orbitals at F. Atomic orbital charges indicate that when two electrons

occupy Band #3 at F, 1.58 electrons or 79% of the electrons are located on the sulfur atoms

primarily in S3pz orbitals while 0.43 electrons or 21% are located on the molybdenum atom in

Mo4dz2 orbitals. At M, 1.62 electrons or 81% of the electrons are located on the sulfur atoms

mainly in S3Px and S3py orbitals while 0.37 electrons or 19% of the electrons are located on the

molybdenum atom mainly on the Mo4dz2 and MoSs atomic orbitals. The geometry of the local

atomic orbitals of one MOS,) unit for Bands _3 and #4 at F and M are shown in Figure 46.
.m

Band #4 consists of primarily S3p z and Mo5pz character at F and S3p x, S3py, Mo5p z,

and Mo4dzx character at M. Bonding overlap between molybdenum and sulfur atoms is

increased from +0.062 at F to +0.21 at M due to the better overlap of S3py and S3p x orbitals

with Mo5pz and Mo4dzx orbitals at M as compared to the overlap of S3p z orbitals with Mo5pz

at F. Atomic orbital charges indicate that when two electrons occupy Band _4 at F, 1.9

electrons or 95% of the electrons are located on the sulfur atoms primarily in S3pz orbitals while

0.11 electrons or 5% are located on the molybdenum atom in Mo5pz orbitals. At M. 1.70

electrons or 85% of the electrons are located on '.he sulfur atoms mainly in S3px and S3py

orbitals while 0.30 electrons or 15% of the electrons are located on the molybdenum atom

mainly on the Mo4dzx and Mo5pz atomic orbitals.

Bands _5 and #6 are degenerate at F with an energy of-12.80 eV. However on

proceeding from F to M, the degeneracy of these bands is removed. At M, Band #5 has an

energy of-14.18 eV while Band #6 has an energy of-12.61 eV. Band #5 consists of-0.68

Mo4dxy and -60.47 S3px character at F while Band #6 consists of-0.68 Mo4dx2_y 2 and 4-0.47

S3py. Due to the trigonal prismatic arrangement of six sulfur atoms about a central

molybdenum atom, the Mo4dx2_y 2 and Mo4dxy orbitals have the same symmetry at F. At M,

Band #5 consists primarily of Mo4dxy, Mo4dx2_y 2, Mo4dz2, S3s ahd S3p z orbitals. Band #6
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consists primarily of Mo4dx2_y2, Mo5Px , Mo5py, S3py, and S3Px orbitals at M. Atomic orbital

charges indicate that when two electrons occupy Band #5 at F, 0.86 electrons or 43% of t'ae

electrons are located on the sulfur atoms, primarily in S3Px orbitals while 1.14 electrons or 57%

are located on the molybdenum atom in Mo4dxy orbitals. At M, 1.58 electrons or 79% of the

electrons are located on the sulfur atoms mainly in S3pz and S3s orbitals while 0.41 electrons or

20.5% of the electrons are located on the molybdenum atom mainly on Mo4dxy , Mo4dz2 and

Mo4dx2_y 2 atomic orbitals. Atomic orbital charges indicate that when two electrons occupy

Band #6 at F, again 0.86 electrons or 43% of the electrons are located on the sulfur atoms

primarily in S3py orbitals while 1.14 electrons or 57% are located on the molybdenum atom in

Mo4dx2_y 2 orbitals. At M, 1.70 electrons or 85% of the electrons are located on the sulfur atoms

mainly in S3py and S3Px orbitals while 0.30 electrons or 15% of the electrons are located on the

molybdenum atom mainly on the MO4dx2_y2, Mo5Px , and MoSpy atomic orbitals. The local

geometry of the atomic orbitals resident on one unit of MoS 2 for Bands #5 and #6 at F and M

is shown in Figure 47.

Bands #7 and #8 are degenerate at F with an energy of-11.85 eV. However on

proceeding from F to M, the degeneracy of these bands is removed. At M, Band _7 has an

energy of-13.52 eV while Band #8 has an energy of-12.98 eV. Band #7 consists of-0.68

Mo4dzx and 4-0.54 S3Px character at F while Band #8 consists of-0.68 Mo4dy z and 4- 0.54

S3py. Due to the trigonal prismatic arrangement of six sulfur atoms about a central

molybdenum atom, the Mo4dzx and Mo4dy z orbitals have the same symmetry at F. At M,

Band #7 consists of primarily Mo4dzx , Mo4dyz, S3Px and S3py orbitals. Band #8 consists of

primarily Mo4dzx , Mo4dyz, S3pz , and S3s orbitals at M. Atomic orbital charges indicate that

when two electronsoccupy Band #7 at F, 1.04electronsor 52% ofthe electronsare locatedon

the sulfuratoms primarilyin S3Px orbitalswhile0.97electronsor 48.5% are locatvdon the

molybdenum atom inMo4dzx orbitals.At M, 1.18electronsor 59% oftheelectronsarelocated

" on the sulfuratoms mainly in S3px and S3py orbitalswhile0.83electronsor 41.5% of the

electronsarelocatedon the molybdenum atom mainlyon Mo4dzx and Mo4dy z atomicorbitals.

Atomic orbitalchazgesindicatethat when two electronsoccupy Band #8 at F, again 1.04

electronsor 52% of theelectronsarelocatedon thesulfuratoms primarilyinS3py orbitalswhile

0.97electronsor 48.5% are locatedon the molybdenum atom in Mo4dy z orbitals.At M, 1.74

electronsor 87% of theelectronsarelocatedon thesulfuratoms mainlyinS3pz and S3s orbitals

while0.26electronsor 13% of theelectronsarelocatedon the molybdenum atom mainlyon the

Mo4dzx and Mo4dy z atomicorbitals.The localgeometryof theatomicorbitalsresidenton one

unitofMoSo forBands #7 and #8 at r and M isshown in Figure48.
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Band #9 isthe highestoccupiedcrystalorbitalat allpointsfrom r to M. This band

consistsof mainly Mo4dz2 and S3pz characterat r resultingin an energyof-10.68 eV and

MO4dz2, Mo4dxy, Mo4dx2_y2, and S3pz characterat M resultingina more stableenergyof-

11.26eV. In general,the energystabilizationon proceedingfrom F to M iscaused by the

decreasein molybdenum-sulfurantibondingoverlapfrom -0.20at r to -0.084at M and from

the increasein molybdenum-molybdenum bonding overlapfrom +0.20 at r to +0.27 at M.

The geometriesof the localmolybdenum and sulfuratomicorbitalsresidenton one MoS 2 unit

forBand _9 at r and M are shown in Figure49a. The geometriesof the M4d orbitalsat 7

latticepointsof 2-D MoS 2 at r and M areshown inFigure49b. At r the Mo4dz2 orbitalsare

in phase throughout the crystallatticeforming a continuousdz2 band resultingin Mo-Mo

bondingof -t-0.20.At M the Mo4dz2 orbitalsstillcontributeto Mo-Mo bonding but only in

directionsbisectingthe xy-plane. Incorporationof a largeamount of Mo4dxy orbitalsthat

possessbondingoverlapinthe x--directionleadstoa slightlylargeraznountofMo-Mo bonding

of +0.27. Atomic orbitalchargesindicatethatwhen two electronsoccupy Band _9 at F, 0.34

electronsor 17% ofthe electronsarelocatedon thesulfuratoms primarilyinS3pz orbitalswhile

1.65electronsor 83% _e locatedon the molybdenum atom in Mo4dz2 orbitals.At M, 0.36

electronsor 18% of theelectronsare locatedon thesulfuratoms mainly in S3pz orbitalswhile

1.63electronsor 82% of theelectronsare locatedon themolybdenum atom mainly on Mo4dz2,

Mo4dxy and Mo4dx2_y2 atomicorbitals.Thus, Band #9 consistsof primarilyMo4d character

with mixingofthedx2_y2,dxy,and dz2 orbitalsat M. Previouscalculationson MOS68- clusters

(Appendix B) resultedin splittingof the lowestenergy Mo4dz2 orbitalfrom the degenerate

Mo4dx2_y2 and Mo4dxy orbitalsby only0.46eV (11 kcal/mole).Thus, in the theoretical2-D

MoS 2 system,mbdng ofthesethreeorbitalsdoesoccuratlowersymmetry pointssuch as M but

not at the high symmetry point r. Theoreticalmodified atomic orbitalpopulations,

MAOPOP's, forthe Mo4d orbitalsin 2-D MoS 2 (usingthe atomic parametersof H&H) are

shown in Figure29d. The band locatedat the top of the valenceband justbelow the Fermi

levelconsistsof mainly Mo4dz2 ,Mo4dxy ,and MO4dx2_y 2 charactersuch thatthe contribution

ofdz2 > dxy > dx2_y2.

Bands _10 and #11 aredegenerateat r withan energyof-8.43eV. Splittingof Bands

#10 and #11 occursasone proceedsfrom r to M untilat M, Band #10 has an energyof-9.22

eV while Band #11 has an energyof-8.68 eV. Bands #10 and #II make up the lowest

occupiedcrystalorbitalsat allpointsfrom r to M. At F, Band #10 consistsof primarily

Mo4dxy, Mo5Px and S3px characterwhileBand #11 consistsof primarilyMo4dx2_y2, Mo5py

and S3py characterresultingindegenerateenergiesat thispointinthe Brillouinzone.
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Figure 49b. Arrangement of the Mo4d local atomic orbitals on 7 lattice points of
the 2-D MoS._ lattice for Band #9 at F and M.
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In general,the energystabilizationon proceedingfrom F to M forBand _10 iscausedby the

change in molybdenum-sulfuroverlapfrom -0.28and antibondingat F to bonding +0.008 at

M. However at the same time,antibondingoverlapbetween neighboringmolybdenum atoms

increasesfrom -0.077 at r to -0.42 at M due to overlapand incorporationof Moddx2_y 2

orbitals.Stabilizationon proceedingfrom F to M forBand #11 iscausedby the change in

molybdenum--sulfuroverlapfrom -0.28antibondingat r -0.13antibondingat M. At thesame

time,theantibondingoverlapbetweenneighboringmolybdenum atoms increasesfrom -0.077at

r to -0.30 at M due to overlapand incorporationof Mo4dxy and Mo4dz2 orbitals.The

geometry of the localmolybdenum and sulfuratomic orbitalsresidenton one MoS 2 unitfor

Bands #10 and #11 at F and M areshown in Figure50a. The geometriesofthe M4d orbitals

at ? latticepointsof 2-D MoS 2 at F and M forBands #10 and #11 areshown inFigures50b

and 50c respectively.Atomic orbitalchargesindicatethatwhen two electronsoccupy Band #10

at r. 1.04electronsor 52% of the electronsare locatedon the sulfuratoms primarilyin S3Px

orbitalswhile0.96electronsor 48% are locatedon themolybdenum atom primarilyin Mo4dxy

orbitals.At M thecharacterofBand #10 has changeddramaticallyso thatonly0.03electrons

or 1.5% ofthe electronsare locatedon thesulfuratoms mainlyinS3py and S3Px orbitalswhile

1.97electronsor 98.5% oftheelectronsarelocatedon themolybdenum atom mainlyon Mo4dxy

and Moddx2_y2 atomicorbitals.Atomic orbitalchargesindicatethatwhen two electronsoccupy

Band #11 at F, 1.04electronsor 52% of theelectronsare locatedon thesulfuratoms primarily

in S3py orbitalswhile0.96electronsor 48% are locatedon the molybdenum atom primarilyin

• Mo4dx2_y2 orbitals.At M the characterof Band #11 changesdramaticallyso thatonly 0.15

electronsor 7.5% of the electronsare locatedon the sulfuratoms mainly in S3py and S3px

orbitalswhile 1.85electronsor 92.5% of the electronsare locatedon the molybdenum atom

mainly on MOddz2, Moddxy and Moddx2_y _ atomic orbitals. Thus, Bands _10 and #11 consist

of primarily Mo4d character with mixing of the dx2_y2, dxy, and dz2 orbitals at M in Band

#11. As mentioned above mixing of the Mo4dz2 orbital with the Mo4dxy and Mo4dx2_y 2

orbitals was anticipated from the calculations carried out on MoS68- clusters (Appendix B). In

the theoretical 2-D MoS 2 system, mixing of these three orbitals does occur at lower symmetry

points such as M but not at the high symmetry point r. Theoretical modified atomic orbital

populations, MAOPOP's, for the Mo4d orbitals in 2-D MoS 2 (using the atomic parameters of

H&:H) are shown in Figure 29d. The band located at the bottom of the conduction band just

above the Fermi level consists of mainly Mo4dz2, Mo4dxy, and Mo4dx2_y 2 character such that

the contribution of dx2_y 2 > dxy -,, dz2. This lowest unoccupied band of the valence band
dN

representsthe derivativeofenergydispersioncurvesBands #i0 and #II (_]--_).
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Figure 50a. Geometry of the local atomic orbitals of one MOS,) unit on 2-D
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Figure 50c. Arrangement of the Mo4d local atomic orbitals on 7 lattice points of

the 2-D MoSo" lattice for Band #11 at r and M.
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Bands #12 and #13 are also degenerate at F having an energy of-8.04 eV. On

proceeding from F to M, the degeneracy is lifted such that at M Band #12 has an energy of-

6.71 eV and Band #13 has an energy of-2.;'6 eV. At F, Band #12 consists of primarily

Mo4dy z and S3py character while Band #13 consists of primarily Mo4dzx and S3Px character

resulting in degenerate energies at this point in the Brillouin zone. In general, the energy

destabilization on proceeding from F to M for Band #12 is caused by the change in

molybdenum-sulfur overlap from antibonding -0.16 at F to strongly antibonding -0.45 at M.

Destabilization on proceeding from F to M for Band #13 is caused by the change in

molybdenum-sulfur overlap from antibonding-0.16 at F to very strongly antibonding -0.89 at

M. The geometries of the local molybdenum and sulfur atomic orbitals resident on one MoS 2

unit for Bands #12 and #13 at F and M are shown in Figure 51. Atomic orbital charges

indicate that when two electrons occupy Band #12 at F, 0.96 electrons or 48% of the electrons

are located on the sulfur atoms primarily in S3py orbitals while 1.03 electrons or 52% are

located on the molybdenum atom primarily in Mo4dy z orbitals. At M, 0.82 electrons or 41% of

the electrons are located on the sulfur atoms mainly in S3py and S3px orbitals while 1.17

electrons or 59% of the electrons are located on the molybdenum atom mainly on Mo4dy z and

Mo4dzx atomic orbitals. Atomic orbital charges indicate that when two electrons occupy Band

#13 at F, 0.96 electrons or 48% of the electrons are located on the sulfur atoms primarily in

S3p× orbitals while 1.03 electrons or 52% are located on the molybdenum atom primarily in

Mo4dzx orbitals. At M 0.70 electrons or 35% of the electrons are located on the sulfur atoms

while 1.30 electrons or 65% of the electrons are located on the molybdenum atom mainly on

Mo4dzx and Mo4dy z atomic orbitals. Thus, Bands #12 and #13 consist of primarily Mo4d

character with no mixing of the Mo4dzx and Mo4dy z orbitals with the Mo4d,c2_y2, Mo4d×y, and

MO4dz2 orbitals. Theoretical modified atomic orbital populations, MAOPOP's. for the Mo4d

orbitals in 2-D MOS,) (using the atomic parameters of H&H) are shown in Figure 29d. Thew

second band of the conduction band consists of primarily Mo4dzx and Mo4dy z character such

that the contribution of dyz is greater than that of dzx.

6.1.2 _ Picture of Energy Dispersion in 3-D J_9._.2.

As indicated in Section 5.2, the energy dispersion curves of the model systems 2-D and

3-D MOS,) are somewhat different. Addition of the third dimension into the calculation of the

energy dispersion curves dramatically affects the band gap of the MOS,) system. In 2-D MOS,),., a.,

the highest occupied crystal orbital of the valence band was located in Band #9 at K. In 3-D

MOS,), the highest occupied crystal orbital of the valence band is located instead in Band #18 at,w
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r. The lowestpointof the conductionband in boththe 2-D and 3-D systemsoccursat the K

point. One importantdifferencebetween thetwo model systemsisthe presenceofa directgap

(K---,K,1.19eV) in the 2-D system and an indirectgap (r--K,0.68eV)in the 3-D system.

Addition of the thirddimensionadds MoS 2 layersin the c direction.Adjacent MoS 2 layers

resultin Van der Waals interactionsbetween the layersas wellas interactionsbetween the

crystalorbitalsofeach,MoS 2 layer.Becauseof theone--electronnatureof theExtended H_ckel

method, correlationbetween electronsisnot treated.AttractiveVan der Waals forcesare the

resultofelectroncorrelations.Thus, absenceofcorrelationalsoleadsto absenceand improper

treatmentof Van der Waals forces.However, interactionof th._crystalorbitalson adjacent

MoS 2 layersisstilltreatedin the 3-D MoS 2 system. If the atomic orbitalsinvolvedin a

particularband (orcrystalorbital)do not possessa significantcomponent inthec direction(or

g"direction),forinstancePx, Py, dxy or dx2_y2,thentheseorbitalswillnot interactacrossthe

wide Van der Waals gap to a significantextent.Iftheatomicorbitalsinvolvedina particular

band do possessa component in the c direction,forinstancePz,dz2,dzx,and dyz,then these

orbitalswillinteractmore acrossthe Van der Waals gap. The change from directto indirect

gap on proceedingfron_2-D to 3-D MoS 2 is_ resultoftheinteractionofcrystalorbitalsacross

the Van der Waals gap. In 3-D MoS 2 the highestoccupiedcrystalband (Band #9 in 2-D

MoS 2) issplitintotwo bands Bands #17 and #18. Splittingof the highestoccupiedcrystal

band at F resultsin the formationof the indirectgap (seeFigure32). Previoustheoretical

calculationsinvolving3-D MoS_ alsolocatethe top of the valenceband at r.8'9'I°'11'sIBandm,

#17 isstabilizedinenergywhileBmld #18 isdestabilizedin energy. Energydestabilizationof

Band #18 causestheindirectgap. Band #9 at F in 2-D MoSo possessedan energyof-10.68

eV. In 3-D MOS2, Bands #17 and #18 have energiesof-10.93eV and -10.13eV respectively.

Thus at F, Band #17 isstabilizedby 0.25eV whileBand #18 isdestabilizedby 0.55eV. As

shown previouslyfor3-D MoSo the highestoccupiedcrystalband, Band #9, at F consistsof

primarilyMo4dz2 and S3pz character.These atomicorbitalseach possessa component in thec

direction(_'-direction)and areexpectedto interactacrossthe Van derWaals gap when adjacent

MoS 2 layersare added as in 3-D MoS 2. However, the S3pz orbitalsare affectedto a greater

extentthan t_._eMo4dz2 orbitalsby introductionof the Van der Waals gap. At K, Band #9

consistsof primarilyMo4dx2 v'_(-0.68),Mo4dxy (0.68and 270"phase),S3Px (0.68and 270"

phase),and S3py (0.17)character.These atomicorbitalsdo not possessa component in the c

directionand are not expectedto interactsignificantlyacrossthe Van der Waals gap when

adjacentMoS 2 layersareadded. In 2-D MoS 2 Band #9 at K possessedan energyof-10.65eV.

Band #17 in 3-D MoS 2 has an energyof-10.68eV and isslightlystabilizedby 0.03eV. At K,

Band #18 has an energyof-10.62eV and isslightlydestabilizedby 0.03eV. Major atomic
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a2.

Major atomic orbital contributors and individual orbital charges for

Bands _17 and #18 at r and K for 3-D MoS T (,=out of phase by
270", **fflout of phase by 90")

Atomic Orbital AO Atom Atomic Orbital AO Atom

Band # iOrbital Coefficient Charge Charge Orbital Coefficient Charge Charg_

Sand #i7 Mol4dz2 0.66 0.89 0.89 Mo14<Lx2_y:Z-0.48 0.46 0.93
MOl4cixy 0.48* 0.46

Mo44dz2 0.66 0.89 0.89 Mo44¢[x2_y2 -0.48 0.46 0.93
0.48** 0.46

M°44¢Lxy 1"iS23P z 0.20 0.055 0.056 5¢_3px 0.1 0.018 0.036
S_3p 0.11 0.018
" Y 1'$33P z -0.20 0.055 0.056 S33Px 0.1 0.018 0.036

S33py 0.11 0.018
S53Pz 0.20 0.055 0.056 S53Px 0.11' 0.018 0.036

S53py -0.II 0.018
• $63Pz -0.20 0.055 0.056 $63Px 0.11" 0.018 0.036

S_13py -0.11 0.018
Band #18 Mo14dz2 0.60 0.69 0.69 M°14( x2-y2-0.48 0.45 0.92

M°14¢ xy 0.48* 0.45
Mo44dz2 -0.60 0.69 0.69 M°44¢ x2-y2 0.48 0.45 0.92

M°44t xy 0.48* 0.45
$23P z 0.32 0.15 0.16 $23P x 0.12" 0.021 0.042

So3p 0.12 0.021. Y
$33P z -0.32 0.15 0.16 S33Px 0.12" 0.021 0.042

S_3py 0.12 0.021
$53P z -0.32 0.15 0.16 S_3Px 0.12"* 0.021 0.042

S_3py 0.12 0.021

$63P z 0.32 0.15 0.16 Sf3Px 0.12"* 0.021 0.042
S63Pv 0.12 0.021

orbitalcontributorsand individualorbitalchargesforBands #17 and #18 at r and K aregiven

for3-D MoS 2 inTable 32. The geometryof thetwo MoS 2 unitsisgiveninTable 4 and shown

inFigure52.

Bands #17 and #18 possesssignificantMO4dz2 and S3pz characterat F. The

arrangementof theseorbitalsisshown in Figure53. Stabilizationof Band #17 by 0.25eV is

causedby positiveinteractionbetweenS3pz orbitalsarrangedin a trigonalenvironmentacross

the Van der Waals gap resultingina smallnetbondingattractionof+0.019 between thesulfur

layers.DestabilizationofBand #18 by 0.55eV iscausedby negativeinteractionbetween S3pz

orbitalsacrossthe Van der Waals gap resultingin a smallnet antibondingrepulsionof-0.062

betweenthe sulfurlayers.InteractionbetweenMo4dz2 orbitalsisalmostzero,sincethedistance
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between molybdenum atoms inadjacentlayersis6.41/_. At K, Bands #17 and #18 possess

significantMO4dx2_y2, Moddxy, S3px, and S3py character,Band #17 isalsostabilizedat K

but by only 0.03eV. Stabilizationat K iscausedby a smallpositiveinteractionbetween the

S3px and S3py orbitalsacrossthe Van der Waals gap resultingin weak net bondingattraction

of +0.0023 between the layers.Destabilizationof Band #18 at K by 0.03eV iscausedby a

small negativeinteractionbetween the S3Px and S3py orbitalsacrossthe Van der Waals gap

resultingina weak netantibondingrepulsionof-0.0027betweenthelayers.

The resultsindicatedabove may be open to disputesinceas indicatedinSection5.2.1,

additionofthe thirddimensionintheform of3-D MoS 2 reducestheenergyofformationof the

system. Extended Hiickeltheorypredictsthat2-D MoS 2 witha standardenthalpyofformation

of-463.58kcal/moleismore stablethan 3-D MoS 2 witha standardenthalpyofformationof-

453.74eV. As mentioned previously,extended Hfickeltheoryneglectsto calculateelectron

correlationand as such does not treatVan der Waals interactionsbetween adjacentMoS¢_

layers.Van der Waals interactionsbetween the layersareexpectedto be positiveand fairly

significant.PropertreatmentofVan der Waals interactionswillprobablyresultinstabilization

of the3-D system when compared to the 2-D system. PreviouscalculationsofCoehoorn etal. "

on 3-D MoS 2 took sulfurpolarizationinto _,,ccountqualitatively.I0'II In thisstudy,the

elevation,u. of sulfuratoms above and below the planeof molybdenum atoms was decreased

from theexperimentalvalueof0.129to 0.121.A decreaseinu from 0.129to0.121resultsinan

increaseof the Van der Waals gap from 2.995_ to 3.17_. An increaseinthe Van derWaals

gap willleadto smallerbondingand antibondinginteractionsbetween S3pz orbitalsofadjacent

MoS 2 layers.However, whether or not electroncorrelationistreatedcorrectlydoes not affect

the macroscopicoverlapof crystalorbitalson adjacentMoS 2 layers.Extended I-Itickeltheory

predictsthat the indirectgap resultsfrom splittingof the highestoccupiedcrystalband at F

such that one band is destabilized in energy due to antibonding interactions between S3p z

orbitals across the Van der Waals gap. Inclusion of electron correlation is not expected to

change this result. Optical experiments indicate that the band gap of 2H-MoS 2 is indirect, with

a gap of _ 1.25 eV. 13 Using the parameters of FI&H, solid state Extended Hiickel theory

predicts an indirect gap of 0.68 eV from F-.K. Previous theoretical work on MOS,) positions the

indirect gap as occurring from the top of the valence band at r to the bottom of the conduction

band at T (halfway between r and K). 8'9'10 Thus, the position of the highest occupied crystal

band in MoS 2 as calculated by Extended Hfickel theory is consistent with that calculated using

an augmented-spherical-wave method.10
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6.1.3 Orbital Picture of _ _ in 1-D LlhLq_2_5 Systems.

Electronic structures of two 1-D (MOS2) 5 systems terminating at (1010) and (1011)

edges were also studied using solid state Extended Hfickel theory. The purpose of this study was

to identify differences in the valence band and conduction band upon the addition of edge planes

into the structure. The first structure, 1-D (MOS2) 5 terminating at (1010) edges, is terminated

such that 2-coordinate molybdenum atoms are exposed on the first edge while two 1-coordinate

sulfur atoms are exposed on the second edge. A representation of this structure is shown in

Figures 12a and 12b. The second structure, 1-D (MOS2) 5 terminating at (1011) edges, is

terminated such that 4-coordinate molybdenum and 2-coordinate sulfur atoms are exposed on

the first edge while 5--coordinate molybdenum and 1-coordinate sulfur atoms are exposed on the

second edge. A representation of this structure is shown in Figures 12c and 12d. As shown in

Figures 34a and 35a, the theoretical valence bands of both 1-D (MOS2) 5 systems show an

overlap between the valence and conduction bands. In 2-D MoS,_, a system containing nom

edges, the conduction band was separated from the valence band by a gap leading to

semiconductor behavior. Overlap between valence and conduction bands in the 1-D systems can

be attributed to the presence of extra states within the band gap region as previously defined for

2-D MoS,_. These extra states will be referred to as edge states since they are mainly localized

on the exposed edge atoms.

Energy dispersion curves of 1-D (MOS2) 5 structures are more complicated than those of

2-D MoS 2 due to the larger number of MoS 2 molecules per unit cell. In 2-D MOS2, energy

dispersion curves resulting from extended Hfickel calculations consist of 17 bands total due to

the use of 17 atomic orbitals as the basis (5, Mo4d; 1, Mo5s; 3, Mo5p; 2, S3s; and 6, S3p). In l-

D (MOS2) 5, energy dispersion curves consist of 85 bands due to the use of 5 MoS 2 molecules per

unit cell. Five MoS 2 units possess a total of 90 electrons which will occupy a total of 45 energy

levels. Thus, the amount of information obtained from extended H/ickel calculations of L-D

(MOS2) 5 systems is very large. In order to identify specific edge states from the multitude of

states calculated, some type of criterion had to be used. The criterion chosen identified a state

as an edge state if more than 70% of the electrons of its molecular orbital resided specifically on

edge atoms. Edge atoms were defined as Mo-0101 (2--coordinate), S-0501 (1-coordinate) and S-

0601 (1-coordinate) for the system terminating at (1010) edges and as Mo-0101 (4-coordinate),

S-0601 (2--coordinate), Mo--0301 (5-coordinate) and S-0501 (1-coordinate) for the system

terminating at (1011) edges. Edge atom positions and coordinations are shown in Figures 12a

and 12b for the (10i0) terminated structure and in Figures 12c and 12d for the (1011)

terminated structure.
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Energy dispersioncurvesof I-D (MOS2)5 systems terminatingat (1050)and (I011)

edges are shown in Figures54a and 54b respectively.The S3s and Mo4d-S3p valenceband

regionsas wellas the lowerportionof the conductionband are shown inFigures54a and 54b.

Black circlesshown on the energy dispersioncurvesindicateedge statesidentifiedby the

criteriondiscussedabove. The Fermi levelisalsoshown and isdefinedas the energyof the

highestoccupiedcrystalorbital.The Fermi levelislocatedat-10.77eV and -10.65eV forI-D

(MOS2)5 systems terminatingat (10i0)and (I011)edges respectively.Edge statesin I-D

(MOS2)5 terminatingat (1010)edges are scatteredabout the Fermi levelat the top of the

valenceband and at the bottom of the conductionband. Edge stateslocatedat the top ofthe

valenceband and on the Fermi levelwillbe occupiedwhileedgestateslocatedat the bottom of

the conductionband (abovethe Fermi level)willbe unoccupiedat a temperatureof absolute

zero. Edge statesin I-D (MOS2)5 terminatingat (1011)edges are alsoscatteredabout the
@ .

Fermi level.However inthissystem a majorityofthe edgestatesarelocatedillthe conductlon

band. Sinceterminationby (1011)edgeswas found to be more stableby 11.53kcal/molethan

terminationby (1010)edges,the (1011)structurewillbe discussedindetailbelow.

At I"or k=0 in I-D (MOS2)5 terminatingat (10il)edges,edge statesare found for

Bands #18, #40, #41, #46, #47, and #48. The highest occupied level is expected t.o be Band

#45 at r. However due to the overlap of Bands #45 and #46 at k-points intermediate between

r' and K this level would not be occupied at a temperature of absolute zero. The Fermi level

energy is -10.65 eV while the energy of Band #45 at r is -10.64 eV. Thus, Bands #45, #46,

#47, and #48 are located in the conduction bands, while Bands #18, #40, and #41 are

located in the valence band. Local atomic orbital coefficients, individual atomic orbital charges

and total charges on the atoms of the major contributors to each edge state are shown in Table

33. From the 70% criterion discussed above, at least 1.40 electrons must reside on edge atoms

for this state to be termed an edge state. In general only atomic orbitals for edge atoms (Mo-

0101, Mo-0301, S-0501,and S-0601) thatexhibita coefficient>I0.IIareshown.

The electronsoccupyingBand #18 at r resideprimarilyinMo14dx2_y2,Mol4dz2, Mo5s

and S63Pz and S63py orbitalswith67.5% oftheelectronslocalizedon theexposed2-coordinate

edge sulfuratom, S6. Overlap between Mo I and S6 is positive+0.25 leadingto bonding

between the molybdenum and sulfuratoms residingon Edge I. Overlapbetween Mo I and an

Mo I inan adjacentunitcellisbonding +0.062. The electronsoccupyingBand #40 at r reside

primarilyin Mo14dz2,Mo14dx2_y2,and S63Pz orbitalswith59.5% of theelectronslocalizedon

the exposed 4-coordinatemolybdenum atom. The dominant interactionon thisedge is

antibondingoverlap-0.13between Mo Iand S6 and bondingoverlap+0.12 between Mo I and
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Figure 54a. Energy dispemion curvesof I-D (MoS2j)5 terminatin8 az (I010)

edges. The Fermi leve{is Iocaz_ az -10.77 eV. Black circles

indicateedgesstazescarryingmore zh_ 70% of theel_r.ronson zhe

following edge azores: Mo-0101 (2-coordinate),S-0501 (I-

- coordinate)and _0601 (l-coordinaze).
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Figure 54b. Energy dispersioncurves of I-D (MOS2)5 terminatingat (10il)
edges. The Fermi levelis locatedat -10.65 eV. Black circles

indicateedgesstatescarryingmore than70% of theelectronson the

followingedge atoms: Mo-0101 (4-coordinate),Mo-0301 (5-

coordinate), S-0501 (1-coordinate) and S-0601 (2-coordinate).
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_33.
Local atomic orbital coefficients, individual atomic orbital charges and

total charges on edge states of 1-D (MOS2) 5 at F. In general only
atomic orbitals for edge atoms (Mo-0101, Mo--0301, S-0501, and S-
0601) that exhibit a coefficient >10.11 are shown

r Point:k=O
AO AO Atom

Band # AO Coefficient Charge Charge

Band #18 MOl5S 0.15 0.13 0.40
Mol4dx2_y 2 0.24 0.18
Mol4dz2 -0.17 0.084
$63s -0.14 0.0194 1.36

S63py -0.27 O.17
Sfi3pz 0.71 1.17

Band #40 Mol4dz2 -0.59 0.69 1.19

Mol4dx2_y2 0.45 0.43

Mo34dx2_y2-0.I0 0.023
Sfi3pz -0.39 0.25 0.26

Band #41 Mo35P x 0.14 0.04 0.32
Mo34dxy -0.33 0.23

Mo34dzx -0.16 0.049
S53Px 0.93 1.47 1.47

Band #46 MOl3Pz -0.16 0.098 1.42

M°14dx2 y2-0.48 0.44

Mo14dz2- -0.51 0.48

Mo 41"Jz -0.44 0.35

Band #47 S_3_,yY -0.36 0.20 0.20Mo14dxy 0.79 1.12 1.78

Mo14dzx 0.60 0.65

Sa3p_ -0.0880.012 0.012

Band #48 Mos5s -0.16 0.062 1.49

Mo35py 0.17 0.099
Mo35pz O.11 0.040
Mo,14dx2_y 2 0.29 0.14

Mo:I4dz2 0.44 0.36
MolI4dy z -0.66 0.79
S 3p -0.26 0.10 0.125 Y
S_3pz -0.13 0.020
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Mo 1 in an adjacent unit cell. The electrons occupying Band #41 at F reside primarily the

atoms exposed on Edge 2, Mo35Px, Mo34dxy, Mo34dzx, and S53px. In Band #41, ?3.5% of the

electrons are localized on the S53Px orbital. Overlap between the exposed molybdenum, Mo 3,

and sulfur, S5' is positive leading to bonding character of +0.12 between the atoms. Overlap

between S5 with sulfur atoms of adjacent unit cells is negative leading to antibonding character

of -_.31.

The most interestingstatesintermsofedgesurfacestatesarethe unoccupiedstatesthat

lieabove the Fermi level,in thiscaseBands #46, #47 and #48. When thesurfaceisexposed

to adsorbatessuch as H2, unoccupiededge statesare expectedto interactwith the molecular

orbitalsof the adsorbate.Iftwo electronsoccupiedBand #46 at r theywould resideprimarily

on atoms exposed on Edge 1 in the followingorbitals:Mo14dx2_y2,Mo14dz2,Mo14dyz, and

S63py. If electronsoccupied Band #46, 71% would be localizedon the 4-coordinateedge

molybdenum atom, Mo I, while10% would be localizedon the 2-coordinateedgesulfuratom,

S6. Thus, at r thereisan unoccupiedcrystalorbital,Band #46, thatcontainsdanglingS63py,

Mo14.dx2_y2,Mo14dz2, and Mo4dy z atomic orbitalswhich could interactwith an adsorbate.

Overlap between Mo I and S6 isantibonding-0.15 whileoverlapbetween the Mo I and edge

molybdenum atoms in adjacentunitcellsisbonding +0.058. Thus, additionof electronsto

Band #46 willweaken the totalMoI-S 6 bond whilestrengtheningthetotalMot-Mo I bond. A

hydrogen is orbitalwould be expectedtointeractfavorablywith thedanglingS63py orbitalon

Edge I. Thus, a model foradsorptionof hydrogen onto S6 was chosento occurfrom the +_"

directionon Edge i.

Band #47 at F can alsobe termed an edgestatesinceifoccupiedby two electrons,89%

of the electronswould resideon the 4--coordinateedge molybdenum atom, Mo I. This band

primarilyconsistsof Molddxy, Molddzx and S63Px orbitals.Overlapof theseorbitalsissuch

thatweak antibondingMoI-S 6 of-0.0032and strongerantibondingMot-Mo I of-0.15results.

Iftwo electronsoccupiedBand #48 at F 74.5% of theelectronswould be localizedon the 5-

coordinatemolybdenum, Mo3, residingon Edge 2. Band #48 primarilyconsistsofMo34dx2_y_,

Mo34dz2, Mo34dyz, S53py,and S53Pz orbitals.Overlapbetween Mo 3 and S5 isantibonding

-0.10whilethatbetween Mo 3 atoms on adjacentunitcellsisbonding+0.046.

At K or k- a*/2 inI-D (MOS2)5 terminatingat (i0il)edges,edge statesare found for

Bands #5, #10, #30, #32, #45, #46, #47, #48, and #49. Thus, Bands #45, @46, #47, #48

and #49 are located in the conduction band, while Bands #5, #10, #30, and #32 are located in

the valence band. Local atomic orbital coefficients, individual atomic orbital charges and total

charges on the atoms of the major contributors to each edge state are shown in Table 34. From
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Table34.

Local atomic orbital coefficients, individual atomic orbital charges and

total charges on edge states of 1-D (MOS2) 5 at K. In general only
atomic orbitals for edge atoms (Mo-0101, Mo-0301, S-0501, and S-
0601) that exhibit a coefficient >10.11are shown

• K Point: _ a*/$
AO AO Atom

Band # AO CoefficientCharge Charge

Band #5 Mo15Px -0.12 0.14 0.35

Mo14dxy -0.11 0.047
Mo14dzx 0.19 0.15

Sl_3s -0.85 1.53 1.53
Band #10 lid'o15s" -0.14 0.092 0.26

Mo 5p 0.11 0.0551 y

Mo14dyz 0.11 0.046
$53s -0.84 1.44 1.44

Band #30 l_o14dxy -0.19 0.11 0.18
Mo14dzx 0.13 0.055

$63s 0.21 0.052 1.26

S63py 0.18 0.071
' Sa3pz -0.073 1.13

Band _32 Mo34dx2_y2 0.16 0.076 0.24

Mo34dz2 0.11 0.033

Mo34dyz 0.14 0.060
_53s 0.18 0.038 1.51
5 3p -0.40 0.35_5 Y
_53pz 0.73 1.13

Band _45 N_o15Px -0.23 0.25 1.37

Mo14d x. -0.24 0.11

-072101
_3p v 0.33 0.17 0.18

Band #46 Mo,4dx2 - 0.60 0.67 1.80L I -Y_

Moldd_2 0.77 1.10
Band #47 Mo35Px O.15 O.I1 1.60

Mo 34dx': -0.89 1.49
S_3px -0.22 0.064 0.064

Band #48 Mo; 5py -0.14 0.060 1.72

Mo: 5pz -0.15 0.063

Mo: 4dx2_y2-0.66 0.76

Mo_ 4dzo 0.20 0.074
Mo, 4d.". 0.64 0.74

S53py 0.19 0.049 0.069
S._3pz 0.12 0.019

Band #49 Mo Spy 0.20 0.096 1.41
Mo Opz 0.15 0.055

Mo 4dx2_y2-0.65 0.72

Mo 4dzo 0.41 0.29
Mo 14dv_ 0.37 0.24
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the 70% criterion discussed above, at least 1.40 electrons must reside on edge atoms for this

state to be termed an edge state. In general only atomic orbitals for edge atoms (Mo-0101, Mo-

0301, S-0501, and S-0601) that exhibit a coefficient >10.11 are shown.

At K, the more interesting edge states are those residin_ at or above the Fermi level, i.e.

Bands #45, #46, #47, #48. Thus, these states will be discussed in more detail in the following

paragraphs. At a temperature of absolute zero, Band #45 would not be occupied at K because

the energy of this level -10.48 eV is higher than the Fermi level energy of-10.65 eV. If Band

#45 were occupied by two electrons, 68.5% of the electrons occupying this level would be

localized on the four-coordinate edge molybdenum atom, Mo 1. The character of this level is

primarily Mol4dzx and S63py. Overlap between Mo1 and S6 is antibonding -0.092 while that

between edge Mo 1 atoms on neighboring unit ceils is bonding +0.16. At absolute zero, Band

#46 is also unoccupied at K but if occupied 90% of the electrons would reside on the four-

coordinate edge molybdenum atom, MOl, in Mo4dx2_y 2 and Mo4dz2 orbitals. Overlap between

Mo 1 and S6 is weakly antibonding -0.0014 and between Mo 1 atoms on neighboring unit cells is

also antibonding -0.026.

Band #47 is also unoccupied at K, but if occupied by two electrons 80% of the electrons

would be localized on 5-coordinate molybdenum atoms residing on Edge 2. This band consists

of primarily Mo34dxy and S53Px character. Overlap between Mo3 and S5 is antibonding -0.077

while overlap between Mo3 atoms on adjacent unit cells is bonding +0.15. If occupied 86% of

the electrons of Band #48 would reside on edge molybdenum atoms, Mo3. This band consists

of primarily Mo34dx2_y2, Mo34dyz, S53py, and S53Pz character. Overlap between Mo3-S 5 and

Mo 3 atoms on adjacent unit cells is an_ibonding -0.046 and -0.095 respectively. If occupied,

70.5% of the electrons of Band #49 would reside on edge molybdenum atoms, Mo1. This band

consists of primarily Mol4dx2_y2, Mo4dz2 , and Mo4dy z character. Overlap between Mo 1 atoms

on adjacent unit cells in antibonding -0.13.

One important aspect is the mixture of Mo4dy z and Mo4dzx orbitals with Mo4dx2_y:2,

Mo4dxy and Mo4dz2 orbitals. As discussed for 2-D MoS T the Mo4dx2_y 2 and Mo4dxy orbitals

mix with the Mo4dz2 orbitals at the top of the valence band and at the bottom of the

conduction band. This can be seen from the modified atomic orbital populations, MAOPOP's,

of the Mo4d orbitals in Figure 29d. However the Mo4d MAOPOP's for 1-D (MOS2) 5

terminating at (10il) edges, Figure 35c, show that a large amount of Mo4dy z character is

present particularly within the region previously defined as the band gap for 2-D MoS T The

Mo4dzx orbitals mix to a lesser degree within the occupied portion at the top of the valence

band. Addition of edges, promotes the mixing of Mo4dy z and Mo4dzx orbitals with the rest of
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the Mo4d orbitals. In the case of 1-D (MOS2) 5 terminating at (1011) edges, edges promote the

formation of states within the band gap region. These states exhibit primarily Mo4d character

from edge molybdenum atoms with a large amount of Mo4dy z character.

6.1.4 _ _ _ to l_verim¢0tal Results.

The theoretical results discussed above may be used in a discussion of the difference

between electronic structures of single crystal and polycrystalline MoS 2. Polycrystalline MoS 2

possesses a larger number of exposed edge molybdenum and sulfur atoms than single crystal

MoS 2 due to the higher surface area (--. 60 m2/gm) and smaller particle size. A study

performed by Roxlo et al. 13 looked at the effect on optical absorption of introducing an

increasing number of edge sites onto a thin MoS 2 single crystal. Below the energy of the

indirect band gap, the amount of absorption increased as the number of edge impurities was

increased. This result indicates that with the addition of edges, surface states are appearing in

the band gap region. A second study performed by Liaalg et al. 14 focused on UPS valence band

analysis of poorly crystallized MoS 2 samples containing high area edge surfaces. UPS of the

poorly crystallized sample showed a tail on the lower binding energy side of the experimental

Mo4dz2 band in the valence band region. The origin of this tail was attributed to dimerization

of molybdenum atoms on reconstructed edge planes. The Mo4d-S3p valence band regions of

single crystal and polycrystalline MoS 2 obtained via BR-ESCA in this work are shown in Figure

27b. The area of the S3s region portion of the valence band {this region is not shown) was used

for normalization purposes. Differences between the two valence bands include the following:

(1) polycrystalline MoS 2 exhibits a higher intensity or tail on the lower binding energy side of

the highest occupied crystal band (located at ~ 1.8 eV as measured from the Fermi level of the

instrument); (2} the highest occupied crystal band (_ 1.8 eV) decreases in intensity on

proceeding from single crystal to polycrystalline MOS2; and (3) the shape of the third band

(located at ~ 4.8 eV) changes in shape. These changes can be explained by looking at the

positions and character of the edge states discussed for 1-D (MOS2) 5 terminating at (10il)

edges.

The BR-ESCA result that polycrystalline MoS 2 exhibits a higher intensity or tail on

the lower binding energy side of the highest occupied crystal band than single crystal MoSo isw

compatible with the UPS results of Liang et al and optical absorption results of Roxlo et

al. 13'14 As discussed previously, the 1-D (MOS2) 5 model shows empty edge states residing

within the band gap defined previously for 2-D MoS 2. These states are located so close to the

Fermi level that population of these states is possible at room temperature. Thus, these states
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willbe seenby both XPS and UPS. In I-D (MOS2)5 terminatingat (10[[1)edges,the Fermi

level(or highestoccupiedcrystalorbital)islocatedat -10.65eV. The energiesofBands #45,

#46 and #47 for6 pointsalongthedirectionr to K arelistedinTable 35. At bothr and K,

Bands #45 and #46 areunoccupiedand exhibitsenergiesof-10.64 eV and -10.25eV at r and

-10.48eV and -10.39eV at K. Thus, thesebands are located0.01eV and 0.40eV above the

Fermi levelat r and 0.17eV and 0.25eV above theFermi levelat K respectively.However,as

one proceedsacrossk-spacefrom r to K, Bands #45 and #46 become more stableand drop

below the energyofthe Fermi level.At k-0.2 a* both Bands 4#45and 4#46have energieslower

than the Fermi level.However at room temperature(kT-0.026 eV),thereisa smallprobability

that bands having energiesabove the Fermi levelenergy willbe occupied and contribute

intensityto thelowerbindingenergysideofthehighestoccupiedcrystalband. The probability

f(e)thatan electronwillbe promoted from a positionat theFermi level/_to an energylevel

separatedfrom the Fermi levelby AE--e-p,at a temperatureT isgovernedby theFermi-Dirac

distributionf(e)_[exp(_-/_)/kT+I]-I.48 UsingtheFermi levelof-10.65eV, the energiesgiven

in Table 35 forBands 4#45,#46 and #47, and thevalueofkT at room temperature(0.026eV)

the probabilityforoccupationof Bands #45, #46, and #47 was calculatedfrom the Fermi-

Dirac distribution.These valuesare alsotabulatedin Table 35. Though thisis a crude

approximation,thereseems to be a certainprobabilityforoccupationof Bands #45 and #46.

Occupation of theselevelsat room temperaturewillleadto increasedintensityon the lower

binding energysideof the highestoccupiedcrystalband. The decreasein intensityof the

highestoccupiedcrystalband (_. 1.8eV) on proceedingfrom singlecrystalto polycrystalline

N[oS2 can be attributedto mLxing of Mo4dx2_y2, Mo4dxy ,and Mo4dz2 orbitalsintothe edge

atom stateswithinthe band gap and electrondepletionof the highestoccupiedband due to

thermalexcitationofelectronstoedgestates.

aYa.h!s3s.

Energies in eV and probabilities for electron occupation of Bands #45,

#46 and #47 for points along the direction r to K in the first

Brillouin zone. The Fermi level energy for 1-D (MOS2) _ terminating
at (10il) edges is -10.65 eV. Asterisks indicate energies below the
Fermi level.

k-Point Ba__.nd@45 _ _45 Band _ f-fiLl_^ Band _47 _ _47
k=0 (IP) -10.64 0.40 -10.25 2.1x 10-_ -10.10 6.5x 10"'10

k=0.1a* -10.67, 0.68 -10.49 2.1x 10-3 -10.01 2.0x 10-11

k=0.2a* -10.79, 1.00 -10.74, 0.97 -9.97 4.4x 10-12

k=0.3a" -10.85, 1.00 -10.62 0.24 -10.12 1.4x 10-9

k=0.4a* -10.61 0.18 -10.44 3.1x 10-4 -10.30 1.4x 10-6

k=0.Sa*(K) -10.48 1.4x 10-3 -10.40 6.7x 10-5 -10.35 9.8x 10-6
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Changes in the valence band located at _. 4.8 eV can be attributed to edge states

identified a8 Band #18 in Table 33 and Bands #30 and #32 identified in Table 34. Band #18

at F is located 3.72 eV below the Fermi level while Bands #30 and #32 at K are located 2.95

eV and 2.87 eV below the Fermi level. The Mo4d-S3p valence band located at ~ 4.8 eV

extendsfrom 4 eV to 6 eV. Edge statesshown forBands #18 at r and Bands #30 and #32 at

K couldwiden and increasetheintensityof thisband on thelowerbindingenergyside.

(}.2 Electronic Structure of MOS2: Theory vs. _xperiment.

The discussion in Section 6.1 focuses on the electronic structures of 2-D MoS 2, 3-D

MoS 2, and 1-D (MOS2) 5 calculated using the Extended Hfickel theory and the STO parameters

of Hughbanks and Hoffmann (H&H). 41 The theoretical valence band of 2-D MoS 2 is shown in

Figure 29b while the energy dispersion curves are shown in Figures 308 and 30b. The 2-D MoS 2

theoretical valence band reproduces some of the features of the experimental valence band

(Figure 22b). For instance, the broad band located at ~-22 eV in the theoretical valence band

consists of mainly S3s orbitals. This band shows similar shape in both theoretical and

experimental valence bands. However, the S3s band is locatecL too close to the upper portion of

the valence band (Mo4d-S3p) compared to the experimental valence band. Also, the Mo4d-S3p

portion of the experimental valence band consists of four distinct bands. In the theoretical

valence band the Mo4d-S3p region consists of three bands with the center band indicating a

certain amount of splitting. The energies obtained from the theoretical calculation indicate that

this particular system is a semiconductor. One important feature in the electronic structure

calculations is the degree of dispersion of the S3p orbitals. The single zeta S3p radial functions

used in this calculation l_.ad to a S3p MAOPOP (see Figure 29c) consisting of two major peaks

or bands. This leads to the three-peaked nature of the Mo4d-S3p valence band.

The theoretical energy dispersion curves of 2-D MoSs (Figures 30a and 30b) indicate

correctly that MoS 2 is a small band gap semiconductor. As discussed in Section 6.1.2, Extended

Hfickel theory predicts a direct gap for 2-D MoS 2 (K--.K) and an indirect gap for 3-D MoS 2

(t-.K). Optical absorption experiments indeed indicate that 2H-MoS 2 possesses an indirect

gap. The most disturbing feature of the theoretical energy dispersion curves obtained using the

H&H parameters is the presence of an energy gap between the highest occupied band (Band #9)

and the lower Mo4d-S3p bands (Bands #3-#8). This energy gap indicates no overlap between

these bands and separation of the highest occupied band (Band #9) is expected in the

theoretical valence band. As shown in Figure 29b, the theoretical valence band does exhibit a

band at the top of the valence band well separated from the rest of the Mo4d-S3p bands. The
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experimentalenergydispersioncurvesof Mamy et al.15,reproducedin Figure30b along with

the theoreticalcurves,do not show a s_.gnificantgap betweenthehighestoccupiedband and the

lowerportionof the Mo4d-S3p valenceband. However, curvatureofthe energybands at the

top and the bottom of the Mo4d-S3p valenceband is very similarfor both theoryand

experiment.

In summary, the followingfeaturesof theelectronicstructureof MoS 2 were reproduced

by Extended Hfickeltheoryusingthe parametersof H&H: semiconductornatureof 2H-MoS 2,

presenceof indirectgap, energydispersionof S3s bands (Bands #I and #2) and curvatureof

the energy bands,specificallyat the top and bottom of the Mo4d-S3p valenceband. The

followingfeatureswere not reproducedby the theoryusing the parametersof H&H: correct

energy positionof the entirevalenceband, relativeenergy positionsof the S3s bands with

respectto the Mo4d-S3p bands,overlapbetween the highestoccupiedvalenceband and the

lowerMo4d-S3p bands,and four-peakednatureofthe Mo4d-S3p portionofthevalenceband.

For the reasonsindicatedabove,parametrizationof the Mo4d, S3p and S3s ionization

potentials,Hip were carriedout by comparison z_th experimentas discussedpreviouslyin

Section5.6. Atomic parametersof Clementi and Roetti42 involvingdouble zetaS3s and S3p

STO's were also used in place of the singlezeta S3s and S3p STO's of Hughbanks and

Hoffmann. Modificationoftheseparameterswas alsocarriedout as indicatedinSection5.6.2to

obtaina theoreticalvalenceband which qualitativelyreproducestheexperimentalvalenceband

as shown in Figure39c. However, the questionremains as to whether the parametrization

actuallychanged the orbitalcharacterof the energy dispersionbands discussedpreviouslyin

Sectlon6.1 Section6.2.2willdiscussthe orbitalcharacteroftheenergydispersionbands of2-D

MOS,)obtainedusingthe bestfitparametersofTable 25. AlsodiscussedinSection6.2.1willbe

theaccuracyoftheexperimentalenergydispersioncurvesobtainedby Mamy ctal.15

6.2.1 Accuracy ofExperimental_dt.eJA__)isversion

Experimentalenergydispersioncurvesofsinglecrystal2H-MoSo obtainedby Mamy et

al.15
are compared to theoreticalenergydispersioncurvesof 2-D MoS 2 calculatedusingsolid

stateExtended Hiickeltheoryand the atomic parametersof Table 25 in Figure40b. The

comparisonwas made by shiftingthe experimentalcurvesto more negativebindingenergiesby

additionofthe work function4.1eV.15 The equationrelatingthe photoelectronkineticenergy

EK and polar angle of detection0 (as measured from the surfacenormal) to the parallel

component of thewavevectorIkH[isshown inequation18.57 Energydispersioncurvesplotthe

bindingerfergyEB versusthe parallelcomponent of the wavevector.Sincethe photoelectron
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kinetic energy is used to calculate the value of the wavevector parallel to the crystal surface, the

shift in binding energy only serves to shift the entire set of energy dispersion curves by the work

function on the binding energy"scale.

IkllI= kh---_fxsin0 (18)

IkllI- parallelcomponent ofthe wavevectork=kll+k i
m = electronmass

h - Planck'sconstant

EK --photoelectronkineticenergy
0 = polarangleofdetectionasmeasured from thesurfacenormal

A limit on the accuracy of the experimentalenergy dispersioncurves can be

approximatedfrom the raw data providedin the work of Mamy etal.15 The raw data arein

theform of ultravioletphotoelectronvalenceband spectra.Errorsintheenergypositionof the

peak maxima may lead to errorsin both the plottedbindingenergyand calculatedparallel

wavevectorIkllI. A typicalintensepeak in the UPS valenceband of 2H-MoS 2 obtainedby

Mamy etal.has a width ofapproximately0.22eV. Thus. the plottedbindingenergypositions

can be inerrorby as much as ± 0.11eV. Although the peak positionsare probablymeasured

more accuratelythan ± 0.11eV, thisnumber willbe usedtoshow thateven largeerrors;n peak

positionwillleadto smallerrorsin [kllI. The same erroroccursin the kineticenergythatis

used to calculatethe parallelcomponent of the wavevector. Differentiatingequation18 with

respectthe EK leadsto theexpressionshown inequation19. Allowing.d_k.,to be approximated

by _ leadsto an equation(equation20) forcalculatingthe errorAlkli I in Ikll I thatresults

from an errorofAE K inEK. Usingtheseexpressionsand manually measuringthe binding

1 1
dlklll "_m - -'_

1 AE K

energiesof the UPS peaks,typicalerrorsin IkllIwereapproximated. At 0=I0",UPS peaksare

locatedbetween kineticenergiesof 10.56eV and 15.05eV correspondingto valuesof [klll

between 0.0460_-I and 0.0549_-I and errorsAlkllIof 2.35x 10-4 A"Iand 1.97x 10-4 A-l

respectively.Thiserrorrepresentslessthan a I% errorin ikllI.At 0=40",a UPS peak islocated

at 9.68eV correspondingto a valueof IkllIof 0.163_-l and an error'AlkIlIof 9.10x I0"4 _-i.

. This error representsan errorof -,-i_ in IklII. Thus, errorsin measurements of she
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photoelectron kinetic energy will produce errors in the value of Jklj] but the error is insignificant

in this experiment. Thus, the experimental energy dispersion curves of Mamy et al accurately

represent the true energy dispersion curves.

6.2.2 Orbital Picture of _ Disversion in 2-]3 MoS T

Local atomic orbital coefficients, individual atomic orbital charges and total charges on

the atoms Mo, $2, and S3 in 2-D MoS 2 for Bands #1 through #13 at r and M are given in

Table 36. This calculation involved the atomic parameters of Table 25 instead of the

parameters of Hughbanks and Hoffmann used in the calculations of Section 6.1. In general only

atomic orbitals that exhibit a coefficient >10.11 are shown. Comparison of Table 31 with Table

36 shows that the major character of each band is retained at both r and M points. Thus, the

switch from the parameters of Hughbanks and Hoffmann to the parameters given in Table 25

does not change the orbital character of the bands.

Small changes in the contribution of each atomic orbital to the overall crystal orbital as

evidenced by the tabulated coefficients are seen. For example Band #1 possesses less overall Mo

character. In Band #I at F, 99% of the electrons reside on the sulfur atoms. Previously, using

the parameters of Hughbanks and Hoffmann, 87_ of the electrons resided on the sulfur atoms.

This decrease in molybdenum electron density on changing from H&H parameters to those of

Table 25 is evidently due to the larger Mo4d-S3s and Mo5s-S3s ionization potential separations

in the parameters of Table 25. DisperFion of Bands #1 and #2 is still caused by changes in the

intra--sulfur ($2-$2) interaction from bonding at r to antibonding at M. Also, the stabilization

of Band #1 over Band #2 is caused by the change in inter-sulfur ($2-$3) interaction from

bonding in Band #1 to antibonding in Band #2. The same pictures portraying the geometry of

the local atomic orbitals for Bands #1 through #13 at F and M shown in Figures 46 through 52

apply for both sets of parameters.

The most important change occurs at the top of the valence band. When the

parameters of Table 25 are used to calculate the electronic structure of 2-D MoS T overlap

occurs between the highest occupied crystal orbital (Band #9) and the lower Mo4d-S3p portion

of the valence band (Bands #7 and #8). At M, Band #9 has an energy of-6.21 eV while at F,

Bands #7 and #8 have energies of-6.06 eV. Thus, overlap between Bands #7 and #8 with

Band #9 causes a disappearance of the gap between the highest occupied valence band and the

Mo4d-S3p portion of the valence band (see Figure 39c). Figure 39d shows the Mo4d

MAOPOP's calculated from the atomic parameters of Table 25. The highest occupied band

again consists of Mo4d character such that dz2 > dxy > d×2_y2. The lowest conduction band
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_3e.
Local atomic orbital coefficients, individual atomic orbital charges and

total charges on the atoms Mo, S2, and S3 in 2-D MoS 2 for Bands
#1-#13 at F and M. The atomic parameters of Table 25 were used
in this calculation.

r Point: k.=O M Point: k-=a*/3
Atomic Orbital AO Atom Atomic Orbital AO Atom

Band # Orbital Coefficient Charge Charg_ Orbital Coefficient Charge Charg_
Band #1 Mo5s 0.0028 0.01 0.013 Mo5s -0.083 0.030 0.20

MO4dz2 0.0019 0.0029 Mo5Px -0.058 0.082

Mo4dxy -0.075 0.046
$93s' 0.62 0.98 0.99 S93s -0.65 0.90 0.90

$33s 0.62 0.98 0.99 $33s -0.65 0.90 0.90
Band #2 Mo5pz -0.040 0.076 0.076 _O5pz -0.075 .....0,043 0.28

Mo4dzx -0.17 0.18

Mo4dr_ 0.10 0.06

$23s -0.62 0.95 0.96 $23s -0.64 0.85 0.86
$33s 0.62 0.95 0.96 S,_3s 0.64 0.85 0.86

Band _:3 Mo4dz2 -0.13 0.12 0.071 Mo4dz_ -0.070 0.039 0.028
Mo5s 0.075 ---

McUtdxy -0.057 0.030
$23s -0.047 0.0034 0.96 $23P x 0.46 0.74 0.99

$23P z -0.55 0.96 S23py -0.27 0,25
$33s -0.047 0.0034 0.96 S33Px 0.46 0.74 0.99
S_3pz 0.55 0.96 $33py -0.27 0.25

Band #4 Mo5pz 0.14 0.14 0.14 IViO5pz -0.021 0.026 0.071
Mo4dzx 0.058 0,034

$23P z -0.67 0.93 0.93 $23P x 0.48 0.72. 0.96

S93py -0.28 0.24
S33P z -0.67 0.93 0.93 Si 3Px -0.48 0.72 0.96

S,3pv; 0.28 0.24

Band #5 Mo4dxy -0.77 1.41 1.43 l_4dxy 0.17 0.15 0.23
Mo5p x -0.10 0.018 MO4dz2 -0.13 0.060

Mo4dx2_y 2 -0.10 0.050
$23P x 0.40 0.29 0.29 S23Pz -0.63 0.87 0.89

$23s -0.13 0.017

$33Px 0.40 0.29 0.29 S33Pz 0.63 0.87 0.89

$33s -0.13 0.017

Band #6 Mo4dx2_y 2 0.77 1.41 1.43 Mo4dx2_y 2 -0.12 0.031 0.45
Mo5py 0.10 0.018 Mo5Px -0.21 0.I0

Mo5py -0.36 0.30
S23py -0.40 0.29 0.29 S23py 0.59 0.58 0.78

S23px 0.34 0.19
S33py -0.40 0.29 0.29 S33py 0.59 0.58 0.78

S,_3px 0.34 0.19

Band #7 Mo4dzx 0.87 1.42 1.42 Mo4dy z 0.55 0.75 1.00
Mo4dzx 0.32 0.25

$23P x -0.44 0.29 0.29 S93py -0.45 0.37 0.50
S23Px -0.26 0.12

S33Px 0.44 0.29 0.29 S33py 0.45 0.37 0.50
S_3Px 0.26 0.12
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Table_ (cont).
Local atomic orbital coefficients, individual atomic orbital charges and

totalchargeson the atoms Mo, S2, and S3 in 2-D MOS,) forBands
#I-#13 at r and M. The atomic parametersofTable 25 were used
inthiscalculation.

r Point: k=O M Point: k=a*/'3
Atomic Orbital AO Atom Atomic Orbital AO Atom

" Band _ Orbital CoefficientCharge Charge Orbital CoefficientCharge Chargq

Band #8 MO4dy z 0.87 1.42 1.42 Mo4dzx 0.29 0.094 0.38

Mo4dy z -0.17 0.28
S23py -0.44 0.29 0.29 S23Pz -0.69 0.79 0.81

$23s -0.@87 0.0048

S33py 0.44 0.29 0.29 S33Pz -0.69 0.79 0.81

S33s ....0.087 0.0048
Sand #9 Mo4dz2 -0.95 1.87 1.88 Mo4dz2 0.61 0.78 1.81

Moddxy -0.53 0.65

MO4dx2_y2 0.30 0.22

$23Pz 0.26 0.057 0.059 S23Pz -0.26 0.098 0,,097

S_3p_ -0.26 0.057 0.059 S33Pz 0.26 0.098 0.097
Band #10 Mo5Px -0.72 0.40 0.94 MO4dx2_y2 -1.0i 1.46 1.98

Mo4dxy 0.62 0.53 MO4dxy -0.59 0.49
. $23P x 0.72 0.53 0.53 S23Px -0.043 0.0024 0.0097

S: 3py -0.075 0.0073
S33P x 0.72 0.53 0.53 S, 3px -0.043 0.0024 0.0097

S, 3pv -0.075 0.0073

Band #11 Mo5py -0.72 0.40 0.94 _:)4dz2 -0.90 1.12 1.91

Mo4dx2_y 2 0.62 0.53 Mo4dx2_y 2 0.35 0.18
MO4dxy -0.60 0.54

S23py 0.72 0.53 0.53 S,>3py 0.12 0.0088 0.044
$23P x -0.21 0.027

S33py 0.72 0.53 0.53 S33py 0.12 0.0088 0.044
S33Px --0.21 0.027

Band #12 MO4dyz 0.70 0.58 0.58 Mo4dy z ' 0.83 0.75 1.00
Mo4dzx 0.48 0.25

S23py 0.87 0.71 0.71 S93py 0.68 0.38 0.50
$23P x 0.39 0.13

S33py -0.87 0.71 0.71 S33py -0.68 0.38 0.50
S_3px -0.39 O.13

Band #13 MO4dzx '0.70 0.58 0.58 Mo4dzx -0.87 0.92 1.48

Mo4dy z 0.50 0.31
Mo5pz 0.58 0.26

$23Px 0.87 0.71 0.71 S23Px 0.35 0.025 0.26

S23py -0.20 0.0084
$23Pz -0.46 0.15

$23s 0.37 0.075

S33Px -0.87 0.71 0.71 S33Px -0.35 0.025 0.26

S33py 0.20 0.0084

S33Pz -0.46 0.15
S._3s -0.37 0.075
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alsoconsistsof Mo4d charactersuch thatdx2_y2 > dxy __dz2. The secondconductionband

consistsof Mo4d charactersuch that dyz> dzx. A comparison of Figure 39d (atomic

parametersof Table 25) with Figure 29d (atomic parametersof Hughbanks and Hoffmann)

shows littlechange in the Modd MAOPOP upon changing the atomic parameters. Major

changesare seenin theS3p MAOPOP shown in Figures29c (H&H parameters,singlezetaS3s

and S3p) and Figure39b (Table 25 parameters,doublezetaS3s and S3p). Double zetaS3p

radialfunctionsleadto a 3-peaked S3p MAOPOP thatoverlapswith the Mo4d MAOPOP to

producea 4-peakedtheoreticalvalenceband.

Using tl_ parametersofTable 25,a directband gap K---,Kof 1.08eV was calculatedfor

2-D MoS 2. Additionof interactionsacrossthe Van der Waals gap in the form of 3-D MoS 2

again resultedin calculationof an indirectgap from r-.o.9K (closeto K) of 0.35eV. As

indicatedin Section5.6.2,the sizeof the band gap ismainly affectedby the Mo4d radial

functions.Use of more diffuseMo4d doublezetafunctionsshouldincreasethe sizeofthe band

gap.

The empty conductionbands of a naturalsinglecrystalof 2H-MoS 2 were studied

experimentallyby inversephotoemissionspectroscopy.58 In inversephotoemissionspectroscopy,

a source of electronsinjectselectronsinto the MoS 2 conduction band. Ejectionof the

conductionband electronsisthen detectedwith referenceto the Fermi levelof the instrument.

The conductionband spectraare representativeof the entireMoS 2 Brillouinzone. Two

structuresof Mo4d charactercloseto the Fermi levelwere resolvedin the conductionband of

2H-MoS 2 . The firststructuredenotedA l was located1.2eV above the Fermi level:thesecond

structuredenoted A2 was located2.4 eV above the Fermi level.Thus, the separationbetween

A I and A2 was 1.2eV. As shown in Figure39a and 39c,theoreticalconductionbands of2-D

MoS¢_ calculatedusingthe parametersof Table 25 show two distinctbands residingabove the

Fermi level.The firstband islocated1.1eV above the Fermi level(at-3.8eV) and can be

consideredto correspondto the A I band found inthe experiment.The secondband islocated

3.4eV above the Fermi level(at-1.4eV) and can be consideredto correspondto the A2 band

found inthe experiment.Separationbetweenthe two theoreticalconductionbands isca.2.4eV

as compared to the separationof 1.2eV in theinversephotoemissionexperiment.However. the

two-peaked natureofthe experimentalconductionband closeto the Fermi levelisreproduced

by solidstateExtended Htickeltheoryusingthe parametersof Table 25. As indicatedin the

precedingsection,the experimentalconductionband labeledA I is predictedby solidstate

Extended Hiickeltheorytoconsistof Mo4d charactersuch thatdx2_y2 > dxy __dz2. The second

conductionband labeledA2 in the experimentispredictedto consistof Mo4d charactersuch
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thatdyz > dzx.

A Raman investigationofpolycrystallineMoS 2 carriedout undera He atmosphereat 80

K by Polzetal.shows the presenceofsurfacesulfurdimers,$2-2.59 A weak band at 529 cm -I

was assignedto theS-S stretchingmode ofdisulfideanions.If$2-2 speciesdo infactexiston

MoS 2 edges,then homolyticcleavageof H2 isprobable.The theoreticalcalculationsfor2-D

MoS 2 show thatinteractionsbetweensulfuratoms (bothintra-and inter-)do existinthe bulk.

Interactionsbetweensulfuratoms existingwithinthesame layer(intra--sulfurinteractions,S2-

$2) causetheenergydispersionofBands #1 and #2 from r toM. The intra-sulfurinteractions

change from bonding at F to antibondingat M. Interactionsbetween sulfuratoms existing

acrossthe MoS 2 layer(inter-sulfurinteractions,$2-$3) cause the energy splittingbetween

Bands #I and #2. Band #I isstabilizedin energycompared to Band #2 becausethe inter-

sulfurinteractionisbonding in Band #I and antibondingin Band #2. Thus, the theoretical

calculationsshow thatS-$ interactionsareimportantin the bulk. At edge planesterminating

in 1--coordinatesulfuratoms (suchas Edge 2 on the I-D (MOS2)5 systemterminatingat (I010)

edges)dimerizationof the sulfuratoms can be easilyenvisioned.Ifthe two l-coordinateedge

sulfuratoms relaxtoward themolybdenum plane,interactionofthe sulfuratoms would increase

becauseof the shorterS-S bond length. In bulk MoS 2 the $2-S3 bond lengthis 3.155 _.,

however a much shorterS-S bond lengthisexpectedto cause the Raman band at 529 cna-I.

Raman investigationsof the pyriticdisulfides,RuS2, FeS2, MnS 2 and NiS2, yieldedthe

followingpositionsforthe Ag mode attributedto in-phaseS2 stretchingvibrations(alsoshown

are theS-S bond lengths):390 cm -I,2.18,_(RuS2);379 cm -I,2.14._.(FeS2);489 cm -I,2.09

._.(MNS2); 480 cm -I, 2.07 ,_(NIS2).60 Qualitatively,the S-S stretchingmode observedfor

MoS 2 shouldcorrespondto a bond lengthmuch smallerthan 3.155,_..Theoreticalstudiesof

MOS,) edges usinghigherleveltheoriesinvolvinggeometry optimizationroutinesare necessary

fordeterminingwhetherS-S edgedimerizationispredictedtheoretically.

In summary, the theoreticalvalenceband obtainedusingthe parametersof Table 25

qualitativelyreproducesthe experimentalvalenceband as shown in Figure39c. The upper

Modd-S3p theoreticalvalenceband consistsof fourdistinctpeaks,similarto the experimental

valenceband. The S3p doublezetafunctionsare necessaryfora betterrepresentationof the

MOS,) valenceband. The use of more diffuseS3p doublezetafunctionsincreasesthe overlap

between the S3p and Modd atomic orbitalsleadingto the four-peakednatureof the upper

valenceband. The totalwidth ofthe Mo4d-S3p theoreticalvalenceband regionisca.6 eV, the

experimentalwidth isalsoca. 6 eV. The S3s band isseparatedfrom the upper Mo4d-S3p

portionof the valenceband by ca.6 eV inboth theoryand experiment.The two-peaked nature
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of the experimental conduction band is also reproduced by the theory. However, the separation

between the two lowest lying conduction bands (labeled A 1 and A2 in the experiment) is larger

in the theory 2.4 eV than in the experiment 1.2 eV.

6.2.3 Comvarison to Previous T_eqries.

The tight-binding method including only nearest neighbor interactions was used by

Bromley in 1970 and Bromley et al. in 1972 to theoretically calculate the energy dispersion

curves of 2-D MoS2 .7'6 The calculated electronic structure of 2-D MoS 2 was fit to the

transmission spectra of 2H-MoS 2 which showed the presence of a pair of excitons just below the

fundamental absorption edge. Thus the excitons, whose exact origin in k-space is not

experimentaliy known, were fit to transitions at F. The atomic basis set consisted of Mo4d,

Mo5s, S3s, and S3p states. These calculations resulted in a theoretical indirect gap from M--F,

As was discussed in Section 6.1.2, inclusion of interactions across the Van der Waals gap

produces splitting of the highest occupied level at F. Thus, because of the 2-D nature of this

calculation, the indirect gap is very different from that of more recent theoretical studies.

Curvature of the highest occupied band and the presence of a gap between the highest occupied

valence band and the rest of the Mo4d-S3p are also not consistent with the experimental energy

dispersioncurvesofMamy etal.15

The simplifiedlinearcombinationof muffin-tinorbitalsmethod was used by Kasowski

in 1973 totheoreticallycalculatethe energydispersioncurvesof3-D MOS2.8 In thisstudy,
the

highestoccupiedvalenceband was found to overlapwith the restof the Mo4d-S3p valence

bands by ca.0.5 eV. The highestoccupiedvalenceband was found to be 2.7 eV wide and was

located1.1eV below the conductionbands. Due to the 3-D natureof thiscalculation,an

indirectgap was found from r--T (.i/2r--K).Inthe directionr--A,thereisa largesplitting

ofthe bands at F withcorrespondingdegeneracyatA. This behaviorhas alsobeen reproduced

by solidstateExtended Hfickeltheory(seeSection5.2). In thisstudy,the excitonsare

attributedto transitionsat A. However in thisstudy,onlythe highestportionof the valence

band and the lowestportionoftheconductionband areshown.

In 1973 Mattheissalsotheoreticallycalculatedthe energydispersioncurvesof 3-D MoSo

usingfirstprinciplesaugmented-plane-wave theory.61 In thisstudy,no empiricalparameters

were used but approximatecrystalpotentialswere derivedfrom neutral-atomchargedensities.

This study only calculatedthe electronicstructureat high symmetry pointsF, A, K, M and

midpoints_ and T in the Brillouinzone;thus,thecurvatureoftheenergydispersioncurveswas

onlyapproximate. Using thistheory,the highestoccupiedvalenceband was separatedfrom the
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rest of the Mo4d-S3p valence bands by 0.6-0.7 eV. The most important contribution of this

paper is a discussion of the Mo4d character at F, M and K. Matthiess indicates that the highest

occupied valence band consists of dz2 character at F, dz2, dxy and dx2_y 2 character at M and dxy

and dx2_y 2 character at K. The same result is obtained when solid state Extended Hfickel

theory is used to calculate the electronic structure of 2-D MoS2 (see Sections 6.1 and 6.2).

Again, splitting of bands at I" and degeneracy at A is evident due to the 3-D nature of this

calculation.

In 1978, Bullett calculated the electronic structure of 3-D MoS 2 using an approach

similar to a simple LCAO approach neglecting 3--center terms and interactions between atoms

separated by >5.0 _.9 Atomic energy levels for the Mo4d, S3p, and S3s orbitals were located at

-5.5 eV, -8.0 eV and -17.8 eV respectively. These values are very close to the atomic ionization

potentials found by parametrization of the theoretical 2-D MoS 2 valence band with the HR-

ESCA experiment (-6.0 eV, Mo4d; -8.845 eV, S3p; and -17.8 eV, S3s). In this study, the

highest occupied valence band of width 1.3 eV overlapped with the lower Mo4d-S3p valence

bands by 0.4 eV. Again, splitting of bands at F and degeneracy at A is evident due to the 3-D

nature of this calculation. An indirect gap of 0.7 eV was fotmd to occur from F--T. Bullett

also indicates that the highest occupied valence band consists of only dz2 character at F but

contributions from dxy and dx2_y 2 at other points in the Brillouin zone.

Coehoorn et al. in 1987 also studied the electronic structure of 3-D MoS_ using an ab
\..

initio self-consistent augmented--spherical-wave method. 10'11 In this study, th_ elevation of

sulfur atoms above and below the plane of molybdenum atoms u was changed from the
l

experimental value of 0.129 to 0.121. This was done to take polarization effects i'hto account

specifically on the sulfur atoms. In this study an indirect gap from F---,T (or 0.55 F_--K) and a

direct gap from K---.K were found. Band gaps calculated by this method were generall_ found to

be 30-50°£ smaller than experimental band gaps. Excitons were attributed to direc_ optical

transitions at K. _,

The studies mentioned above concentrate on assigning the excitons observed in _ptical

spectroscopy to electronic transitions. Valence bands obtained from photoelectron spectroscopy

are only qualitatively discussed in terms of the aforementioned electronic structure calculati_ms.

The solid state Extended Hfickel electronic structure study of MoS 2 undertaken in this th_}_is

was performed in order to better understand the HR-ESCA valence band and character of tl}ke

energy dispersion curves. As discussed in Section 6.2, the theoretical valence band of MoS2_

obtained using the parameters of Table 25 reproduces the experimental HR-ESCA valence band '

of MoS 2. As indicated by Matheiss and Bullett, extended Hfickel theory predicts that the '_
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highestoccupiedvalenceband consistsof onlydz:zcharacterat r, dz2,dxy and dx2_y2 character

at M and dxy and dx2_y2characterat K. The Mo4d MAOPOP breakdown ofthevalencebands

and conductionbands (Figure39d) and the characterof each band at r and M (Table 36)

indicatesthe complexityofthe Mo4d orbitalmixing. Extended Hiickeltheoryalsopredictsthe

following:splittingof bands at r and degeneracyof bands at A upon introducinginteractions

between crystalorbitalsacrossthe Van der Waals gap (3-D MoS 2 model system);r as the

highestpointof the valenceband;directgap at K; and overlapofthe highestoccupiedvalence

band with the restof the Mo4d-S3p valenceband. One featurenot reproducedby solidstate

Extended Hiickeltheoryis the positionof the conductionband. The lowestpoint of the

conductionband occursat 0.9 K. Thus, the indirectgap islocatedfrom r--0.9K insteadof

from r--T.

6.3 Hydrogen Adsorption on MoS T

Hydrogen adsorption on MoS2 surfaces was studied both theoretically and

experimentally. Theoretically, hydrogen was adsorbed at various sites on the following systems:

2-D MoS T 1-D (MOS2) 5 terminating at (10_0) and (1011) edges, (MOS2)19 clusters terminating

at (1010) and (10TI_ edges, and (MOS2)14 clusters terminating at (1010) edges. Experimentally,

hydrogen was adsorbed onto polycrystalline MoS 2 and analyzed via HR-ESCA. Section 6.3.1

will discuss the theoretical results while Section 6.3.2 will discuss the theoretical results in terms

of the hydrogen adsorption experiment.

6.3.1 Theoretical Results of Hydrogen Adsorption on MoS 2 _;ystems.

As mentioned previously, most of the theoretical studies were carried out using the

parameters of Hughbanks and Hoffmann. 41 The atomic parameters for the Hls orbital were the

following: Hii=-13.6 eV and (=1.3 au. Atomic ionization potentials for the S3s, S3p and Mo4d

orbitals were the following: -20.0 eV, -13.3 eV, and -11.06 eV. Thus, the S3p ionization

potential was located 0.30 eV below the His ionization potential while the Mo4d ionization

potential was located 2.54 eV above the Hls ionization potential. Only hydrogen atom

chemisorption (not hydrogen molecule dissociation) was studied theoretically. The purpose of

this study is to find relative stability of sites, not relative activation energies.

Theoretical results from hydrogen adsorption onto 2-D MoS 2 are given in Section 5.4

and Table 20. These results indicate that adsorption of hydrogen atoms onto basal plane sulfur

atoms (AH10---68.95 kcal/mole) is more thermodynamically feasible than onto basal plane

molybdenum atoms (AH10--+10.24 kcal/mole). The results of theoretically adsorbing hydrogen
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onto I-D (MOS2)5 system terminatingat (I0ii)edgesare givenin Section5.5 and Table 22.

Again,the calculatedenthalpiesindicatethat basaland edge planesulfursitesare the most

thermodynaxnicallyfavored for hydrogen adsorption. However, a four-coordinateedge

molybdenum siteisalsothermodynamicallyfavoredforhydrogenadsorption. Five-coordinate

edgeand fullycoordinatedbasalplanemolybdenum atoms arenot thermodynamicallyfavorable

sitesforhydrogen adsorption.The trendissuch thatthe four-coordinatemolybdenum siteis

more favorablethan the five--coordinatemolybdenum sitewhich isstillmore favorablethan the

six-coordinatemolybdenum site.

Resultsfrom the (MOS2)19 clustersterminatingat (10i0)and (1011)edgesstudiedin

Appendix B.I.3 and B.I.4 respectivelyalso show similartrendsin the hydrogen binding

enthalpies(seeTable B-5). On the (MOS2)19 clusterterminatingat (I010)edges,the most

favorablehydrogen adsorptionsitesase 2--coordinateedge and 4-coordinateedge molybdenum

atoms. The nextmost favorablehydrogenadsorptionsitesaxebasalplaneand edgeplanesulfur

sites.Leastfavorablesitesare2-foldsulfursites,followedby basalplanemolybdenum sitesand

3-foldsulfursites.Caution must be taken when comparing 4-coordinateedge molyt>denum

sites,SitesS and V, on the(MOS2)19 clusterterminatingat (1010)edgeswith4-coordinateedge

molybdenum sites,Mo-0101 Case B, exposed in a structureterminatingat (1011)edges a.s

shown in Figures B-5 and 14b. The four sulfurligandsconnected to a d-coordinate

molybdenum siteexposedby clusterterminationat (I010)edgesallresidein the same planeor

on the same sideof themolybdenum atom. Hydrogen adsorptionat thissiteismore favorable

sinceinteractionof adsorbedhydrogen with coordinatedsulfuratom_ isdecreaseddue to the

largerS-IIdistance.In Table 37, bindingenthalpiesof hydrogenatoms at representativesites

on thevarioussystemsare reproduced.

The bindingenthalpiesindicatethat atoms of similartype and coordinationadsorb

hydrogen with thesame strengthof interaction.For instanceallbasalplanesulfursitespossess

hydrogen bindingenthalpiesbetween 98 kcal/moleand 107 kcal/mole. In generalitcan be

concludedfrom thissetof Extended H_ckelcalculationsthatadsorptionofhydrogen onto basal

plane sulfursitesis slightlymore favorablethan onto edge plane sulfursites. However,

adsorptionof hydrogen onto edge planemolybdenum sitesismore favorablethan onto basal

plane molybdenum sites. As the number of sulfuratoms coordinatedto the exposed

molybdenum increasesso alsoweakens bindingof hydrogen. Thus, the stabilityof hydrogen

adsorptionisgenerallyas follows:2-coordinateMo > 3--coordinateMo > d-coordinateMo >

5-coordinateMo > 6-coordinateMo.

o
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_37.
Hydrogen atom binding enthalpiescalculatedfor the following

systems: I-D (MOS2)5 terminatingat (I0il)edges and (MoS2)_9
clustersterminatingat (1010) and (10TI) edges. Units are In

kcal/mole.

Hydrogen BindingEnthalpies(kcal/mole):

I-D (MOS2)5 _)19 __S )19Atom Descrivtion (10TI_
Mo 2--coordinateedge(side) -- -126.12(E) ---

Mo 4-coordinate edge (side) --- -118.77 (S) m.
Mo 3--coordinate edge ..... -117.97 (Y)
Mo 3-coordinate edge ........ 106.70 (Z)

S 3--coordinate basal -101.87 ($7) -106.05 (C) ---

S 3--coordinatebasal -101.70(S9! -102.16(M) u
S 3-coordinatebasal -101.60($3) .....

S 3--coordinatebasal -98.01(SI) --

S 1-coordinateedge(top) -92.14($5) -98.30(L)

S 2--coordinate edge (side) -90.30 (Sri) -97.09 (T) ---
Mo 4-coordinate edge (side) -83.84 (Mo]) -- -83.50
Mo 5-coordinateedge(side) -- --- -45.52(X)

Mo 5--coordinateedge(top) -37.26(MoR) .m -39.74(W)

Mo 6--coordinatebasal -23.16(Mo4) -27.03(B) ....

Mo 6--coordinate basal -22.88 (Mo5) --- --
Mo 6-coordinate basal -22.73 (Mo2) ....

However, the relativestabilityof sulfursiteswhen compared to molybdenum sites

dependson theionizationpotentialsusedforeach atomicorbital.The parametersof Hughbanks

and Hoffmann placethe His ionizationpotentialof-13.6 eV justbelow the S3p ionization

potentialof-13.3eV (H&H Mo4d locatedat -11.06_V). Interactionof theHis orbitalwiththe

S3p orbitalisthen very favorablesincethe energyseparationoftheselevelsisonly0.3 eV. A

secondsetofcalculationswere carriedout forhydrogen adsorptionon the I-D (MOS2)5 system

terminatingat (1011)edges usingthe atomicparametersofTable 25. _,Vhenused to calculate

the electronicstructureof 2-D MoS 2,theparametersofTable 25 gave the bestqualitativefitto

the experimentalvalenceband. Atomic ionizationpotentialsforthe S3s,S3p, Mo4d and His

orbitalswere the following:-17.80eV, -8.845eV, -6.00eV, and -13.6eV. The parametersof

Table 25 placethe His ionizationpotentialbetween the S3s and S3p ionizationpotentialswith

S3p--H1sand Mo4d-H1s energyseparationsof4.755eV and 7.6eV respectively.Interactionof

the His orbitalwith the S3p orbitalswillno longerbe as favorableusingtheatomicparameters

ofTable 25. Table 38 listshydrogen bindingenthalpiesfound on I-D (MOS2)5 terminatingat

(1011)edgesforcalculationscarriedout usingtheparametersofHughbanks and Hoffmann and

the parametersofTable 25.
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Hydrogen atom bindingenthalpieson I-D (MOS2)5 terminatingat
(I011) edges for Extended Hfickel calculationsinvolving the

parametersof Hughbanks and Hoffmann (Reference41) and thoseof

Table 25. Unitsareinkcal/mole.

S-0601 Edge I 2 -72.06

Mo-0101 Edge 1 4 -83.84 -148.84

S-0501 Edge 2 I -92.14 -57.26

Mo--0301 Edge 2 5 -37.36 -64.60
S-0301 Basal 3 -101.60 -76.51

Mo-0201 Basal 6 -22.73 -27.36

Atomic parametersof Table 25 resultina decreasein stabilityforhydrogen adsorption

at allsulfursitesand an increasein stabilityforhydrogen adsorptionat allmolybdenum sites.

The most favorablesiteforhydrogen adsorptionwhen theparametersofTable 25 are usedison

4-coordinateedge molybdenum atoms followedby basalplanesulfuratoms. Basalplanesulfur

sitesareslightlyfavoredoveredge planesulfursites.Again,thetrendinmolybdenum sitesis

such that lowercoordinatededge Mo sitesare favoredover basalplanesitesin the following

order:4-coordinateMo > 5--coordinateMo > 6-coordinateMo. These resultsindicatethatuse

of Extended H(ickelcalculationsfor determiningthe most favorableadsorbatesitemust be

interpretedwithcaution.The stabilityofsuchsiteswilldepend on the relativeenergypositions

oftheadsorbateand surfaceatomicorbitalionizationpotentials,Hii.

The theoreticalcalculationsalsoshow that the additionof edges resultsin more

favorablehydrogenadsorptionenthalpieson bothsulfurand molybdenum atoms. This resultis

obtainedfrom thecomparisonofbasalplanehydrogenadsorptionon 2-D MoSo and a study ofw

1-D (H-MoS2) 5 in which the hydrogens sit on basal and edge plane sulfur atoms and

molybdenum atoms only. As shown in Tables 20 and 23, hydrogen residing on sulfur atoms in

2-D MoS 2 and 1-D (MOS2) 5 terminating at (10il) edges results in the following hydrogen atom

binding enthalpies: -68.95 kcal/mole and -93.84 kcal/mole respectively. Hydrogen residing on

molybdenum atoms in the 2-D and 1-D systems results in the following hydrogen atom binding

enthalpies: +10.24 kcal/mole and -36.50 kcal/mole respectively. In both cases hydrogen

adsorption ont,a the (MOS2) 5 system with a ratio of one hydrogen atom per MoS 2 leads to

stabilization ,If thr overall binding enthalpy such that the values obtained are closer to the

binding enthi_lp;._ for adsorption of hydrogen on basal plane atoms of the 1-D system. The

only reasonable explanation for the stabilization is that the addition of edges to the 1-D system

modifies not only edge plane atoms but also basal plane atoms such that these sites become
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more favorable for reaction with hydrogen. Thus, a MoS 2 system with a large number of edges

(such as polycrystalline MOS2) should adsorb hydrogen more readily than a system with a small

number of edges (single crystal MOS2).

A lH NMR study of HxMoS a performed by Komatsu and Hall indicated the presence of

one Gaussian peak of FWHM ca. 25 ppm and located at a chemical shift of ca. 2 ppm. 21 This

peak was attributed to a S-H species; no Mo-H species were detected by lH NMR. Komatsu

and Hall argue that the presence of hydrogen bonded to paramagnetic Mo +3 centers would not

be detected due to broadening of the lH NMR signal beyond detection. However, the authors

continue to argue that if paramagnetic Mo "4"3centers were present from the reductive adsorption

of H2 on sulfur atoms, then the S-H peak located at ca. 2 ppm would be broadened beyond

detection also. The answer Ncms to lie in the semiconductor nature of the 2H-MoS 2 electronic

structure. The theoretical energy dispersion curves indicate that additional electrons will reside

in the conduction band of 2-D MoS 2 and in empty edge states at or above the Fermi level in l-

D (MOS2) 5 systems. Thus, in tile theoretical 2-D MoS 2 system extra electrons would not be

localized on a particular molybdenum atom but would be delocalized on tile molybdenum atoms

of the lattice. Average charges of 1-D H-(MoS2) 5 systems are given in Tables 24a and 24b.

Adsorption of hydrogen on 1-D (MOS2) 5 systems is generally reductive such that the hydrogen

is partially oxidized. If hydrogen resides on a sulfur atom, that sulfur atom is generally oxidized

while edge d-coordinate (Mo-0101) and 5-coordinate (Mo-0301) molybdenum atoms are

reduced. The only case where hydrogen possesses a negative charge of-0.34 is for adsorption of

hydrogen onto 4-coordinate edge Mo-0101. In this case, electrons are transferred from ali

molybdenum atoms (basal and edge) to the hydrogen atom and edge 2-coordinate sulfur atom

S-0601. Thus, although electrons are transferred primarily to the edges, electrons are not

localized on a specific molybdenum atom.

Theoretical hydrogen adsorption onto 2- and 4-coordinate molybdenum atoms of the

(MOS2)19 cluster terminating at (1010) edges (Appendix B.1.3) results in a Mo-H species with a

total negative charge. Electron density for this negative charge is transferred from molybdenum

atoms exposed on Edge 1 resulting in an effective oxidation of these molybdenum atoms. Sulfur

atoms are unaffected by adsorption onto edge molybdenum atoms. Theoretical hydrogen

adsorption onto 1-, 2-, and 3-coordinate sulfur atoms results in a S-II species with a total

positive charge. Electron density is transferred from the S-H species to edge and basal plane

molybdenum atoms. These theoretical results show that adsorption of hydrogen onto either

edge or basal plane molybdenum or sulfur atoms in MoS2 is more complicated than simple

transfer of one electron from hydrogen to a neighboring sulfur atom or molybdenum atom.
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Adsorption of hydrogen to molybdenum and sulfur sites sttsats the entire molybdenum lattice.

However, the sulfur lattice is relatively unaffected by adsorption of hydrogen. In general, only

sulfur atoms directly bonded to hydrogen are affected by hydrogen adsorption. Thus, the

theoretical studies are in general agreement with the statement of Komatsu and Hall that

reductive hydrogen adsorption does not localize electrons on a particular molybdenum atom.

The theoretical results are in general agreement with the experimental evidence and

conclusions of Komatsu and Hall. 21 Komatsu and Hall suggest that hydrogen molecules are

dissociated on coordinatively unsaturated edge sites. Subsequent transfer of hydrogen atoms

from edge sites to basal plane sites enables the edge planes to dissociate more hydrogen

molecules. The theoretical calculations show that binding of hydrogen to basal plane sulfurs is

thermodynamically favorable. Thus, the basal plane of MoS2 is likely to be covered with

hydrogen atoms bound to sulfur atoms. This theoretical result is in agreement with hydrogen

uptake experiments that indicate three times larger hydrogen surface areas than nitrogen surface

areas and IINS experiments that identify the presence of S-H species. 16

6.3.2 _ ofH_dro_en _ Polvcrvstallin¢J_-2

Hydrogen adsorptionon polycrystallineMoS 2 was examined by HR-ESCA as indicated

inSection2.3.5.The resultsof thisstudyaregivenin Section4.3. IIydrogenadsorptioncaused

allofthe corelevelsto shiftto higherbindingenergiesby ca.+0.06--+0.07eV. A shiftof this

typeindicatesthatchargingof theMoS 2 surfacemay be occurringupon exposureofthesurface

to hydrogen. The valencebands of bareand hydrogen exposedMoS 2 are shown in Figure24.

The two spectraare very similarexceptthat the hydrogen exposed sample exhibitsextra

intensity at the top of the valence band (at -_ 0 eV). This extra intensity at the top of the

valence band can be attributed to filling of previously empty edge states at the top of the

valence band. Previous experimental results indicate the presence of S-H species that are

probably from hydrogen bound to basal plane sulfur atoms. As indicated in Section 5.5.2,

theoretical binding of hydrogen to basal plane sulfur sites results in transfer of electrons from the

H-S species to edge plane molybdenum atoms. Edge states defined in Section 6.1.3 reside close

to the Fermi level and occupation of these states by electrons would lead to increased intensity

at the top of the valence band.

Large changes in the MoS 2 valence upon hydrogen adsorption were predicted from solid

state Extended Hiickel theory (see Section 5.4). These changes were not evident ill the

experimental HR-ESCA valence bands of bare and hydrogen adsorbed MoS 2. However, the
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escape depth of valence band photoelectrons is fairly large, 38 A for A1 K a radiation. Even at

g_azing angles the sampling depth was probably close to 7 A. Thus, the valence band region in

this study was probably not sensitive to hydrogen adsorption.

6.4 Electronic Structure of NbS 2 and RuS 2.

As discussed in Section 6.2, the S3s, S3p and Mo4d atomic ionization potentials, Hii,

and Slater-type orbital coefficients, ci, and exponents, _i' were parametrized by using the

experimental valence band of MoS2 obtained via HR-ESCA. An extended Hiickel calculation

using the atomic parameters listed in Table 25 produces a theoretical valence band that

qualitatively reproduces the experimental valence band of MoS 2 (see Figure 39c). Since the S3s

and S3p atomic parameters were obtained by comparison with experiment, these parameters are

expected to be usefl._l for ali transition metal disulfide systems. For instance, the S3s and S3p

J_ ionization potentials, Hii, and Slater-type coefficients, c i, and exponents, _i' used to reproduce

the MoS 2 experimental valence band should also reproduce the NbS 2 and RuS 2 experimental

valence bands with appropriate choices of Nb4d and Ru4d parameters. Thus, parametrization

of the Nl>4d and Ru4d ionization potentials were carried out by comparison with experiment as

discussed in Sections 5.7 and 5.8. Atomic parameters used in electronic structure calculations of

NbS 2 and RuS 2 are given in Tables 27 and 29 respectively. Theoretical valence bands for NbS 2

and RuS 2 are were shown previously in Figures 4la and 42a respectively.

6.4.1 Theoretical _Valence Band of NbS 2

The theoretical valence band oi 2-D NbS2 is very similar to that of 2-D MoS T The

valence band consists of a single S3s band located at ca. 18 eV above the vacuum level and an

upper Nb4d-S3p band. The S3s band of 2-D NbS 2 has less dispersion than the S3s band of 2-D

MoS 2. The loss of S3s dispersion in 2-D NbS 2 can be attributed to the longer S-S bond

distance within the sulfur atomic layers of NbS 2. In NbS 2 the S-S bond distance within the

_- sulfur atomic layers is 3.31 /_, whereas in MoS 2 this distance i_ 3.16 _. The highest occupied

band is only half occupied (Nb4d 5 as compared to Mo4d 6) and as a result, 2-D NbS 2 possesses

metallic conductivity.

The theoretical valence band of 2-D NbS 2 and experimental valence band of

polycrystalline NBS2_ x are shown together in Figure 55. Since the NbS 2 work function could

not be obtained from the literature, an arbitrary shift of the experimental valence band was

carried out. Both the experimental and theoretical valence bands of NBS,) exhibit four peaks in

the Nb4d-S3p valence band region. The highest occupied peak in both cases is well separated
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from the rest of the Nb4d-S3p valence band by ca. 2 eV. The S3s, S3p and Nb4d MAOPOP's

shown in Figure 41b indicate that the highest occupied band consists of primarily Nb4d

character. The S3p MAOPOP shows a large admixture of Nb4d and S3p atomic orbitals in the

second band (located at ca. 7 eV) of the Nb4d-S3p valence band. The lower end of the Nb4d-

S3p valence band (ca. 9 eV-12 eV) consists of primarily Nb4d character. In MoS T the lower

end of the Mo4d-S3p valence band consisted of primarily S3p character. The theoretical valence

band of NbS 2 reproduces major features of the experimental valence band of polycrystalline

NBS2_ x. The theoretical S3s band has a FWHM of ca. 2.5 eV while the S3s experimental width

is ca. 3.5 eV. Disagreement between theory and experiment could be attributed to the impure

nature of the polycrystalline NBS2_ x sample. As discussed in Section 4.1.2 and shown in Figure

19, the polycrystalline sample was not stoichiometric and contained a large amount" of excess

niobium. Core level analysis of the Nb3d and S2p regions showed the presence of 2-3 different

niobium oxidation states and. 2 different sulfur oxidation states. However, the experimental S3s

valence band region of NBS2_ x is very similar to that of MoS T It seems likely that the valence

band of NBS2_ x is a fair representation of the valence band of stoichiometric NbS 2.

6.4.2 Theoretical Va!ence Band of RuS T

The theoretical valence band of 3-D RuS 2 and experimental valence band of

polycrystalline B.uS 2 are shown together in Figure 56. Both the theoretical and experimental

valence bands display two bands centered about the ionization potential of the S3s orbitals -

17.80 eV. Both valence bands also show a Ru4d-S3p region consisting of a very intense band

located at ca. -4 eV followed by a lower intensit_ region extendiilg from ca. -6 eV to -12 eV.

The MoS 2 and NbS 2 layered compounds discussed previously displayed a single peak

centered at the S3s ionization potential of-17.80 eV. However, RuS 2 exhibits the pyrite

structure in which two sulfur atoms exist in the form of a sulfur dimer, S22-. The closest S-S

bond distancein RuS 2 isthesulfurdimer bond distanceof2.178/_whereastheclosestS-S bond

distancesinthelayeredcompounds MoS 2 and NbS 2 are3.155_ and 2.97/_respectively.Thus,

the S3s regionof RuS 2 issplitintotwo bands consistingof primarilyS_s characterasshown in

Figure42b. The characterof the highestoccupiedband ismainly Ru4d. As discussedin

Section3.3,the theoreticalvalenceband isobtainedby summation of the modifiedatomic

orbitalpopulations(MAOPOP's). MAOPOP's areobtainedby multiplicationofthe individual

atomic orbitalpopulationsby the Scofieldcross-section.The Scofieldcross-sectionratioof

Ru4d to S3p is8.62. Thus, contributionsfrom the Ru4d orbitalswillbe intensifiedrelativeto

contributionsfrom theS3p orbitals.The highintensityofthehighestoccupiedband is
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primarilydue tothelargeScofieldcross-sectionofthe Ru4d orbitals.

Overall,theoreticalvalencebands of 2-D NbS 2, 2-D MoS 2 and 3-D RuS 2 calculated

using Extended Hfickeltheory qualitativelyreproducethe major featurespresentin the

experimentalvalencebands ofpolycrystallineNBS2_x, MoS 2 and RuS 2. Parametrizationofthe

S3s and S3p ionizationpotentials,[Iii,and Slater-typeorbitalcoefficients,ci,and exponents,_i'

was carriedout usingthe experimentalvalenceband of MoS 2. The same setof S3s and S3p

atomic parameterswere usedwith some agreementbetweentheoryand experimentforNbS 2 and

RuS 2. In theory,thissetofatomic parametersshouldproduceaccuraterepresentationsofany

transitionmetal disulfidevalenceband providingthat atomic parametersfor the transition

metal 4d orbitalscan be obtained.

6.5 Theoretical Charges Related to Core Level Binding Energy Shifts.

Edge surface species have been detected in previous XPS experiments. Recent studies of

Roxlo et al. have focused on lithographically producing stable edge surfaces on molybdenum

disulfide single crystals. 62 In this technique a thin film of MoS 2 was cleaved from a single

crystal parallel to the basStl plane. The thin MoS 2 film was then mounted on a substrate and

covered with monodisperse polystyrene spheres. Subsequent Ar + ion bombardment followed by

removal of the polymer, resulted in removal of MoS 2 not coated by the spheres leaving "posts"

of MoS 2 up to a depth of ca. 15 ,_. From a transmission electron micrograph, the posts are

estimated to be ca. 0.096 p high (ca. 960 A) with a diameter of 0.20 p (ca. 2000 A).

Molybdenum 3d core levels obtained via XPS on lithographically textured MoS 2 samples

indicate the presence of two molybdenum oxidation .states. The Mo3d core levels of the

lithographically textured sample were broadened as compared to the Mo3d core levels of basal

plane MoS 2. Curve fitting of the Mo3d5/2 peak resulted in two peaks, the first located at 229.0
eV was attributed to bulk Mo+4; the second located at 228.2 eV was attributed to edge

molybdenum species that were reduced to Mo +3.

The theoretical studies involving 1-D (MOS2) 5 terminating at (10i0) and (1011) edges

should predict reduction of coordinatively unsaturated edge molybdenum atoms. Section 5.3.3

discusses the theoretical charges of 1-D (MOS2) 5 systems calculated using the parameters of

Hughbanks and Hoffmann (Reference 41). The structure terminating in (1010) edges possesses

2- and 6--coordinate edge molybdenum atoms. If the charges of basal plane molybdenum

atoms, Mo-0201, Mo-0401 and Mo-0501 are averaged, an average basal plane molybdenum

charge of +0.76 is obtained. The 2- and 6-coordinate edge molybdenum atom (Mo-0101 and

Mo--0301) charges are +0.87 and +1.47 respectively. Thus, both edge molybdenums are
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oxidized relative to the bulk. The structure terminating in (10il) edges possesses 4- and 5-

coordinate edge molybdenum atoms. If the charges of basal plane molybdenum atoms, Mo--

0201, Mo-0401 and Mo--0501 are averaged, an average basal plane molybdenum charge of +0.67

is obtained. The 4- and 5-coordinate edge molybdenum atom (Mo-0101 and Mo-0301) charges

are +0.69 and +1.25 respectively. Thus, again both edge molybdenums are oxidized relative to

the bulk. Solid state Extended Hiickel theory using the parameters of Hughbanks and Hoffmann

does not correctly predict reduction of coordinatively unsaturated edge molybdenum atoms.

Theoretical edge molybdenum atom oxidation instead of reduction could be attributed to the

use of Hughbanks and Hoffmann atomic parameters instead of the ESCA parameters of Table

25. Errors could also be introduced if in the real system, sulfur atoms attached to

coordinatively unsaturated edge molybdenum atoms relax as evidenced by the Raman detection

of the S2 species. Then, edge geometries used in the theoretical 1-D (MOS2) 5 systems would be

incorrect. As mentioned previously, higher levels of theory that include geometry optimization

are necessary for determining whether relaxation can be predicted theoretically. The XPS study

of Roxlo et al. showed only the Mo3d levels of lithographically textured edges of MoS T It

would be interesting to see the corresponding S2p region of these edges. As indicated in Section

4.1.3, $2P3/2 photoelectron peaks for pyritic ($2-2) and layered (S -2) compounds appear at

binding energies of 162.5 eV and 161.8 eV respectively. If as predicted from Raman, S2 species

do exist on MoS 2 edges then XPS should be able to detect these species since the separation

between $2 -2 and S-2 species is 0.70 eV.

When the parameters of Table 25 are used in the calculation of 1-D (MOS2)5

terminating at (1011) edges, a result consistent with the experimental XPS of MoS2 edges is

obtained. Charges on the molybdenum atoms, Mo-0101, -0201, -0301, -0401, and -0501 are

the following: +0.95, +1.16, +1.68, +1.09, and +1.26. If the charges of basal plane

molybdenum atoms, Mo-0201, Mo-0401 and Mo-0501 are averaged, an average basal plane

molybdenum charge of +1.17 is obtained. The 4- and 5-coordinate edge molybdenum atom

charges are +0.95 and +1.68 respectively. Thus, the 5-coordinate edge molybdenum atom is

oxidized relative to the bulk while the 4-coordinate edge molybdenum atoms is reduced relative

to the bulk. Thus, in solid state extended Hfickel calculations, charges, energies and binding

enthalpies depend highly on the atomic orbital parameters of the basis set.

The most reasonable theoretical charges for MoS T NbS 2, and l:tuS2 systems were

obtained when the atomic parameters of Tables 25, 27 and 29 were used as input. For MoST

theoretical charges for both 2-D and 3-D systems were calculated. In layered 2-D MoS T

theoretical molybdenum and sulfur charges were the following: +0.99 and -0.50. While in
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layered 3-D MoS2, theoretical molybdenum and sulfur charges were the following: +1.33 and -

0.67. Thus, addition of layers in the c direction increased charge transfer from molybdenum to

sulfur species. In layered 2-D NbS2, theoretical niobium and sulfur charges were the following:

+1.75 _d -0.87. Theoretical charges of 3-D NbS2 are also expected to display increased charge

transfer from niobium to sulfur species upon addition of layers in the c direction. In pyritic 3-D

RuS2, theoretical ruthenium and sulfur charges were the following: +0.94 and -0.47.

Binding energies for the $2P3/2 core levels obtained via HR-ESCA for pyritic RuS2 and

layered MoS2 and NbS2 were the following: 162.59 eV, 161.88 eV and 161.82 eV respectively.

Thus, sulfur atoms in both layered and pyritic structures are reduced relative to a zero-valent

species. However, sulfur atoms in layered compounds are reduced to a greater extent than sulfur

atoms in pyritic compounds. As mentioned in Section 4.1.3, the S2p core levels can be used to

distinguish pyritic-type sulfur from layered-type sulfur. Theoretical charges show the same

trend in sulfur oxidation state as the HK-ESCA experiment. Since the escape depth of S2p

• photoelectrons is fairly large ca. 36 ._ (see Section 2.3.1), theoretical charges of 3-D systems

should be compared to the RR-ESCA experiment. Theoretical sulfur charges of layered 3-D

MoS2 and pyritic 3-D RuS 2 are -0.67 and -0.47 respectively. Thus experimentally and

theoretically, sulfur atoms in MoS2 are reduced relative to sulfur atoms in RuS2.

Experimental RR-ESCA positions the Mo3d5/2 core level of polycrystalline MoS2 at

229.05 eV. Thus in polycrystalline MoS2, molybdenum appears at a higher binding energy

relative to a molybdenum species in the metallic state (Mo3d5/2 positioned at 227.7 eV). The

+1.35 shift in Mo3d5/2 binding energy from molybdenum metal to MoS2 indicates oxidation of

the molybdenum in MoS2. In 3-D MoS2, the theoretical charge on molybdenum is +1.33.

Thus experimentally and theoretically, molybdenum atoms in MoS2 are oxidized relative to

molybdenum metal• Experimental HK-ESCA positions the Ru3d3/2 core level of

polycrystalline RuS 2 at 279.96 eV (see Section 4.1.3). However, previous XPS investigations on

sulfidedRuCl3 supportedon AI203 piacetheRu3ds/2corelevelat280.2eV.63 The Ru3d5/2
corelevelofrutheniummetalwas locatedat 280.05eV. Thus theRu3d corelevelsdo notshift

significantlyuponoxidation.The theoreticalchargeon rutheniumin3-D RuS2 is+0.94.Thus

experimentallyand theoretically,rutheniumatomsinRuS2 areoxidizedrelativetoruthenium

metal. Errorsinthe Ru3ds/2 bindingenergypositionof thisstudycouldhave beendue to
inaccuratecalibrationoftheHR-ESCA.

Experimentaland theoreticaltrendsin transitionmetaland sulfuroxidationstates

agreedqualitatively.However,quantitativeagreementbetweentheoryand experimentdepends

on thecomponentpartsofthechargepotentialmodeldevelopedby Siegbahnand reproducedin
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Equation 15. Bindingenergyshiftsvarywithchangesinoxidationstatesand potentials.Thus,

theoreticalcalculationsofHR-ESCA bindingenergyshiftsdepend on theaccuracyoftheoretical

chargesand oD correctlycalculatingthe potentialin ionicsolids.This potentialdepends on

correctlychoosinga unitcellthatdoesnot possessa dipolemoment. Furtherevaluationofthe

potentialsin transitionmetal disulfidesisneeded beforeexactcorrelationof the experimental

bindingenergyshiftswiththeoreticalchargescan be made.

6.6 Angle ResolvedHR-ESCA ofSingleCrystalMoS 2.

Use of angleresolvedESCA forstudiesof molybdenum coordinationin MOS,) isonly

feasibleforbasalplanemolybdenum atoms. Due to the highstabilityof thebasalplane,edge

planeslargerthan thespotsizeanalyzedby theSCIENTA ESCA-300 spatiallenshave not been

synthesized.The spatiallensisusedto magnifythe areaof thesample from which electronsare

detected.In thisstudy,passenergiesof 75 eV wereusedresultinginan analyzedsampleareaof

3.9 mm x110 p. As mentioned above, recentstudiesof l_xlo et al.have focusedon

lithographicallyproducing stableedge surfaceson molybdenum disulfidesinglecrystals,62

Although, the lithographyproduces wellorderededge planes(0.096p high and 0.20 /_in

diameter),theseplanesarestillsmallerthan thespotsizeanalyzedby the spatiallens.At this

time,angleresolvedHR-ESCA ofMoS 2 edgesurfacesisnot feasible.

As discussedin Section4.3.3,forwardfocusingof molybdenum photoelectronsby basal

planesulfuratoms isseenfor singlecrystalMoS 2. At a constantpolarangleof 49°,intense

maxima in Mo3d5/2 and Mo3d3/2 photoelectronareaoccursat azimuthalanglesof 5°and 72°

see Figure28d. Due toinaccuraciesintheazimuthalrotationalcontrolknob, theexactvalueof

the azimuthalanglemay be in error.However despitethe inaccuraciesof theazimuthalangle,

the relativedifferencebetween thesetwo directionsis67°,verycloseto theexpecteddifferenceof

60". Forward focusingof secondatomic layermolybdenum photoelectronsby firstatomic layer

sulfuratoms at a constantpolarangleof 49"ispredictedto occurat the followingazimuthal

angles:0°,120°,and 240°. Thesethreeanglescorrespondto directionsparallelto thethreeMo--S

bonds. Forward focusingof fifthatomic layermolybdenum photoelectronsby fourthatomic

layersulfuratoms at a constantpolarangleof 49"isalsopredictedto occurat the following

azimuthalangles:60°,180",and 300°. Thus at a constantpolarangleof49",maxima in Mo3d

photoelectronareaareexpectedevery60°. At thispointforwardfocusingofsecondatomiclayer

molybdenum photoelectronsby firstatomic layersulfuratoms can not be distinguishedfrom

forwardfocusingof fifthatomic layermolybdenum photoelectronsby fourthatomiclayersulfur

atoms. Intuitively,forwardfocusingof fifthatomiclayermolybdenum photoelectronswould be
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expected to exhibit decreased photoelectron area compared to forward focusing of second atomic

layer molybdenum photoelectrons by first atomic layer sulfur atoms due to a higher probability

for multiple scattering events. Theoretical simulation of forward focusing on MoS 2 that includes

multiple scattering effects would help in differentiating the two previously discussed cases.

In Figures 28a, 28b, and 28c are shown the Mo3d5/2 (and Mo3P3/2 in 28a and 28c)

photoelectron areas versus polar angle at constant azimuthal angles of 0", 30" and 60"

respectively. As mentioned previously, designation of the azimuthal angle was arbitrary. In this

study, the 0"azimuth (Figure 28a) corresponds approximately to the position of the 5° maximum

in the previous study of photoelectron area versus azimuthal angle (see Figure 29d). The 60"

azimuth (Figure 28c) corresponds approximately to the position of the 72" maximum shown also

in Figure 29c. The 30' azimuth corresponds to a direction intermediate between the two

previous and close to the position of the minimum in Mo3d5/2 photoelectron intensity seen in

Figure 29d. In Table 17a is shown a tabulation of the polar angles, azimuthal angles, and

distance between emitter and scatterer for forward focusing of molybdenum photoelectrons. The

closest emitter to scatterer distance is found for forward focusing of second atomic layer

molybdenum photoelectrons by first atomic layer sulfur atoms and for fifth atomic layer

molybdenum photoelectrons by fourth atomic layer sulfur atoms. Both types of forward

focusing will be seen at polar angles of 49.1". Intense maxima in Mo3d5/2 and Mo3P3/2

photoelectron area are seen at polar angles o_ 0" and 48° for the 0° azimuth (Figure 28a). Intense

maxima in Mo3d5/2 and Mo3P3/2 photoelectron area are seen at polar angles of -2 ° and 4T for

the 60" azimuth (Figure 28c). The aforementioned polar angle maxima are very close to the

forward focusing maxima of 0" and 49.1" calculated from the MoS 2 basal plane geometry.

Intense maxima in Mo3d5/2 photoelectron area are seen at -3" and 360 for the 30° azimuth

(Figure 28b). The most notable feature of this study is the minimum in Mo3d5/2 photoelectron

intensity at a polar angle of 48° for the 30° azimuth and corresponding maximum at a polar

angle of -_ 48" for the 0° and 60' azimuth. A maximum is also observed at a polar angle of 36°

for the 30" azimuth. Again, using the values of Table 17a, this maximum could be attributed to

forward focusing of fifth atomic layer molybdenum photoelectrons by first and or third atomic

layer sulfur atoms at polar angles of 39.3" and 34.6' respectively. For the 0° azimuth, smaller

maxima occur at approximately 14°, 31" and 37". For the 60"azimuth, smaller maxima occur at

approximately 12" and 30". The smaller maxima could originate from either of the following

processes: forward focusing or first order diffraction from forward focusing.

As indicated in Table 17b, forward focusing of sulfur photoelectrons is also expected to

occur at various polar and azimuthal angles on basal plane MoS,_. However the sulfur core
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levels are of much weaker intensity than the Mo3d core levels. Thus, trends in S2p

photoelectron area will be less easily observed. A preliminary study was performed on basal

plane MoS 2 where the Mo3d, $2p and $2s photoelectron areas were followed versus polar and

azimuthal angles. Maxima in S2p photoelectron area were observed but were not as well defined

as the corresponding Mo3d maxima (for example see Figure 28d). Thus, the core levels of

molybdenum were primarily used in these studies.
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Chapter7

(_ONCLUSIONS

7.1 GeneralConclusions.

With referenceto the questionsposed in the Introduction(Chapter i),the following

generalconclusionscan be drawn from thetheoreticaland experimentalresults:(I)Solidstate

Extended Hiickeltheorycan be usedtoassessthe dispersioncharacteristicsand orbitalnatureof

the MoS 2 energydispersioncurves.(2)Additionofedgesto theoreticalMoS 2 systemsresultsin

the formationof unoccupiededge statesat or above the Fermi level.(3)Theoreticalbinding

enthalpiesforhydrogen atom adsorptionon MoS 2 systemsindicatethatbasalplanesulfursites

and coordinativelyunsaturatededge molybdenum sitesare thermodynamicallyfavorable.The

relativestabilityofsulfursitescompared to molybdenum sitesdependson the relativepositions

ofthe Hfs,S3s,S3p, and Mo4d ionizationpotentials.(4)Parametrizationof the S3s,S3p and

Mo4d ionizationpotentialsand Slater-typeorbitalcoefficients,ci,and exponents,_i'with the

HR-ESCA MoS 2 valence band led to qualitativeagreement between theoreticaland

experimentalvalencebands. (5) Use of the parametrizedS3s and S3p ionizationpotentials,

coefficientsand exponents for electronicstructurecalculationsof RuS 2 and NbS 2 led to

qualitativeagreement between theoreticaland experimentalvalencebands. (6) Theoretical

sulfurchargesin generalreflectedthe trendin S2p bindingenergyshiftsforlayeredand pyritic

transitionmetal disulfides.At thispoint,directcorrelationbetween theoreticalchargesand

experimentalHR-ESCA bindingenergyshiftswas not made. (7)Angle resolvedHR-ESCA of

singlecrystalMoS 2 was carriedout. Forward focusingofMo3d photoelectrons'byfirstlayerand

fourthlayersulfuratoms was observedata polarangleof 49"and at azimuthalanglesseparated

by 60".Each oftheseconclusionswillbe discussedinmore detailinthefollowingparagraphs.

7.1.1 Orbital Character

Extended Hfickel theory has been successfully used to assess the dispersion

characteristics and orbital nature of the MoSo energy dispersion curves, A direct gap (K_K)

was calculated for the 2-D MoS 2 system while an indirect gap (F---,K) was calculated for the 3-D

MoS 2 system. Electronic structure calculations of 3-D MoS 2 involved interactions of crystal

orbitals across the Van der Waals gap resulting in splitting of the highest occupied band at F.

Theoretical destabilization of 3-D MoS 2 compared to 2-D MoS 2 can be traced to larger energy

destabilization of bands involving antibonding overlap of crystal orbitals across the Van der

Waals gap versus smaller energy stabilization of bands involving bonding overlap of crystal
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orbitals across the Van der Waals gap. Van der Waals interactions involving electron

correlation are not included in Extended H_ickel theory which is essentially' a one-electron

theory. Addition of attractive Van der Waals forces into the theoretical calculations in the form

of treatment of electron correlation should stabilize 3-D MoS 2 with respect to 2-D MoS2.

7.1.2 Addition_ _ toJ_LQ._.2

Electronicstructurestudiesof I-D (MOS2)5 systemsledto the conclusionthataddition

of edgesresultsin theformationof unoccupiededgestatesat and above the Fermi level.HR-

ESCA valence band comparisons of singlecrystaland polycrystallineMoS 2 show higher

intensityon thelow bindingenergysideoftheexperimentalMo4dz2 band (thehighestoccupied

band) inthe samplecontaininga highernumber ofedgesites,polycrystallineMoS 2. Below the

edgeof the indirectgap,opticalabsorptionalsoincreasedas the number ofedgeimpuritieswas

increased.The theoreticalcalculationsshow thatoccupationofedge stateslocatedat or above

the Fermi levelwillcontributeto higherintensityon the low bindingenergysideof thehighest

occupiedband. Edge statesresidingat or above theFermi levelpossessmainlyMo4d character

withsome mixtureofMo4dy z and Mo4dzx orbitalsfrom edgemolybdenum atoms.

7.1.3 MoS 2 Hydrogen Adsorotion

Bindingenthalpiesforhydrogen adsorptionon molybdenum and sulfursiteson various

molybdenum disulfidesystemswere calculated.Of thesulfursites,fully-coordinatedbasalplane

siteswere favoredover i-_:oordinateand 2--coordinateedge siteson allofthe systemsstudied.

Basalplanesulfursiteson systemsterminatinginedgeswerefavoredoverbasalplanesitesofan

infinitesheet.Of the molybdenum sites,2-,3-,4- and 5-coordinateedge siteswere favoredin

thatorderoverfully-coordinatedbasalplanesites.Basal planemolybdenum siteson systems

terminatingin edges were favoredover basalplane sitesof an infinitesb_t. The relative

stabilityofthe sulfursitescompared to themolybdenum sitesdepended on the relativepositions

and separationsof the S3s,S3p, Mo4d ionizationpotentialsfrom the His ionizationpotentialof

-13.6eV. The parametersofHughbanks and Hoffmann placedthe S3p orbitalsat-13.3eV, 0.3

eV from theHis orbitals.Use oftheatomicparametersofHughbanks and Hoffmann tendedto

stabilizethesulfursitesrelativetothe molybdenum sites.Thus, the orderofstability(interms

of bindingenthalpy)was as follows: 2-coordinateedge Mo > 3--coordinateedge Mo > 3-

coordinatebasalplaneS > I- and 2-coordinateedge S > 4-coordinateedgeMo > 5-coordinate

edge Mo > 6-coordinatebasalplaneMo. The parametersofTable 25 placedtheS3p orbitalsat

-8.845eV, 4.755eV from the P!s orbitals.Use oftheatomicparametersofTable 25 tendedto
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destabilize the sulfur sites and stabilize the molybdenum sites relative to the calculations

involving the parameters of Hughbanks and Hoffmann. The order of stability was as follows:

4--coordinate edge Mo > 3-coordinate basal plane S > 2-coordinate edge S > 5-coordinate edge

Mo > 1-coordinate edge S > 6--coordinate basal plane Mo.

The theoretical hydrogen results lend support to the conclusions of Komatsu and Hall

(Reference 21). Komatsu and Hall conclude from their experimental evidence that edge

dissociation of hydrogen is followed by diffusion of hydrogen atoms to basal plane sites. The

calculations show that coordinatively unsaturated edge molybdenum atoms and basal plane

sulfur atoms are thermodynamically favorable for binding of hydrogen. Thus it is possible that

hydrogen molecules are initially dissociated on 2-, 3-, 4-, or 5-coordinate edge molybdenum

atoms. Subsequent transfer of hydrogen atoms from edge sites to basal plane sulfur sites enables

the edge planes to dissociate more hydrogen molecules. IINS experiments of HxMoS 2 samples

indicate the presence of S-H bonds. 17'18 The calculations indicate that these sites are probably

hydrogen bound to basal plane sulfur.

Charge transfer due to hydrogen adsorption onto molybdenum and sulfur sites in 1-D

(MOS2) 5 terminating at (1011) edges and a (MOS2)19 cluster terminating at (1010) edges was

also studied. Adsorption onto 2- and 4-coordinate molybdenum sites resulted in transfer of

electrons from bulk and edge molybdenum atoms to the negatively charged Mo-H species.

Adsorption of hydrogen onto edge and basal plane sulfur atoms r_ulted in transfer of electrons

from the positively charged S-H species to basal plane and edge molybdenum atoms. Thus,

transfer or depletion of electrons was provided by the molybdenum lattice while the sulfur

lattice was relatively unaffected. This result is consistent with the comments of Komatsu and

Hall (Reference 21) on reductive hydrogen adsorption.

HR-ESCA valence band analysis of hydrogen exposed polycrystalline MoS T indicated

extra intensity at the top of the valence band. Due to the large basal plane area, most of the

bound hydrogen is probably found on basal plane sulfur atoms. Theoretical binding of hydrogen

to basal plane sulfur sites results in transfer of electrons from the S-H species to edge plane

molybdenum atoms. Edge states reside at or above the Fermi level and occupation of these

states by electrons leads to increased intensity at the top of the valence band.

7.1.4 Parametri_atior_ of Theoretical _2 Y_eace

Comparison of 2-D MoS 2 theoretical valence bands with the experimental HR-ESCA

valence band of polycrystalline MoS 2 led to parametrization of the S3s, S3p and Mo4d atomic
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ionization potentials, Hii, Slater-type coefficients, c i, and exponents, _i' Theoretical valence

bands were obtained by summation of modified atomic orbital populations, MAOPOP's.

MAOPOP's were obtained by multiplication of individual atomic orbital populations by the

appropriate Scofield cross-sections. The theoretical valence band of 2-D MoS 2 calculated using

Extended Hfickel theory and the atomic parameters of Table 25 qualitatively reproduces the

experimental HR-ESCA valence band of polycrystalline MoS T The theoretical conduction band

of 2-D MoS 2 also qualitatively reproduces the experimental inverse photoemission spectroscopy

conduction band of single crystal MoS T

7. .5 andIL 2

The S3s and S3p atomic parameters found from parametrization of 2-D MoS_ were also
w

used to study the theoretical valence bands of 2-D NbS 2 and 3-D RuSo. The theoretical

valence bands of 2-D NbS 2 and 3-D RuS 2 calculated using solid state Extended Hfickel theory

and the atomic parameters of Tables 27 and 29, qualitatively reproduce the experimental HR-

ESCA valence bands of polycrystalline NBS2_ x and RuS T However, the theoretical S3s region

of 2-D NbS 2 was found to exhibit a smaller full width at half maximum than the experimental

S3s region.

7.1.60_dlg..q.r_!j._,l _ _ _ to Exverimental Binding Enerzv

Theoretical sulfur charges in general reflected the trend in S2p binding energy shifts for

layered and pyritic transition metal disulfides. Binding energies for the $2P3/2 core levels

obtained via t/R-ESCA for pyritic l_uS,) and layered MoS,_ were the following: 162.59 eV and

161.88 eV. Theoretical sulfur charges of pyritic 3-D RuS 2 and layered 3-D MoS 2 are -0.47 and

-0.87 respectively. Thus experimentally and theoretically, sulfur atoms in MoS 2 are reduced

relative to sulfur atoms in RuS 2. At this point, direct correlation between theoretical charges

and experimental l/R-ESCA binding energy shifts was not made.

7.1.7 _ Resolved HR-ESCA of _ _ M...M_q._2

Angle resolved HR-ESCA of single crystal MoS 2 showed the existence of forward

focusing at a polar angle cf ca. 49" and at azimuthal angles separated by 60°. Forward focusing

of second atomic layer molybdenum photoelectrons by first atomic layer sulfurs was shown to ....

occur at the following azimuthal angles: 0', 120" and 240" (arbitrary designation of 0°). Forward

focusing of fifth atomic laver molybdenum photoelectrons by fourth atomic layer sulfurs was
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shown to occur at the following angles: 6rf, 180" and 300*. Thus in MoS 2, forward focusing

predominates even when the molybdenum atom is located 7.73 _ from the surface. Due to the

high stability of the basal plane, edge planes larger than the spot size analyzed by the SCIENTA

ESCA-300 spatial lens have not been synthesized. At this time, angle resolved HR-ESCA of

MoS 2 edge surfaces is not feasible.

Although the theoretical work discussed in this r,r_rt is fairly complete, some

experimental work on single crystal and polycrystalline MoSo could be carried out to support

the theoretical results. For instance, energy dispersion of the S3s bands in MoSo has been

theoretically predicted from solid state Extended Hiickel theory. A simple UPS experiment of

single crystal MoS 2 using a Heli source would show whether the S3s bands, shown as Bands _1

and #2 for the 2-D MoS 2 system, do in fact show the dispersion characteristics predicted by

solid state Extended Hfickel theory. As mentioned previously, hydrogen adsorption experiments

detected only hydrogen bound sulfur species, S-H. A good in situ optical absorption experiment

of MoS 2 hydrogen exposure needs to be carried out to complete the hydrogen studies,
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.4

Appendix A

_AL_ULATIQN OF ENERGIES OF FORMATION FROM.EHMA_PP

A.1 Energy of Formation of 2-D MoS 2.

Moo (g) -. Mo+6(g) + 6 e-- AUI=6 x I4d A.I.1

2×{so(g)- s+6(gl+6 Au2=(4×,3p)+(2×13 )}
Mo+6(g) + 2 S+6(g) + 18 e- -- MoS2(s ) AU3=EHT Energy A.1.3

Mo°(g) + 2 S°(g) --- MoS2(s) AU4=AUI+(2xAU2)+AU3 A.1.4

The energy of 2-D MoS 2 can be obtained from the above reaction scheme. The e= _rgy

of reaction A.1.3, AU 3, is calculated from solid state extended Hiickel theory by placing all of

the electrons into the lowest energy levels. For instance, in the case of 2-D MoS 2, there is one

MoS 2 per unit cell. Each molybdenum and sulfur atom brings 6 electrons to the system. Thus,

there are 18 electrons per MoS 2 unit. These electrons fill the 9 lowest energy crystal orbitals.

By addition of the lowest 9 energy levels with subsequent multiplication by 2 one obtains the

energy of reaction A.1.3, AU 3. The other energies, AU 1 and AU 2, are obtained from the

ionization potentials, Hip input into the program for the Mo4d and S3s, 3p orbitals. The energy

of formation, AU 4, is obtained by addition of the energies of reaction A.I.1, A.1.2, and A.1.3.

Energies can be converted into enthalpies through the relationship AH=AU + AnRT. In this

relationship, An=the number of gas molecules (or atoms) in the product minus the number of

gas molecules (or atoms) in the reactants, R=ideal gas constant, and T=temperature in Kelvin.

A.2 Energy of Formation of 1-D (MOS2) 5 Systems.

5X{Mo O (g) -'_Mo+6(g) + 6 e-- AUI=6 x14d} A.2.1

I0x {SO (g) -- S+6(g) + 6 e- AU2=(4 x13p)+(2x 13s)} A.2.2

5 Mo+6(g) + i0 S+6(g) + 90 e- -. (MoS2)5(s)AU5=EHT Energy A.2.3

5 Mo°(g) + 10 S°(g) -, (MoS2)5(s) AU6=(5xAU1)+(10xAU2)+AU5 A.2.4

The energy of 1-D (MOS2) 5 can be obtained from the reaction scheme given above. The

energy of reaction A.2.3, AU5, is calculated from solid state extended Hfickel theory by placing

all of the electrons into the lowest energy levels. In (MOS2) 5 there are 90 electrons and as a

result 45 of the lowest energy levels will be filled. The energy of formation for (MOS2) 5, AU 6
_
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reaction A.2.4, can be divided by 5 to obtain an energy of formation per MoS 2 unit. This

number can then be compared to the energy of formation of MoS T A.1.4.

A.3 Energy of Formation of 2-D H-MoS T

Mo o (g) -- Mo+6(g) + 6 e- AUI=6 x I4d A.3.1

2×{so(g)- s+6(g)+ e- AU.=(4×13p)+(2×13 )} A.3.2
H° (g) -- H.(g) + 1 e- AU7--Ils A.3.3

Mo+6(g) + 2 S.6(g) . H't'(g) + 19 e-- -- H-MoS2(s ) AU8=EHT Energy A.3.4

Mo°(g) . 2 S°(g) + H°(g) -, H-MoS2(s ) AU9--AUI+(2xAU2).AU7+AU8 A.3.5

The energy of formation of 2-D H-MoS 2 can be obtained from the reaction scheme

given above. This reaction scheme is similar to that for the formation of 2-D MoS T Section

A.1, except for the addition of the hydrogen atom. The binding energy of hydrogen atoms on

the 2-D MoS 2 system, AU10 , can be obtained from a scheme incorporating the energy of

formation of the bare surface, AU4, and the energy of formation of the hydrogen covered

surface, AU 9. This reaction scheme is given in equations A.3.6-A.3.$.

Mo°(g)+ 2 S°(g)+ H°(g) -- H-MoS2(s ) AU 9 A.3.6

MoS2(s) -- Mo°(g) . 2 S°(g) -AU 4 A.3.7

MoS2(s ) + H°(g) -- H-MoS2(s ) AU10=AU9-AU4 A.3.8

The binding energy of a hydrogen molecule with the MoSo surface can also be obtained

from the dissociation energy of the hydrogen molecule, AUll, and AU10. This energy can be

found from the reaction scheme given in equations A.3.9-A.3.11. Thus, a theoretical prediction

as to whether a hydrogen molecule has a thermodynamic tendency to adsorb on the surface can

be made. Enthalpies can be obtained from the relationship, AH=AU + AnRT, as discussed in

A.1.

1 H0 A.3.9H2(g) -,- (g) AU11

MoS2(s)+ H°(g) --,H-MoS2(s ) AU10 A.3.10

MoS2(s ) + ½ H2(g ) -- H-MoS2(s ) AU12=AUll+AU10 A.3.11
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A.4 Energy of Formation of 1-D ti-(MoS2) 5 Systems.

{MoO(g)_ Mo+%/+ A, t A.4.
10 x{S O (g) -- S+6(g) + 6 e-- AU2_ A.4.2

H°(g) -- H+(g) + 1 e- AU 7 A.4.3

5 Mo+6(g) + 10 S+6(g) + H+(g) + 91 e-- --- (MoS2)5(s) AU13=EHT Energy A.4.4

5 Mo°(g) + 10 S°(g) + H°(g) -- H-(MoS2)5(s) AU14 A.4.5

The energy of formation of a 1-D H-(MoS2) 5 system can be obtained from the reaction

scheme given above. In equation A.4.5 AU14, the energy of formation of H-(MoS2)5, is equal

to the following sum: (5 x AU1).(10 x AU2)+AU7+AU13. The binding energy of hydrogen

atoms on the (MOS2) 5 surface (or edges) can be obtained from the reaction scheme given in

equations A.4.6-A.4.8. Binding energies of hydrogen molecules on the 1-D (MOS2) 5 surface can

be obtained from the reaction scheme given in equations A.4.9-A.4.11.

5 Mo°(g) + 10 S°(g) + H°(g) ---, H-(MoS2)5(s ) AU14 A.4.6

(MoS2)5(s) -- 5 Mo°(g) + 10 S°(g) -AU 6 A.4.7

(MOS2) 5 + H°(g) --- H-(MoS2)5(s) AU15=AU14-AU6 A.4.8

1 H0 A.4.9
e=l_2(g) -- (g) AU11

(MoS2)5(s) + H°(g) --, H-(MoS2)5(s ) AU15 A.4.10
1

(MoS2)5(s) + _ H2(g ) -, H-(MoS2)5(s) AU16=AUll+AU15 A.4.11
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Appendix B

EXTENDED HOCKEL (_LUSTER (_AL_ULATION$

B.1 Molybdenum Disulfide Cluster Calculations.

Calculations of the electronic structure of Mos6n- (where n=0,2, 4, 6, 8) trigonal

prisms and stoichiometric (MOS2) n clusters have been carried out using the extended Hfickel

method described previously in Section 3.1. Ionization potentials Hii, orbital exponents _i and

orbital coefficients c i for the Mo5s, Mo5p, Mo4d and S3s, S3p valence orbitals were taken from

the work of Hughbanks and Hoffmann (Reference 411 and are given in Table 1.

B.I.1 Trigonal Prismatic Mo$.6n- Clusters.

The electronic structure of the trigonal prismatic MoS6n- cluster was studied first by

varying the negative charge n on the cluster. Geometric parameters for the atoms of the

MoS6 p- cluster are given in Table B-1. Parameters for this cluster are taken from the solid

state geometry of crystalline 2H-MoS 2. In this geometry, the symmetry of the MoS6n- trigonal

prism is_D3h . The angle, 8, existing between the C 3 axis and the Mo--S bonds is 49.515 °.

Table B-_._!

Cartesian coordinates of the atoms in e 1 MoS_ n- trigonal prism. The
coordinates are obtained from the solid state lattice parameters (a, b,

c, u) of crystalline 2H-MoS 2. Units are in _,.
Atom x v z

Mo 0. 0. 0.

S1 1.580000 -0.912213 1.5775
So 1.580000 -0.912213 -1.5775

S3 -1.580000 -0.912213 1.5775
S4 -1.580000 -0.912213 -1.5775
S5 0. 1.824427 1.5775
S6 0. 1.824427 -1.5775

Energy level diagrams for the MoS6 n- cluster and the NbS6 n- cluster are shown in

Figure B-1. The NbS6n- cluster will be discussed in Section B.2. Ligand field theory predicts a

splitting of the d orbitals when a molybdenum atom is coordinated to six sulfur ligands in a

trigonal prismatic environment. This theory predicts that the Mo4dz2 orbital is split from the

degenerate 4dx2.y 2 and 4dxy orbitals which are split from the degenerate 4dzx and 4dxy orbitals.

In (MOS6)n- clustersthissplittingoccursi'n thefollowingenergyorder:dz2< dx2_y2,dxy< dzx,

dyz. Molecularorbital(MO) #25 hasan energyof-9.98eV and consistsprimarilyof MO4dz2
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FigureB-I EnergyleveldiagramsoftheMos6n- and NbS6n-clusters.Energy
valuesareine\.'.
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character(-0.9732)and S3p charactersuch thatthe sixMo-S bonds are antibonding.For MO

#25, thecontributionofthe Mo4dz2 orbitaltothe totalwavefunctioncan be obtainedfrom the

Mo4dz2 coefficientresultingfrom the extendedHfickelcalculation.The totalwavefunctionfor

each energylevelismade up of linearcombinationsof atomic orbitals(LCAO's) such that

Cj= ._cijxi where j=the index of the molecularorbital,i=the index of the atomic orbital,
l •

xi=atomm orbitali,cii-contributionof atomic orbitali to molecularorbitalj,and ¢=total

wavefunctionforenergylevelj. For molecularorbital#25, the Mo4dz2 coefficientis-0.9732.

Thus, MO #25 consistsof primarilyMo4dz2 character.When the chargeon the (MOS6)n-

clusteris 8-, the 25th levelisfullyoccupiedby two electronsand is the highestoccupied

molecularorbital(HOMO) of the cluster.Molecularorbitals#26 and #27 are degenerateand

have an energyof-9.52eV. Molecularorbital#26 consistsprimarilyof Mo4dxy (-0.9110)and

S3p characterwhileMO #27 consistsprimarilyofMo4dx2_y2 (+0.9110)and S3p character.The

dxy (#26) and dx2_y 2 (#27) levels are split from the dz2 (#25) level by 0.46 eV. Molecular

orbitals #26 and #27 are the lowest unoccupied molecular orbitals (LUMO's) in the MoS68-

cluster. Molecular orbitals #28 and #29 are degenerate with an energy of-5.24 eV. Molecular

orbital #28 consists of primarily Mo4dyz (-0.9478) and S3s and S3p character while Mo #29

consists primarily of Mo4dzx (+0.9478) and S3s and S3p character. The dyz (#28) and dzx

(#29) levels are split from the dxy (#26) and dx2_y2 (#27) levels by 4.28 eV. The large

splitting of the Mo4dy z and Mo4dzx levels in Mos6n- clusters would seem to preclude mixing of

these d levels with the other d levels. However, the dx2_y 2 and dxy degenerate levels are split

from the dz2 level by only 0.46 eV in the MoS6 n- cluster and mixing of these levels could occur

in crystal orbitals. For instance in the 2-D MoS 2 system discussed in Section 5.1.1, the

theoretical modified atomic orbital populations, MAOPOP's, for the Mo4d orbitals (Figure 27d)

shows that the highest occupied crystal band consists of contributions from the Mo4dz2, 4dxy,

and 4dx2_y2 orbitals in the following order: 4dz2> 4dxy> 4dx2_y2. The lowest unoccupied

crystal band consists of contributions from the same three Mo4d orbitals in the following order:

4dx2_y2> 4dz2 __4dxy. The next lowestunoccupiedband consistsofcontributionsfrom only

the Mo4dy z and Mo4dzx orbitals.Thus in2-D MoS 2 systems,the dx2_y2 and dry levelsmix

withthedz2levelbut theselevelsarestillwellseparatedfrom thedzx and dyzlevels.

: The gross electron population on the central molybdenum atom was studied as a

function of the charge on the MoS6 n- cluster. The gross electron populations on the_

molybdenum atom and the sulfur ligands for each charge are tabulated in Table B-2. As the

cluster charge was increased from 0 to -6, the molybdenum gross electron population remained

constant at a value of 3.94 while the sulfur gross electron population increased from 6.34 to 7.34.
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However, when the clusterchargewas increasedfrom -6 to-8, the molybdenum grosselectron

populationincreasedto 5.66whilethe sulfurgrosselectronpopulationincreasedby only0.05to

7.39. The reasonforthischangeisapparentwhen theorbitalcharacterofmolecularorbitals21

to 25 isexamined. Molecularorbitals21,22,23,and 24 primarilyconsistofcontributionsfrom

the 6 sulfurligand3p atomicorbitals.Thus, occupationof theselevelsby electronsdoesnot

change the overallmolybdenum electronpopulationbut doesincreasethe overallsulfurelectron

population.However, molecularorbital25 consistsof mainlymolybdenum 4dz2 (-0.9732)with

small contributionsfrom the S3p atomic orbitals.Thus, occupationof thislevelby electrons

willprimarilyincreasetheoverallmolybdenum electronpopulation.

Tabl_____e

Gross electron populations of the ceutral molybdenum atom and the

sulfur ligands in the MoS{_n- cluster as a function of the cluster
charge, n. Also shown are the total number of electrons and the level
of the highest occupied molecular orbital (HOMO) for each charge.

n 0 2 _ 6
Total # e- 42 44 46 48 50

HOMO 21 22 23 24 25

Mo Gross e- 3.94 3.94 3.94 3.94 5.66

Population
S Gross e- 6.34 6.68 7.01 7.34 7.39
Population

A secondstudyinvolvedchangingtheangle(8)betweentheC3 axisand the Mo-S bond

in the trigonalprismaticMOS68- clusterwhile allowingthe Mo-S bond distanceto remain

constantat 2.412/_. In crystalline2H-MoS2, thisanglehas a valueof 49.515".Extended

Hfickelenergiesand Mo grosselectronpopulationswerecalculatedas a functionof thisangle

where the anglewas variedfrom 10"to 80°in incrementsof 10°. The resultsof thisstudy are

tabulatedinTable B-3. As indicatedin Table B-3, the Mos6n- clusterenergyand Mo gross

electronpopulationdecreaseon chemgingthe anglefrom 10"to 50". As the angleisincreased

from 50"to 80",theclusterenergyand Mo grosselectronpopulationagainincrease.FigureB-2

plotsthe variationinthe clusterenergyvs thechange intheanglebetween theC3 axisand the

NBS68- clusterwillbe discussedingreaterdetailinSectionB.2. A
Mo-S and Nb-S bonds. The

minimum in energyisobtainedat 8"-50°very closeto the solidstateangleof 49.515".Thus,

extendedHfickeltheorycorrectlypredictsthe geometryofthe trigonalprism. The causeof the

energy destabilizationat 0<50" and 8>50" isdue to the repulsionof electronson the sulfur

zligands.At smalland largevaluesof8,sulfurligandsarelocatedincloseproximitytoeach
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_B-3
Extended Htickel energies and Mo and S gross electron populations as

a function of the angle (0) between the C3 axis and Mo-S bond in
MOS68-.

0_ E(EHT), e_yVMo e- roy S e--
10 -403.68 17.72 5.38
20 -658.51 14.07 5.99
30 -716.49 10.65 6.56
40 -738.04 7.29 7.12
50 -748.72 5.66 7.39
60 -738.39 9.24 6.79
70 -728.11 10.21 6.63
80 -572.03 13.73 6.04

other,due to repulsionof electronsresidingon theseligands,electronsare transferredfrom the

sulfurligandstothe centralmolybdenum atom ofthecluster.Hence thelargeMo grosselectron

populationat smalland large0 values.At e-50",the sulfurligandsarelocatedalmostat the

maximum distancefrom each other.Thus, repulsionof electronsresidingon the sulfurligands

isdecreasedand the grosselectronpopulationof the sulfurligandsreachesa maximum while

thatofthecentralmolybdenum reachesa minimum.

Ifthe splittingof the Mo4d levelsisexamined by a crystal-fieldcalculationa minimum

in energyisnot obtainedat 50"but ratherat 58'.The crystalfieldsplittingofthe Mo4d levels

in a MoS 6 trigonalprism was studiedby R. Huisman etal in 1971.67 In thisstudy the five

initiallydegenerated levelsofMo aresplitintothreelevelsE0 (4dz2),E 4-l(4dzxand 4dyz),and

E± 2 (4dx2-y2and 4dxy) by the presenceof the sixpointcharges(Ze,Z-charge)representing

thesixsulfurligandsofthe trigonalprism. The energylevelsaregivenillEquationsB-l, B-2,

and B-3 and the parametersA, B, ?2, and 74 are definedin EquationsB-d, B-5, and B-6

respectively.The constantR representstheMo--S bond distanceof 2.412_,while0 istheangle

betweenthe C3 axisofthe trigonalprismand theMo-S bond.

E0 = 2AI 2 + 6BT4 (B-l)

E q. I = A_2 - 4B'_4 (B-2)

E 4- 2 = -2AT2 + BT4 (B-3)

A=  os e-e2Z
\4_.EoR3 ) (B-4)

_x) _47r_0R5/

_k = /lR(r)12 rk+2 dr (B-f)
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If the Mo4d double zeta STO's of Hughbanks and Hoffmann ((i=4.54, (2=1.90,

ci=c2=0.5899, Table 1) are used to obtain the _k values of equation B-6 the values for y2 and

_4 are the following: 3.21 ,_2 and 22.5 A4 respectively. The values of A and B and thus E 0'

E-4-I' and E. I. 2 then depend on the angle 6 between the C3 axis and the Mo-S bond. If the

angle 8 is varied from 40" to 65", the ordering of the levels changes dramatically. At 0=40", a

crystal field calculation predicts that the degenerate E. I. 2 levels are more stable than the E 0

level which is more stable than the degenerate E. I. I levels (-5.02 eV, -0.05 eV, and 5.04 eV

respectively). As the angle 0 is increased from 40° to 46", the degenerate E_. 2 levels destablilze

in energy while the E 0 level stabilizes in energy. At 6>46", the E 0 level is more stable than the

degenerate E. i. 2 levels. At 6=50", close to the solid state value of 49.515", the energies of the

E0, Etl: 2' and E+ I levels are the following: -4.47 eV, -2.32 eV, and 4.56 eV. However, the

energy of the E 0 level does not reach a minimum until 6 __ 58". At this angle the energies of the

E0' E:i: 2, and E 4. I levels are the following: -5.43 eV, 0.13 eV, and 2.58 eV, respectively.

Since the lowest level E0 is occupied by two electrons, the lower energy of this level at 6 __58"

indicates a stable structure at this angle. Thus, a crystal field calculation o_"the splitting of the

Mo4d levels by ligands in a trigonal prismatic environment is not sufficient to produce the

correct angle between the C 3 axis and the Mo--S bond.

B.1.2 Stoichiometric _._.9._2]x Clusters.

The stability of (MOS2) x clusters was studied as a function of the number of MoS 2 units

or cluster size, x. The'! energy and gross electron populations of the central molybdenum and

sulfur atoms were followed as a function of x. Figure BZ3 shows the geometry of the largest

cluster calculated, (MoS2)lg. Table B-4 lists the structures studied as well as the energy per

MoS 2 unit and the Mo and S gross electron populations. As the cluster size increases from 1 to

19, the energy of formation per MoS 2 unit decreases indicating stabilization of the larger

• clusters. The energy of formation of an infinite cluster with no edges, 2-D MoS 2, is -463.58

kcal/mole. Thus, 2-D MoS 2 is energetically the most stable structure calculated. Addition of

van der Waals interactions was studied in the (MoS2)14 cluster. This cluster consists of two

(MOS2) 7 layers separated by the van der Waals spacing 2.995 _. Addition of van der Waals

interactions destabilizes the structure by 3.44 kcal/mole. This result is similar to the

destabilization of the 3-D MoS 2 structure by 9.84 kcal/mole when compared to the 2-D MoS 2

structure discussed in Section 5.2.1.

Destabilization of the (MOS2)14 cluster and 3-D MoS 2 structure relative to the (MOS2) 7

and 2-D MoS 2 structure respectively is mainly dye to the antibonding interaction of the
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Figure B-3 Top view of tile (MoS2)19 cluster terminating at the (1010) edges.
The edges oi"this cluster contain 2-coordinate Mo, 4-coordinaLe Mo.
1-coordinate S and 2-coordinate $. White Circles=Mo and Black
Textured Circies=S.
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Table B-4

Energy and gross electron populations of (MOS2) x clusters as a
function of the cluster size x.

Gross Electron Populations:
(_lu.ster x Description_ ckcal_Mo-Ol01 S-0101- _.mole_ -

MoS 2 1 1 layer -336.73 3.81 7.10

(MOS2)7 7 I layer -412.30 4.81 6.23

(MOS2)16 16 I layer -426.02 5.18 6.26

(MOS2)19 19 I layer -431.85 5.20 6.26

2-D MoS 2 oc No edges -463.58 5.44 6.28

(MOS2)14 14 2 layersof -408.86 4.82 6.19

(MOS2) 7

molecularorbitalsand crystalorbitalsacrossthe van der Waals gap. Van der Waals

interactionsor forcesare not treatedby extendedHfickeltheory. Van der Waals forcesare a

resultoftheattractivepotentialsarisingfrom dipole--dipole,dipole--induceddipole,and induced

dipole-induceddipoleinteractions.Induced dipole-induceddipoleinteractions(or dispersion

forces)can be thoughtof as arisingfrom an instantaneousdipolemoment on one atom which

subsequentlyinducesan instantaneousdipolemoment (induceddipole)on a secondatom. Thus,

electronson the secondatom senseand are affectedby thepresenceof electronson the first

atom. Dispersionforcesresultfrom the instantaneouscorrelationbetweenthe motionsof the

electronsin one atom with the motions of the electronsin a secondatom. In quantum

mechanicalcalculations,correlationofelectronsistreatedby the occurenceofa potentialenergy

term in the true HamiltonianH of I__" e2 where the double sum isover allof the i j

2i_-,jlri-rj [

electrons in the system and Iri-rj] is the difference in position of the two electrons i and j. For

many electron systems such as the (MoS2)14 cluster and 'the 3-D MoS 2 structure, treatment of

correlation is not computationally feasible. Extended Hfickel theory treats the valence electrons

as separate from the core level electrons and approximates the true hamiltonian as a sum of one

electron hamiltonians. Correlation of electrons and thus van der Waals forces arising from the

potential energy term involving electron-electron repulsion in the true hamiltonian is not treated

explicitly in this theory. Background information for van der Waals forces and correlation was

obtained from Reference 68.

When the central molybdenum (Mo-0101) gross electron populations are examined for

the various cluster sizes, the population can be seen to increase as the cluster size increases. The

increase levels off at higher cluster sizes and the highest population is obtained for (MOS2) _
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Figure 13-4 Plot of the central molybdenum (Mo-0101) gross population vs. cluster size x for
(MOS,))x clusters.The Mo grosspopulationreachesa maximum as2-D MoS2 or

(MoS2)oc.
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(infinite cluster size no edges) modeled as 2-D MoST Figure B-4 plots the central molybdenum

(Mo-0101) gross electron population vs. cluster size for tile cluster given in Table B-4.

B.1.3 Hydrogen Adsorption o_.n.n_.._2_19 (_iusters Terminating amt_ Edges.

As discussed in the Introduc'Aon, the mechanism of hydrogen adsorption on

polycrystalline MoS2 is only poorly understood. Experimental studies such as neutron scattering

and differential scanning calorimetry identify two different sites for hydrogen adsorption.

Neutron scattering identifies a S-H bending mode that occurs upon occupation of the first site.

However, no experiments have ever directly identified hydrogen bonded to molybdenum atoms.

The IINS experiments of hydrogen adsorbed on polycrystalline MoS 2 carried out by Sampsom et

al 17 and Vasudevan et all8 identified an excitation at 872 cm -1 that was attributed to

deformation modes of either Mo-O-H or Mo--H. The Mo--O-H species was thought to be the

cause of this excitation since the excitation persisted even after exposure to air for a period of 4

weeks. In order to gain insight into possible hydrogen adsorption sites, extended Hfickel

calculations were carried out on (MOS2)19 clusters with hydrogen atoms placed at various basal

. and edge plane Mo and S atom sites. The 18 hydrogen sites studied are shown in Figure B-5

where the sites are labeled alphabetically. The (MOS2)19 cluster terminating at (1010) edges

shown in Figure B-3 indicates the numerical labeling of the molybdenum (#1--#19) and sulfur

(#20--#57) atoms. Sulfur atoms located on the top basal plane possess even numbers while

those located on the opposite or lower basal plane possess odd numbers. No attempt was made

at minimization of the H-(MoS2)19 energy with respect to the Mo-H and S-H bond distances.

The Mo-H and S-H bond distances used were 1.7 _ and 1.35 /_ respectively. The reasons for

choosing the aforementioned Mo-H and S-H bond distances are given in Section 3.4.5.

The results of the hydrogen adsorption calculations are shown in Table B-5. The

binding enthalpy was calculated as discussed in Appendix A.4. The sites are tabulated in order

of increasing binding enthalpy and a description of the hydrogen adsorption site is given

including the type of bond resulting from placement of hydrogen at each site and the original

coordination of the closest atom. The descriptors side and top in the column labeled Bond in

Table B-5 indicate the direction of the bonded hydrogen. On the (MoS2)19 basal plane, the Mo

and S atoms are fully coordinated and hydrogen atoms are most likely to approach the surface

from the top in the +z direction, perpendicular to the basal plane. On the cluster edges, the

atoms are not fully coordinated and the descriptor side defines the approach of hydrogen as

opposite that of the coordinated atoms.
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Figure B-5 The IS hydrogen sites(identifiedalphabetically)studiedon the

(MoSo)19 clusterterminatingin (i010) type edges. White
Circles=Mo,BlackCircles=H.and BlackTexturedCircles=S.
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TableB-5
Binding enthalpies of hydrogen atoms on the (MOS2)19 cluster
terminating at the (1010) edge. Hydrogen sites are labeled
alphabetically and the position of each site on the cluster is shown in
Figure B-5. The description gives the Mo or S atom number and
coordination prior to hydrogen bonding, The bond gives the bond
type and direction of the bonded hydrogen.

:_ Site ^ u,kcal, Description Bond

1 E -126.12 2-coordinate edge MOl6 Mo-H side

2 H -123.47 2--coordinate edge Mo 8 Mo-H side

3 F -121.71 2-coordinate edge MOl6 Mo-H side

4 G -121.16 2-coordinate edge Mo8,16 Mo-H-Mo side

5 S -118.77 4-coordinate edge Mo15 Mo-H side

6 V -115.37 4-coordinate edge MOl4 Mo-H side

7 C -106.05 3-coordinate basal $20 S-H top

8 M -102.16 3-coordinate basal $50 S-H top

9 L -98.30 l-coordinateedge$42 S-H top

I0 T -97.09 2-coordinateedge$38 S-H side

11 I -96.84 1-coordinateedge$42 S-H side

12 U -93.79 1-coordinate edge $54 S-H side

13 N -63.96 2-coordinate edge Mo16 Mo-H top

14 K -61.57 1-coordinate edge $40,42 S-H-S

15 D -42.56 3-coordinate basal $20,22 S-H-S

16 J -38.95 l-coordinate edge S42,43 S-H-S

17 B -27.03 6--coordinate basal Mo 1 Mo-H top

18 A -16.29 3-coordinate basal S20,2_,243-fold S site

Theoreticalhydrogen adsorptionon (MOS2)19 clusterscontainingexposed2-coordinate

Mo, 4-coordinate Mo, 1-coordinateS and 2-coordinate S shows that the most

thermodynamicallyfavorablesitesforhydrogen to adsorbare on exposed2-coordinateand 4-

coordinateMo atoms. The approachof hydrogenfrom thesideoppositethecoordinatedsulfur

atoms isfavoredovertheapproachofhydrogenfrom the topclosetocoordinatedS atoms. This

situationisexemplifiedby a comparisonof thebindingenthalpiesofsitesE and N. Both sites

involvebindingof hydrogen to a 2-coordinateexposed Mo atom. However, in siteE the

hydrogen isbonded from thesideoppositethe coordinatedS atoms and in siteN the hydrogen

isbonded from the top (q-zdirection)1.83_,away from one ofthe2 coordinatedS atoms. The
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bindingenthalpiesforsitesE and N are -126.12and -63.96kcal/molerespectively.Thus, the

proximityofhydrogento botha molybdenum (dMo_H--1.7_) and a sulfuratom (ds_H--1.83_)

decreasesthe stabilityof siteN when compared to siteE. SiteB involvesthe bindingof

hydrogen from the top to a basalplane,molybdenum atom. Binding of hydrogen to this

positionplacesthe hydrogen atom 1.83_ away from threeof the sulfuratoms coordinatedto

themolybdenum. The bindingenthalpyofsiteB is-27.03kcal/mole,evenlowerthan thatof

siteN where the hydrogen was closeto only one sulfuratom. Both 2-coordinateand 4-

coordinateexposedMo atoms are favorablesitesforhydrogen adsorptionbut the feasibilityof

hydrogen adsorptionon 5-coordinateexposedMo atoms can not be studiedwith the (MOS2)19

clusterterminatingat the (1010)edges. A second(MOS2)19 structureterminatingat (I011)

edgesand containingd--coordinateexposedMo as wellas 5--coordinateexposedMo willbe used

forthisstudy.Thisstudywillbe discussedinSectionB.I.4.

When hydrogen isbound to a molybdenum atom at siteE (2-coordinateedge Mo16),

the electrondensitieson the bound molybdenum atom (Mo16) and the hydrogen atom are

increased.Upon theoreticalhydrogen adsorption,the electrondensityon the molybdenum

increasesfrom 5.00to 5.22 (-0.22)whilethe electrondensityon the hydrogen increasesfrom

1.00 to 1.43 (-0.43). Thus, the totalcharge on the Mo-H speciesis--0.65and can be

representedas M 6o_-I_[62-where 61---0.22and 62-= -0.43.The extraelectrondensityon Mo16

and H ismainly transferredfrom the neighboringedge molybdenum atoms, Mo 8 and Mo19.

These two molybdenum atoms have decreasedin electrondensityfrom 5.98to 5.70 (+0.28)

upon hydrogen adsorptionat siteE. Thus, electrondensity is transferredfrom edge

molybdenum atoms, Mo 8 and Mo19, to the hydrogen bound edge molybdenum atom, Mo16,

and the hydrogen. The sulfuratoms inthe latticearerelativelyunaffectedby hydrogen bound

toa molybdenum atom.

When hydrogenisbound toa molybdenum atom atsiteH (2-coordinateedgeMo8), the

electrondensityon the hydrogen atom isincreasedfrom 1.00to 1.43(-0.43).However, the

electrondensityon the bound molybdenum atom (Mo 8) isdecreasedfrom 5.98to 5.65(+0.33).

Thus, thetotalchargeon theMo-H speciesis-0.10and can be representedas Mo61+ H 62-where

61+= +0.33 and 62----0.43.Many of the molybdenum atoms nearedge 1 (theedge on which

hydrogen is adsorbed)are affectedslightly(eitherreduced or oxidizedby lessthan 0.06

electrons)by the adsorptionof hydrogen. However, the electrondensityon edge 2-coordinate

Met9 Is decreasedfrom 5.98 to 5.77 (_-0.21).Again, the sulfuratoms in the latticeare

unaffectedby hydrogenadsorptionontoa molyt.denumatom.

When hydrogen isbound to a molybdemn, atom at siteS (4-coordinateedge Mo15),
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the electron density on the hydrogen is increased from 1.00 to 1.42 (-0.42). However, the

electron density on the bound molybdenum atom (MOl5) is relatively unaffected (+0.02) by the

presence of hydrogen. Thus, the total charge on the Mo-H species is -0.40 and can be

represented as Mo-H62- where 62-= -0.42. Again, only the electron densities on the

molybdenum atoms are affected by hydrogen adsorption. The electron densities on edge

molybdenum atoms, Mo8, Mo16, and MOl9 are decreased from 5.98 to 5.75 (+0.23), 5.00 to

4.96 (+0.04), and 5.98 to 5.76 (+0.22). The electron density on bulk molybdenum atoms

specifically Mo6 and Mo7 is slightly increased from 5.06 to 5.16 (-0.10) and 4.86 to 4.96 (-0.10).

Thus, electrons are transferred away from the molybdenum atoms exposed on edge 1 to the

hydrogen atom and a few bulk molybdenum atoms.

When hydrogen is bound to a molybdenum at site V (4-coordinate edge MOl4), the

electron density on the bound molybdenum atom (MOl4) and the hydrogen atom is increased.

The electron density on the molybdenum atom increases from 4.46 to 4.64 (-0.18) while that on

the hydrogen atom increases from 1.00 to 1.41 (-0.41). Thus, the total charge on the Mo-H

species is -0.59 and can be represented as M6o_Z-1-H62-where61-=-0.18 and _2----0.41. Again,

the electron densities on edge molybdenum atoms, Mo8, Mo16, and MOl9 are decreased from

5.98 to 5.73 (+0.25), 5.00 to 4.92 (.0.08), and 5.98 to 5.67 (.0.31). The electron densities of

bulk molybdenum atoms Mo6 and MOl3 is slightly increased from 5.06 to 5.17 (-0.11) and 4.78

to 4.91. (-0.13). Thus, in all four cases (sites E, H, S, and V) hydrogen adsorption from the side

onto edge molybdenum atoms produces a Mo-H species with a total negative charge. Electron

density for this negative charge is, for the most part, transferred from molybdenum atoms

exposed on edge 1 resulting in an effective oxidation of these molybdenum atoms. Sulfur atoms

are unaffected by adsorption onto edge molybdenum atoms.

The next most stable sites for binding of hydrogen on the (Mo52)19 cluster terminating

at (1010) edges are on top and side sulfur sites. In on top sites the hydrogen is bound in the z

direction to one sulfur atom at a distance of 1.35 ,_. Thus, closest molybdenum atoms are

located at a large distance (3.45 ._) from the sulfur bound hydrogen atom. In side sites the

hydrogen is bound to sulfur atoms on the side opposite coordinated molybdenum atoms. Sites

C, M, and L are examples of hydrogen bonded to sulfur atoms from the top. Sites I, U, and T

are examples of hydrogen bonded to edge sulfur atoms from the side. Overall, hydrogen bonded

from the top to sulfur atoms is more stable than hydrogen bonded from the side. Another

interesting feature resulting from these calculations is the stability of basal plane sulfur sites eg.

site C. Introduction of edges consisting of exposed sulfur atoms does not provide more stable

sulfur sites than the basal plane.
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When hydrogen is bound to a sulfur atom at site C (3--coordinate basal S20 ), the

electron density on the bound sulfur atom ($20) and the hydrogen atom is decreased. The

electron density on the sulfur atom decreases from 6.26 to 5.40 (+0.86) while that on the

hydrogen atom decreases from 1.00 to 0.90 (+0.10). Thus, the total charge on the S-H species

is +0.96 and can be represented as Sl_H62+where 61+=+0.86 and 62+=+0.10. No other

sulfur atoms are affected by the binding of hydrogen to a basal plane sulfur atom. Electron

densities of the edge molybdenum atoms, Mo 8 and Mo19 are decreased from 5.98 to 5.89

(+0.09) and 5.98 to 5.89 (+0.09). The electron densities of edge MOl6 and bulk molybdenum

atoms Mo 1, Mo 2 and Mo 7 are increased by -0.30, -0.14, -0.13, and -0.13 respectively. Thus,

electron density is transferred from the S-H species and edge Mo 8 and MOl9 to bulk Mo 1, Mo2,

and Mo 7 and edge MOl6.

When hydrogen is bound to a sulfur atom at site M (3-coordinate basal $50 ), the

electron density of the bound sulfur atom ($50) and the hydrogen atom is decreased. The

electron density on the sulfur atom decreases from 6.19 to 5.40 (+0.79) while that on the

hydrogen atom decreases from 1.00 to 0.90 (+0.10). Thus, the total charge on the S-H species

is +0.89 and can be represented as S61+H62+where 61+=+0.79 and 62+=+0.10. No other

sulfur atoms are affected by the binding of hydrogen to a basal plane sulfur atom. Electron

densities of the edge molybdenum atoms, Mo 8 and Mo19 are decreased from 5.98 to 5.81

. (+0.17) and 5.98 to 5.81 (+0.17). The electron densities of edge MOl6 and bulk molybdenum

atoms Mo 2 and Mo 7 are increased by -0.47, -0.16, and -0.16 respectively. Thus, electron

density is transferred from the S-H species and edge Mo8 and Mo19 to bulk Mo 2, Mo 7 and edge

MOl6.

When hydrogen is bound to a sulfur atom at site T (2-coordinate edge $38), the

electron density on the bound sulfur atom ($38) and the hydrogen atom is decreased. The

electron density on the sulfur atom decreases from 6.76 to 5.97 (+0.23) while that on the

hydrogen atom decreases from 1.00 to 0.90 (+0.10). Thus, the total charge on the S-H species

is +0.33 and can be represented as S61+H62+where 61+=+0.23 and 62+=+0.10. The sulfur

atom $39 is only slightly affected (+0.04) by the binding of hydrogen in close vicinity. No other

sulfur atoms are affected by the binding of hydrogen to a basal plane sulfur atom. In this case

electrons are transferred from the S-H species to the opposite side of the (MoS2)19 cluster. Edge

molybdenum atoms and basal plane molybdenum atoms residing on or close to edge 1 are

reduced by transfer of electrons upon hydrogen adsorption.

When hydrogen is bound to a sulfur atom at site I (1-coordinate edge $42 ), the electron

density on the bound sulfur atom ($42) and the hydrogen atom is decreased. The electron
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densityon thesulfuratom decreasesfrom 7.30to6.46(+0.84)whilethaton thehydrogenatom

decreasesfrom 1.00to0.87(+0.13).Thus, thetotal'chargeon theS-H speciesis+0.97 and can

be representedas S6_+H62+where 61+-+0.84 and 62+-+0.13. No other sulfuratoms are

affectedby the bindingof hydrogen to thisedge sulfuratom. In thiscase electronsare

transferredfrom the S-H speciesto the oppositeside of the (MOS2)19 cluster. Edge

molybdenum atoms and basalplane molybdenum atoms residingon or closeto edge I are

reducedby transferofelectronsupon hydrogenadsorption.

When hydrogen is bound to a sulfuratom at siteU (l-coordinateedge $54).the

electrondensityon the bound sulfuratom ($54) and the hydrogen atom isdecreased.Tlle

electrondensityon the sulfuratom decreasesfrom 7.32 to 6.50 (+0.82)while thaton the

hydrogen atom decreasesfrom 1.00to 0.87(+0.13).Thus, thetotalchargeon theS-H species

is +0.95 and can be representedas S61+H62+where 61+-+0.82 and 62+-+0.13. No other

sulfuratoms are affectedby 'thebindingof hydrogen to thissulfuratom. In the threecases

involvingbindingofhydrogento edgesulfuratoms (sitesT, I,and U), electronsare transferred

from the S-H speciesto the oppositesideofthe (MOS2)19 cluster.Edge molybdenum atoms

and basalplanemolybdenum atoms residingon or closeto edge i are reducedby'transferof

electronsupon hydrogenadsorption.

Hydrogen adsorptiononto two--foldsulfursitessuch as sitesD, J,and K involvedthe

adsorptionofhydrogenintoa positiouintermediatebetweentwo sulfuratoms suchthata S-H-

S typebond isthe r_ult. Again forthe threesitesstudiedno attempt at optimizationof the

two S-H bond distancesby varyingthebond angle(ortheelevationofthe H above theplaneof

the sulfuratoms) was attemptedin thesestructures.In the D and K _ositions,the hydrogen

atom islocatedin the planeofthe two sulfuratoms and the resultisa linearS-H-S linkage.

The distanceofthehydrogenatom from eachsulfuratom is1.58_. Hydrogen locatedat siteJ

alsoresultsin a linearS-H-S linkagebut the two S-H bond distancesare slightlysmaller,

1.5775_. Hydrogen bound to sulfuratoms at siteK is_ located2.88 A from the two

molybdenum atoms. However,hydrogen atoms bound at sitesD and ,]are alsolocated1.82

from nearestmolybdenum atoms. Thus due to the largerMo-H distancefora hydrogenatom

bound at siteK, the bindingenthalpyof a hydrogenatom at thissite(-61.57kcal/mole)is

more negativethan atsitesD and J. Site D and J have lowerbindingenthalpiesof-42.56and

-38.95kcal/molerespectivelydue to the proximityof molybdenum atoms to hydrogen atoms

residingon thesesites.

The leaststablesiteforhydrogen bindingwas found to be siteA. Hydrogen in this

position is ' ' in a " _,,,,_ the hydrogen is located at, the center of an_ ooun,a 3-foldsulfursltesuch *_'
z
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equilateraltriangleformed by the threebasalplanesulfuratoms. Hydrogen locatedat siteA

resultsin threeequalS-H bond distancesof1.82_ and threeequalMo-H bond distancesof2.41

._. Destabilizationof thissiteresultsfrom the proximityof the threesulfuratoms and three

molybdenum atoms toa hydrogenatom bound atthissite.

B.1.4 Hydrogen Adsorption o_nn(MoS2_ 19 (_lusters Terminating at (1011_ Edges.

The (MOS2)19 cluster terminating at (1011) edges is shown in Figure B-6. The exposed

edges of this cluster consist of 3-coordinate, 4-coordinate and 5-coordinate Mo as well as 1-
o

coordinate and 2-coordinate S. Calculation of the energies of formation, AUf, of tile two

(MOS2)19 clusters terminating at the (1010) and (10il) edges gives the following values: -431.85

and -434.97 kcal/mole, respectively. Thus, the cluster terminating at (1011) edges is more

stable than the cluster terminating at (1010) edges by 3.12 kcal/mole. The stability of clusters

terminating at (1011) edges over (10i0) edges is consistent with previous results on 1-D

(MOS2) 5 systems terminating at the same edges. These results are presented in Section 5.3.2.

The results of this study show that termination of the 1-D (MOS2) 5 structure at (1011) edges is

more stable by 11.5 kcal/mole than termination at (1010) edges.

At this point, only six hydrogen adsorption sites, E, I, W, X, Y, and Z were studied on

the (MoS2)19 cluster terminating at (10il) edges. These sites are shown in Figure B-7. Site E

again involves hydrogen binding to a 4-coordinate exposed Mo atom. The Mo-H distance is 1.7

but at this position, the hydrogen is located 2.41 _ away from two sulfur atoms. Site I

involves binding of a hydrogen atom from the side to an exposed 1--coordinate sulfur atom at a
,%

distance of 1.35 _. The binding enthalpies of sites E and I on the (1011) cluster are -83.50 and

-91.77 kcal/mole respectively. Site I on the (1051) structure is similar to site I on the (1010)

structure but the binding enthalpies still differ and are -91.77 and -96.84 kcal/mole respectively.

Site E on the (10il) structure is not equivalent to site E on the (1010) structure due to the

different termination planes. In the (101O) structure, the exposed Mo atom is 2-coordinate

whereas in the (1011) structure the exposed Mo atom is 4-coordinate. Comparison can be made

between sites S and V on the (1010) structure and site E on the (1011) structure. Hydrogen

binding at sites S and V resulted in binding enthalpies of-118.77 and -115.37 kcal/mole

respectively. Thus, site E on the (10]1) structure possesses a much lower binding enthalpy than

sites S and V on the (1070) structure. The destabilization of site E on the (1071) structure with

respect to sites S and V can be attributed to the smaller S-H distances and the overall

"screening" of the molybdenum site by four sulfur ligands that is present on occupation of site

E. Occupation of site E on the (1071) cluster places the hydrogen atom close to two adjacent
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FigureB-0 Representationof the(MOS2)19 clusterterminatingat (10TI)edges.
White Circles--,\loand BlackTexturedCircles--S.
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Figure13-7 The two hydrogenadsorptionsites.E and [.studiedon the(MoSo)l.q
clusterterminatingat (1011)edges. White Circles=Mo.Black
Circles=Hand BlackTexturedCircles=S.
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sulfuratoms whilesitesS and V on the(1010)clusterpositionthehydrogenfarfrom thenearest

sulfuratoms.

SitesW and X both involvebindingof hydrogento a 5-coordinateedge molybdenum

atom (Mo9) at a distanceof 1.7 /_. SiteW involvesbindingof a hydrogen atom to the

molybdenum from the top placingthehydrogenatom 1.83/_away from two 3-coordinatesulfur

atoms. SiteX involvesbindingofa hydrogen atom from thesideplacingthe hydrogenatom

1.58_ from a l-coordinateedgesulfuratom. SitesY and Z both involvebindingofhydrogen

to a 3-coordinateedge molybdenum atom (Mo14) at a distanceof 1.7_. Both sitesinvolve

bindingof the hydrogenatom from the sidebut siteZ placesthehydrogen atom 2.82/_away

from one sulfuratom whereassiteY involvesplacingthe hydrogenatom 2.95_ away from the

nearestsulfuratom. Hydrogen bindingenthalpiesforsitesW, X, Y, and Z arethefollowing:-

39.74,-45.52,-117.97,and -106.70kcal/molerespectively.Thus, bindingof hydrogen to 3-

coordinateedge molybdenum sitesismore stablethan 5-coordinateedge molybdenum atoms.

Between the two (MOS2)19 clustersterminatingin(1010)and (1011)edges,bindingofhydrogen

to molybdenum atoms rangingin coordinationfrom 2 to 6 has been studied. A qualitative.

comparisonofthesebindingenthalpiescan be made. Bindingenthalpiesof hydrogento 2-,3-,

4-, 5-. and 6-coordinate molybdenum atoms are the following: -126.12 (Site E, (1010)), -

117.97 (Site Y, (1011)), -83.50 (Site E, (10]1)), -45.52 (Site X, (1011)) and -27.03 (Site B,

(10]'0)). Tile most stable molybdenum hydrogen binding sites appear to be 2-, 3-, and 4-

coordinate edge molybdenum atoms. In general, as the number of sulfur ligands attached to the

molybdenum atom increases, the stability of hydrogen binding enthalpy decreases. Binding

enthalpies for hydrogen adsorption on 1-D (MOS2) 5 structures terminating at (10ii) edges

(discussed in Section 5.5) result in more negative binding enthalpies for 4-coordinate

molybdenum atoms (-83.84 kcal/mole) than for 5-coordinate molybdenum atoms (-37.26

kcal/mole) in agreement with the results on the (MOS2)19 cluster terminating at (1011) edges.

The studyof hydrogenadsorptionon (MOS2)19 clustersterminatingat (I011)edgesis

incomplete. A study of hydrogen adsorptionon the more stable(10ii)clusterwillnot be

completeunlessbindingenthalpiesof hydrogenadsorptionsitesparallelingthosestudiedon the

(I010)clusterare calculated.For instance,an interestingcomparisonwould be between the

bindingenthalpyof hydrogen at siteC on the (1050)and (1011)clusters.The sulfuratom

exposedto hydrogenatsiteC isfullycoordinatedand islocatedfarfrom the terminatededges.

Thus, thissulfuratom can be consideredas representativeof basalplanesulfuratoms. The

expectation is that occupation of site C should result in similar binding enthalpies on the two

structures.
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B.I.5 Hvdroeen Adsorptio_non (MOS2.}.14Clusters.

The (MOS2)14 clusterterminatingat (10i0)edges was used to examine hydrogen

adsorptionat varioussitesin the van der Waals gap between the (MOS2)7 layers. The

(MOS2)14 structureas wellas fiveofthesevenhydrogenadsorptionsitesareshown inFigureB-

8. Hydrogen adsorptionsitesare labeledalphabeticallyand includesitesA, B, C, and E in

which hydrogen residesin the middle of the van der Waals gap at differentlocationsand

environments. SiteD on the (MOS2)14 clusterissimilarto siteE on the (MOS2)19 cluster

terminatingat (1070)edges. SiteF on the (MOS2)14 clusteris similarto siteC on the

(MOS2)19 clusterinvolvingbindingof hydrogento a basalplanesulfuratom. SiteG issimilar

to SiteF in thathydrogenisbound to a basalplanesulfuratom but withinthe van der Waals

gap. The bindingenthalpiesaregivenindecreasingstabilityinTable B-6.

_B-6

Binding enthalpies of hydrogen on (MoS2)1_ t clusters terminating at
(10T0) edges. This structure consists of two (MOS2) 7 clusters
separated by the van der Waals gap.

__ Site k_AH_._--_le) Description Bond

1 D -124.10 2-coordinate edge Mo Mo-H

2 F -101.96 3-coordinate basal S S-II

3 G -92.88 3-coordinate basal S S-II

within van der Waals gap

4 C -76.59 l-coordinateedgeS S-H--Mo

5 B -71.92 3-coordinateS S-II--Mo

6 A -43.06 3-coordinateS S-H

7 E -14.36 l-coordinateS S-H-S

Site A is arranged such that hydrogen resides in the middle of the van der Waals gap

1.75/_ from a 3-coordinate sulfur in the first (MOS2) 7 cluster and 2.18/_ from two 1-coordinate

sulfur atoms in the second (MOS2) 7 cluster. A hydrogen atom at site B is located 1.50 _ from a

1-coordinate sulfur atom in the first (MOS2) 7 cluster, 2.36 /_ from a 1--coordinate and two 3-

coordinate sulfur atoms and 3.08 ._ from a molybdenum in the second (MOS2) 7 cluster. A

hydrogen atom residing at site C is located 3.08 /_, from a 2-coordinate molybdenum atom in

the first (MOS2) 7 cluster and 1.50/_ from a 1-coordinate S atom in the second (MOS2) 7 cluster.

A hydrogen atom residing at site D is located 1.7/_ from a 2-coordinate molybdenum atom in

the first (MOS2) 7 cluster. As mentioned previously, this site is similar to site E in the (MoS2)19
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A D

Figure B-8 Representation of the (MoSo.)14 clusterterminating at (1070) edges

and thefivehydrogensitesstudied.Thisstructureconsistsoftwo

(MOS2)7 clustersseparatedby'thevanderWaals gap. a)(MOS.2)14
viewedfromthetop(paralleltothe_"axis)b)(MoS2)I4viewedfrom
theside.
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cluster terminating at (10]'0) edges. A hydrogen atom residing at site E in the (MoS2)14 cluster

is located 2.23 ._ from two 1-coordinate sulfur atoms in the second (MOS2) 7 cluster and 2.88 A

and 3.46 A from two 3--coordinate sulfur atoms and two 2-coordinate molybdenum atoms in the

first (MOS2) 7 cluster respectively. A hydrogen atom residing at site F is located 1.35 ._ from a

3-coordinate basal plane sulfur atom in the first (MOS2)7 cluster. Site F in the (MOS2)14

cluster is similar to site C in the (MOS2)19 cluster. A hydrogen atom residing at site G is

located 1.35 A from a basal plane sulfur atom and resides between the two (MOS2)7 clusters,

within the van der Waals gap. Thus, a hydrogen atom bound to site G is also located 2.46 A

from three 3--coordinate basal plane sulfur atoms residing on the second (MOS2) 7 cluster.

Hydrogen atoms located at site D on the (MOS2)14 cluster have a binding enthalpy of-

124.10 kcal/mole. Since hydrogen adsorption on the (MOS2) 7 cluster was not studied, this

binding enthalpy will be compared to occupation of a similar site, site E, on the (MOS2)19

cluster. This value is very close to the binding enthalpy, -126.12 kcal/mole, of hydrogen

residing at site E on the (MOS2)19 cluster terminating at (1010) edges. Thus, the use of one

MoS2 layer to model edge and basal plane hydrogen binding sites in the (MOS2)19 studies is

justified by this result. Addition of Van der Waals interactions should not change the energy

ordering of the hydrogen binding sites in the (MOS2)19 clusters.

In the (MOS2)14 cluster sites' F and G result in binding enthalpies of -101.96 and -92.88

kcal/mole respectively. These sites are similar to site C on the (MOS2)19 cluster_ terminating at

(1010) edges where hydrogen is bound from the top (z-direction) to a basal plane sulfur atom

with a S-H distance of 1.35 _. Occupation of site C in the (MOS2)19 cluster results in a binding

enthalpy of-106.05 kcal/mole. Thus, site F on the (MOS2)14 cluster has a similar although

slightly more positive binding enthalpy than site C on the (MOS2)19 cluster. The

destabilization of site F can be attributed to the smaller cluster size of the (MOS2) 7 layer

compared to the (MOS2)19 layer. In the (MOS2)19 cluster, the central sulfur atom is surrounded

by a greater number of MoS 2 units and is located farther from the terminated edges resulting in

larger amount of bulk-like character when compared to the central sulfur atom of the (MOS2) 7

cluster. Occupation of site G on the (MOS2)14 cluster results in binding of hydrogen to a basal

plane sulfur atom and places the hydrogen between the two (MOS2) 7 layers within the van der

Waals gap. Thus, destabilization of site G compared to site F is due to the interactions of

hydrogen with sulfurs across the van der Waals gap located at a S-H distance of 2.46 _.

In the (MOS2)14 cluster sites C and B result in similar hydrogen binding enthalpies of-

76.59 and -71.92 kcal/mole respectively. These sites are similar to sites C, M, and L on the

(MOS2)19 cluster terminating at (1010) edges where hydrogen is bound from the top (z-
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direction) to basal plane and edge plane sulfur atoms with a S-H bond distance of 1.35 ._.

Occupation of sites C, M, and L results in binding enthalpies of-106.05, -102.16, and -98.30

kcal/mole respectively. Thus, the sites C, M, and L on the (MOS2)19 cluster are more stable

than sites C and B on the (MoS2)ld cluster. Destabilization of sites C and B on the (MOS2)14

cluster may be due to the increased S-H distance of 1.5 ._ that results from placing the hydrogen

in the middle of the van der Waals gap. As mentioned previously, the energy of the hydrogen

containing clusters was not minimized with respect to the S-H distance and in most cases a

constant S-H bond distance of 1.35 ._ was used. However for the (MOS2)19 cluster terminating

at (1010) edges, the binding enthalpy of position C (hydrogen a_isorbed on top of a basal plane

sulfur atom) was calculated at S-H distances greater than 1.35 ._. These results are shown in

Table B-7. In general as the S-H bond distance increased, the binding enthalpy also became

less negative indicating a destabilization of the site. Thus, part of the destabilization of sites C

and B on the (MOS2)1, t structure can be attributed to the increased S-H bond distance of these

sites. Sulfur atoms located 2.36 ._ away from hydrogen atoms at sites C and B may also affect

the binding enthalpy of these sites.

Binding enthalpiesof hydrogen residingat siteC on the (MoS9)19
clusterterminatingat (1010)edgesasa functionoftheS-H distance.

_..THDistance_ BindingEnthalr_vAHf tkcal_, • _l.nOje J

1.35 -106.05
1.425 -98.84
1.5 -91.31

Sites A and E are the least stable hydrogen sites on the (MOS2)14 cluster. Part of the

destabilization may again be due to the large S-H distances. These sites can be compared to the

2-fold (K, D, ,]) and 3-fold (A) hydrogen sites on the (MoS2)19 cluster terminating at (1010)

edges. These sites have the least stable binding enthalpy on the (MoS2)19 cluster and a similar

situation occurs for sites A and E on the (MoS2)14 cluster.

B.1.6 Hydrogen .Avvroaches to M_..M_0_2]I9 (_lusters

In experiments studying hydrogen adsorption, hydrogen molecules not hydrogen atoms

approach the polycrystalline MoS 2 surface. The molecule is either heterolytically or

homolytically dissociated to produce either S-H and Mo--H or two S-H surface species. Since

the previous theoretical study involving hydrogen atom adsorption on a (MOS2)19 cluster
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indicatedthatadsorptionof hydrogen onto 2- and 4-coordinateedge molybdenum atoms was

thermodynamicallyfavored,thisstudy focuseson approachesof hydrogen for heterolytic

cleavage.Again,no attempt was made to minimizetheclusterenergywith respecttothe S-H

and Mo-H bond distances.S-H and Mo-H bond distancesof1.35._and 1.7A were usedinthis

study.The threefinalbindingstatesofhydrogenmoleculeareshown inFigureB-9 a,b,and c.

Approach O (FigureB-9a) isthe finalstatethatwould resultfrom heterolyticcleavageof a

hydrogen moleculethatapproached from the top (H-H bond parallelto the basalplaneand

approachingperpendicularto the basalplaneinthe z-direction).Approach P (Figure:B-gb) is

the finalstatethat would resultfrom heterolyticcleavageof a hydrogen molecule that

approachededge I with itsH-H bond parallelto the bond between the exposedmolybdenum

atom and a sulfuratom. Approach R (FigureB-9c) isthe finalstatethatwould resultfrom

heterolyticcleavageofa hydrogenmoleculethatapproachedtheedge from theside(H-H bond

and approachparallelto thebasalplane).

The binding enthalpiesof hydrogen _ and moleculesto the (MOS2)19 cluster

terminatingat (10i0)edgesresultingfrom the threedifferentapproachesindicatedabove are

shown inTable B-8. Approach O resultsina finalstatethathas hydrogenatoms positionedat

Bindingenthalpiesof hydrogenatoms and moleculesto the (MOS9)19
clusterterminatingat (10i0)edgesresultingfrom ApproachesO, I5,

and S (discussedbelow).

Enthalpy, A I-I'lkcal _•
_ _ _n_o|_/'

Auuroach _ (2H(g)) Molecules_ji2Lg_
O -177.30 -73.10
P -192.88 -88.68

R -105.07 -+-0.87

S -193.49 -89.29

sitesM and N on the (MOS2)19 cluster.The previousstudy of individualhydrogen atom

adsorptiononto the (MOS2)19 clusterat sitesM and N resultsin bindingenthalpiesof-102.16

and -63.96kcal/molerespectively.Assuming no changeinthe adsorptioncharacteristicsofthe

clusterupon hydrogen adsorption,an overallbindingenthalpyof-166.12kcal/moleisobtained

from the additionofM and N bindingenthalpies.This valuecompares wellto the valueof-

177.30kcal/molefound forApproach O. The most stablefinalstateresultsfrom hydrogen

approachingby Approach P. This approach resultsin a hydrogen atom bonded to a fully

coordinatedsulfuratom from thesideand toa hydrogenatom bonded toa 2-coordinate

B-298



0 Approach of H2

FigureB-9a Schematicrepresentationofthefinalstateresultingfrom heterolytic

cleavageof a hydrogenmoleculeincoming by Approach O towarda

(MOS2)19 clusterterminatingat(10]'0)edges.
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P Approach of H2

Figure B-9b Schematic representation of tile final state resulting from heterolytic
cleavage of a hydrogen molecule incoming by Approach P toward a

(MOS2)19 cluster terminating at (10]'0) edges.
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R Approach of H2

Figure B-gc Schematic representation of the final state resulting from heterolytic
cleavageofa hydrogenmoleculeincomingby ApproachR towarda

(MOS,2.)I9 clusterterminatingat(10i0)edges.
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molybdenum atom from the side. The molybdenum site resulting from Approach P is the same

as site E on the (MOS2)19 cluster terminating at (10i0) edges. Site E was found to be the most

stable site on the (MOS2)19 cluster terminating at (10i0) edges. Approaches O and R both

result in occupation of the less thermodynamically stable molybdenum site N. Thus Approach

P is more stable due to the stability of the final occupied molybdenum site. The sulfur site

occupied by Approaches P and R does not have an analogous site in the previous hydrogen atom

study. However, this site should not be as stable as the sulfur site (M) occupied by Approach O

since a hydrogen atom in this site is positioned 1.78 _ from an adjacent molybdenum atom.

Thus heterolytic cleavage of a hydrogen molecule by Approach R results in occupation of the

less thermodynamically favorable molybdenum and sulfur sites.

Homolytic cleavage of hydrogen on 1--coordinate sulfur atoms residing on the second

edge of the (MOS2)19 cluster terminating at (10i0) edges was also studied. Coordination of the

second edge is shown in Figure B-3. The local geometry of the li2-(MoS2)19 cluster resulting

from homolytic cleavage of hydrogen on this edge (referred to as Approach S) is shown in Figure

B-10a. Approach S (Figure B-10a) is the final state that would result from homolytic cleavage

of a hydrogen molecule that approached Edge 2 with its H-II bond parallel to the (1010) plane

and perpendicular to the basal plane. This approach results in hydrogen atom and molecule

binding enthalpies of-193.49 and -89.29 kcal/mole respectively. The binding enthalpy of

homolytic Approach S is slightly more negative than that of heterolytic Approach P. However

due to the semiempirical nature of the calculations, both Approaches P and S are equally

feasible.

A second homolytic hydrogen approach (Approach A) to Edge 2 is shown in Figure B-

10b. In this study, the distance of the hydrogen molecule from the two edge sulfur atoms was

varied so that a decrease in the S-li distance was accompanied by a corresponding increase in

the H-II bond distance. Binding enthalpies along with S-II and li-H bond distanc_ are shown

in Table B-9.

From this study it is evident that changes in the S-H bond distance dramatically effect

the hydrogen binding enthalpies. Previous calculations of hydrogen atom adsorption on the

(MOS2)19 surface used a constant S-li bond distance of 1.35 _. From Table B-9, the S-II bond

distance that minimizes the hydrogen binding enthalpy is 0.78 _. The binding enthalpy

resulting from a S-H bond distance of 1.35 _ when approximated from the binding enthalpies

given above is ca. 180-185 kcal/mole (rough approximation assuming a linear relationship

between the R-'I.0 and the R-1.5 ._ points). When this homolytic binding enthalpy is

compared to those resulting from heterolytic cleavage of hydrogen due to Approaches O, P and
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Table B-_2

Binding enthalpies and corresponding S-B and H-H bond distances
obtained from homolytic cleavage of a hydrogen molecule on two 1-

coordinate sulfur atoms residing on the second edge of the (MOS2)19
cluster terminating at (10i0) edges•

_, (_) dH-s (Ml _H-H (_k) _ (m__o._)kcal

3.0 3.13 1.34 -107.47

2.0 2.09 1.95 -69.99

1.5 1.57 2.25 -155.83

1.0 1.04 2.55 -243.82

0.75 0.78 2.70 -260.69

0.50 0.52 2.85 -247.37

R., heterolytic cleavage of hydrogen on edge 1 is still favored by Approach P. A parallel study

of hydrogen approaches to (MOS2)19 clusters terminating at (1011) edges was not carried out.

B.I.7 Hydrogen Adsorptior_ on M.Mq_ Molecule

Hydrogen adsorption on an MoS 2 molecule possessing the solid state geometry of

crystalline MoS 2 was also studied to parallel the study of hydrogen adsorption on (MOS2)19 -

clusters. The geometry of the MoS 2 molecule and attached hydrogens is shown in Table B-10.

The hydrogen labeled H(1) is attached to the molybdenum atom from the side with a Mo--H

bond distance of 1.7 A while hydrogens labeled H(2) and H(3) are attached to the sulfur atoms

from the side with a S-H bond distance of 1.35 A. The following three hydrogen adsorbed

systems were studied and are shown in Figure B-11: H(1)-MoS 2, MoS2-H(2 ), and MoS 2-

H(2)H(3). The binding enthaipies of the hydrogen adsorbed systems are shown in Table B-11.

Cartesiancoordinatesof the MoS 2 moleculeand attachedhydrogens.
Hydrogen labeledH(1) isattachedtothe molybdenum atom from the

sidewhilethe hydrogenslabeledH(2) and H(3) are attachedto the

sulfuratoms S(I)and S(2)from theside.

Atom x Z z
Mo 0. 0. 0.

S(1) 0. 1.824427 1.5775

S(2) 0. 1.824427 -1.5775

H(1) o. -1.7 o.
H(2) 0. 3.174427 1.5775

H(3) 0. 3.174427 -1.5775
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Figure B-II Arrangement of the atom5 in the following hydrogen adsorbed MoS._
systems: a) H(1)-MoS,_, b) MoSo-H(2). and c) MoSo-H(2)H(3).
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Table
Binding enthalpies of hydrogen adsorbed on an MoS 2 molecule. H(1)
indicates hydrogen attached to Mo, H(2) indicates hydrogen attached
to S(1) and H(3) indicates hydrogen attached to S(2).

A U°/kcal
System _ _m--j_j

1) H(1)-MoS 2 -122.79

2) MoS2-H(2 ) -90.36

3) MoS2-H(2)H(3) -180.18

The bindingenthalpiesof the H(1)-MoS 2 and MoS2-H(2) systemscan be compared to

the hydrogen bindingenthalpieson sitesE and Iofthe (MOS2)19 clusterterminatingat (1010)

edges. The bindingenthalpiesof hydrogenon siteE and inthe H(1)-MoS 2 system are-1o6.12

and -122.79kcal/molerespectively.The bindingenthalpiesof hydrogen on siteI and in the

MoS2-H(2 ) system are-96.84and -90.36kcal/molerespectively.Hydrogen bindingenthalpies

found forthe MoS 2 moleculeand edgesulfurand molybdenum atoms of the (MOS2)19 cluster

compare weil.Thus, the MoS 2 moleculecan be usedto approximatethebehaviorofsome edge

atoms of the (MOS2)19 clusterspecifically,l-coordinatesulfuratoms and 2-coordinate

molybdenum atoms. The thirdsystem studied,MoS2-H(2)H(3), approximatesthe structure

resultingfrom homopolar splittingof a hydrogen molecule by sulfuratoms. The binding

enthalpyof thissystem can be compared to the bindingenthalpiesof the structuresresulting

from heterolyticsplittingof a hydrogen moleculeby Approaches O, P, and B,. The binding

enthalpyof hydrogenatoms on the MoS2-H(2)H(3)systemis-180.18kcal/mole.ApproachesO

and R on the (MOS2)19 system have lessnegativebindingenthalpies(-177.30and -105.07

kcal/molerespectively)than the MoS2-H(2)I'I(3)system. However, Approach P resultsin a

strongerbindingenthalpyof-192.88kcal/mole. From this.study,a preliminaryconclusionon

the mechanism of hydrogen splittingwould be thatheterolyticsplitting_ofhydrogenon (1010)

edges of MoS 2 isfavoredover homolyticsplittingof hydrogen on the same edges when the

hydrogen approacheswith itsH-H bond parallelto the (10i0)plane. However, othersystems

terminatingin differentedge planes,such as (I011),may producedifferentresults.Thus,

further calculations must be carried out before a more general conclusion of heterolytic vs.

homolytic cleavage of hydrogen on MoS 2 is reached.

B.I.8 _ Aooroachestothe MoS 2 Molecule.

Sincethe previousstudy involvedhydrogen atom adsorptiononto an isolatedmolecule
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of MOS2, thisstudy focuseson approachesof hydrogenforheterolyticand homolyticcleavage.

The followingsix differenthydrogen approaches or paths were studiedand are shown

schematicallyin FigureB-12: a) Path A, b) Path B, c) Path C, d) Path D, e)Path E, and f)

Path F. Paths A, E, and F resultin homolyticcleavageof the hydrogen moleculeon the two

sulfuratoms. Paths B, C, and D resultin heterolyticcleavageof the hydrogen moleculeon a

molybdenum and a sulfuratom. In allcasesthehydrogenmoleculeisinitiallypositionedat Ro

4.0 A away from the atoms of interestin the_"direction.Paths A and B are similarin that

when the hydrogenmoleculeismoved closerto theatoms ofinterest,a decreasedS-IIor Mo-H

distanceisaccompaniedby an increasedH-H distance.Paths C, D, E,and F aresimilarinthat

when the hydrogenmoleculeismoved closertothe atoms ofinterest,a decreasedS-H or Mo-H

distanceisnot accompaniedby an increasedH-H distance.The H-H distanceiskeptconstant

in thesecaseswitha valueof 0.74A forPathsC and E and witha valueof 0.05A forPaths D

and F.

The relativeenergiesof the systems resultingfrom the paths discussedabove were

calculatedfordifferentvaluesofR. In eachcasethe valueof R was decreasedfrom itsinitial

value of 4.0 /_ to a finalvalueof 0.5 A or 0.0. The relativeenergyor bindingenergyof

hydrogen moleculeto the MoS 2 molecule(shown in equationB-7) was calculatedfrom the

individualextended Hfickelenergiesof the components. The energyof the MOS,) molecule,

EMoS2 was calculated to be -267.36 eV and was obtained from an extended Hfickel calculation

of the molecule in the geometry of the particular path under study. The energy of tile H,)

molecule,EH2. was calculatedto be -35.13eV when the H-H separationwas 0.74_. IllTable

B-12 areshown the S-IIand H-II bond distancesas wellas the relativeenergy,Erel,foreach

valueof R forPath A. Table B-13 shows the S-II,Mo-ii,and H-H bond distancesas wellas

therelativeenergyforeach valueof R inPath B. TablesB-14, B-15, B-16,and B-17 show S-

H and relativeenergiesforPathsC, D, E, and F respectively.

H2(g)+ MoS2(s) ---,H2MoS2(s ) AU'or Erel= EH2MoS3 -- (EMoS3 + EII21B-7)

The relativeenergiesofPath A fortheMoS 2,(MOS2)19 and NbS 2 systemsareplotted

vs.R in FigureB-13. The approach ofhydrogen by Path A to allthreesystemsissimilaras

can be seenfrom the trendsin relativeenergy.One promisingresultisthe parallelbehaviorof

the MoS 2 and (MOS2)19 systems.Thus, the MoS 2 moleculemay be usedto model the behavior

of the (MOS2)19 clusterforhomolyticcleavageof hydrogen. However, one disturbingresult

comes from thepositionoftherelativeenergyminimum inallthreeplots.The relativeenergy
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Figure B-12 Schematic representation of the sLx different hydrogen paths for the
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Y,a IJ3
S-H and H-H bond distances as well as the relative energy, Ere I, for
each value of R for the homoiytic approach of a hydrogen molecule to

MoS 2 by Path A, Figure B-12a.

4.00 4.18 0.74
3.50 1.665 3.66 1.04
3.00 3.3235 3.13 1.34
2.50 4.427 2.61 1.65
2.00 4.8427 2.09 1.95
1.75 3.9729 1.83 2.10
1.50 1.8964 1.57 2.25

1.25 -0.2219 1.31 2.40
1.00 -1.9057 1.04 2.55
0.75 -2.6615 0.78 2.70

0.50 -2.0920 0.52 2.85

S-H, Mo-H and H-H bond distances as well as the relative energy,

Erel, for each value of R for the heterolytic approach of a hydrogen
molecule to MoS 2 by Path B, Figure B-12b.

Mo-H,

4.00 0.0015 4.09 0.74
3.50 1.1468 3.58 0.95
3.00 2.372 3.06 1.16
2.50 3.5943 2.55 1.37

2.00 3.1778 2.04 1.58

1.75 1.7426 1.79 1.68

1.50 0.1062 1.53 1.78

1.25 -1.4233 1.28 1.89
1.00 -2.2082 1.02 1.99

" 0.75 -2.2083 0.77 2.10
0.50 -1.0141 0.51 2.20
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S-H and Mo-H bond distances as well as the relative energy, E e ' forrl
each value of R for the heterolytic approach of a hydrogen molecule to
MoS_ by Path C, Figure B-12c. Path C retains a constant H-H
distance of 0.74 ._.

Mo-H4.00 4.09
3.00 0.06 3.11
2.50 0.32 2.64
2.00 1.18 2.17
1.75 1.87 1.94

1.50 2.47 1.72

1.25 2.74 1.50

1.00 2.88 1.30

0.75 3.26 1.12

0.50 4.16 0.97

0.25 5.48 0.87

0.00 5.85 0.84

_B-IS
S-H and Mo--H bond distances as well as the relative energy, Ere l, for
each value of R for the heterolytic approach of a hydrogen molecule to
MOS,) by Path D, Figure B-12d. Path D retains a constant H-H
distanceof0.05/_..

4.00 .. 4.17

3.00 -2.20 3.22

2.50 -1.98 2.76

2.00 -I.15 2.32

1.75 -0.24 '2..11

1.50 1.08 1.91

1.25 2.62 1.72

1.00 3.92 1.55

0.75 4.79 1.40

0.50 5.26 1.28

0.25 5.40 1.21

0.00 5.51 1.18
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ZoJ -ltv.tl
S-H bond distances as well as the relative energy, Er,_i, for each value
of R for the homolytic approach of a hydrogen mol_ule to lVioSoby
Path E, Figure B-12e. Path E retains a constant H-H distance of
0.74A.

4.00 4.18 ,
3.00 0.04 3.23
2.50 0.19 2.78
2.00 0.76 2.34
1.75 1.38 2.13
1.50 2.28 1.93
1.25 3.04 1.74
1.00 3.10 1.57
0.75 2.91 1.42
0.50 2.92 1.31
0.25 3.11 1.23
0.00 3.53 1.21

TableB-IT
S-H bonddistancesaswellastherelativeenergy,EreI,foreachvalue
ofR forthehomolyticapproachofa hydrogenmoleculetoMoSo by
PathF,FigureB-12f.PathF retainsa constantH-H distanceof_}.05
A.

__e,_5L__ S-H _._4.00 ... 4.29
3.00 -2.22 3.38
2.50 -2.07 2.94
2.00 -1.48 2.53
1.75 -0,81 2.34
1.50 0.25 2.16
1.25 1.72 1.99
1.00 3.31 1.85
0.75 4.54 1.72
0.50 5.42 1.63
0.25 5.94 1.57
0.00 6.19 1.55
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Figure B-13 Relative energies of homolytic hydrogen dissociation via Path A for
the MoSo, (MoSo)l.q and NBS,>svstems plotted vs. R. Tile geometry
of Path A " -" "is shown In Figure l_-12a.
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minimum occurs at a value of 11equal to 0.75 _ and corresponds to a S-H bond distance of 0.78

/_ for both the MoS 2 and (MOS2)19 systems. A S-H bond distance of 1.35 ,_ was used for the

majority of hydrogen calculations carried out prior to this study. From Table B-12, a S-H

bond distance of 1.35 ,_ would correspond to a relative energy less negative than -0.22 eV.

The relative energies of Paths A and B are plotted vs. R for the MOS,) system in Figure

B-14. Notice that the relative energy minimum for Path B is located between values of R equal

to 0.75 ,_ and 1.00 _ corresponding to Mo--H (and S-H) bond distances of 0.77 ,_and 1.02 ,_

respectively. Thus, extended Hfickel theory again predicts that the most stable Mo--H and S-H

bond distances are much lower than the previously used values of 1.7 ,_ and 1.35 _. The

difference between the lowest relative energies for Paths A and B is 0.45 eV such that Path A

has the more negative energy. Homolytic cleavage of H2 by MOS2, Path A, is thus favored over

heterolytic cleavage of H2 by MoS2, Path B, by 0.45 eV ( -_ 10 kcal/mole).

The relative energies of Paths A, E, and F for the MoS 2 system are plotted vs. R in

Figure B-15. Of the three homolytic Paths A, E, and F, Path A results in the most negative

relative energy and thus is the most favorable path for hydrogen adsorption. Path E, with a

constant H-H bond distance of 0.74 ,_, has a relative energy equal to zero at R--4.0 ._. Thus, at

this distance the H_ and MOS,>molecules act as isolated species. As the value of 11 is decreased
u

from 4.0 ,_, to 0.0 ._. along Path E, the relative energy becomes more positive until a value of

+3.53. eV is reached at 0.0 ._. Thus, adsorption of hydrogen while retaining a constant H-H

bond distance of 0.74 ,_ along Path E is not thermodynamically feasible. Path F, with a

constant H-H bond distance of 0.05 /_, has a relative energy equal to -2.2,5 eV at R--4.0 _. As

the value of 11 is decreased from 4.0 ,_, to 0.0 _ along Path F, the relative energy becomes more

positive until a value of +6.19 eV is reached at 0.0 _. Thus, adsorption of hydrogen via Path F

(as calculated in Extended Hfickel theory) is only feasible When the hydrogen molecule (retaining

a H-H bond distance of 0.0,5 ,_) is located far from the MoS 2 at a distance of 4.0 _. The

negative relative energy at R-4.0 ,_ for Path F can be traced to the stability of a hydrogen

molecule retaining a H-H bond of 0.05 ,_ in extended Hfickel calculations. Extended Hfickel

theory incorrectly predicts an energy minimum at a H-H bond distance of 0.05 /_ for H,> and

not at the experimentally correct H-H bond distance of 0.74 /_. The difference between the

energy of a hydrogen molecule with bond distances of 0.05 ,_ and 0.74 ,_ is ~ -2.3 eV close to

the stabilization of Path F at 11=4.0 ,_,.

The relative energies of Paths ]3, C, and D for the MoS 2 system are plotted vs. R in

Figure B-16. Of the three heterolytic Paths B, C, and D, Path B results in the most negative

relative energy. Path C, with a constant H-H bond distance of 0.74 ._, has a relative energy
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FigureB-14 Relativeenergiesof Paths A and B areplottedvs. R forthe MoSo

system. The geometriesofhomolyticPath A and heterolyticPath

areshown inFiguresB-12a and B-12b.
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Figure B-15 Relative energies for the homolytic Paths A. E. and F plotted vs. B.
fortheMoSo system.GeometriesofPathsA. E,and F areshownin
FiguresB-l'_a,B-12e.andB-12f.
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Figure B-16 Relative energies for the heterolytic Paths B, C, and D plotted vs. R
for the MOS,) system. Geometries of Paths B, C, and D are shown in
Figures B-l_b, B-12c, and B-12d.
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equalto zeroat R-4.0 _. Thus, at thisdistancethe H2 and MoS 2 moleculesact as isolated

species.As the valueofR isdecreasedfrom 4.0/_to 0.0 /_alongPath C, the relativeenergy

becomes more positiveuntila valueof +5.85 eV isreachedat 0.0 /_. Thus, adsorptionof

hydrogen while retaininga constantH-H bond distanceof 0.74 /_ along Path C is not

thermodynamicallyfeasible.Path D, with a constantH-H bond distanceof 0.05 A, has a

relativeenergyequalto-2.25eV at R=4.0/_. As thevalueofR isdecreasedfrom 4.0/_ to0.0

/_alongPath D, the relativeenergybecomes more positiveuntila valueof+5.41 eV isreached

at0.0_. Thus, adsorptionofhydrogenviaPath D isonlyfeasiblewhen the hydrogenmolecule

(retaininga H-H bond distanceof 0.05_) islocatedfarfrom the MOS,) ata distanceof4.0_,.
J.

The negativerelativeenergyat R=4.0 _ forPath D can againbe tracedto the stabilityof a

hydrogenmoleculeretaininga H-H bond of 0.05_ inextendedHfickelcalculations.The cause

ofthenegativerelativeenergiesforPath F aredue tothe differencebetweentheenergyofa H,)w

moleculehavinga H-H bond distanceof0.05A and one havinga H-H bond distanceof0.74_.

The resultsof thisstudy indicatethat homolyticcleavageof a hydrogen moleculeis

slightlyfavoredover heterolyticcleavage(_ 10 kcal/mole)on MoS 2 molecules. Homolytic

cleavageon both MoS 2 and (MOS2)19 clustersfollowsa similarpath. However, homolytic

cleavage on the (MOS2)19 clusters is favored over that on the MoS 2 molecule by +0.66 eV

( ~ 15 kcal/mole).

B.2 Niobium Disulfide Cluster Calculations

Electronic structure calculations of niobium disulfide clusters (NBS2) x were also carried

out using the extended Hfickel method described previously in Section 3.1. Ionization potentials

Hii, orbital exponents ¢:i and orbital coefficients c i for the Nb 5s, Nb5p, Nb4d and S3s. S3p

valence orbitals were taken from the work of Hughbanks and Hoffmann (Reference 41) and are

given in Table 1 (Section 3.2).

B.2.1 _ PrismaticNb__ n- (_lusters.

The electronicstructureof the trigonalprismaticNbS6n- clusterwas studiedfirstby

varyingthe negativecharge n on the cluster.Geometric parametersfor the atoms of the

NbS6n- cluster:aregivenin Table B-18. Parametersforthisclusterare takenfrom the solid

stategeometry of crystalline2H-NbS 2. In thisgeometry,thesymmetry ofthe NbS6 n- trigonal

prismisD3h. The angle,0,existingbetweentheC3 axisand theNb-S bonds is52.127°.

°
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T.a_B-18

Cartesian coordinates of the atoms in an NbS{i n- trigonal prism. The
coordinates are obtained from the solid state lattice parameters (a, b,

c, u) of crystalline 2H-NbS 2. Units are in A.

Atom x v_. z
Nb 0. 0. 0.

S1 1.655 -0.955515 1.48625
S2 1.655 -0.955515 -1.48625

S3 -1.655 -0.955515 1.48625
S4 -1.655 -0.955515 -I .48625
S5 O. 1.911029 1.48625
S6 O. 1.911029 -1.48625

The energy leveldiagram for the NbS6n- clusterissimilarto the diagram for the

MoS6n- clusterFigureB-I. Due tothetrigonalprismaticenvironmentimposed by the6 sulfur

ligandsthe Nb 4d orbitalsaresplitinthe followingorder: dz2< dx2_y2,dxy< dffix,dyz. When

thechargeon the NbS6 n- clusteris8-,the25th levelisonlyhalfoccupiedby one electronand

isthehighestoccupiedmolecularorbital(HOMO). Levels26 and 27 arethe doublydegenerate

lowestunoccupiedmolecularorbitals(LUMOs) ofthecluster.

Molecularorbital#25 has an energyof-10.17 eV and consistsprimarilyof Nb4dz2

character(-0.9404)and S3p charactersuchthatthesixMo-S bonds areantibonding.Molecular

orbitals#26 and _27 are degenerateand have an energyof-9.58eV. Molecularorbital#26

consistsprimarilyof Nb4dx2_y2 (0.8753)and some S3p characterwhile MO #27 consists

primarilyofNb4dxy (-0.8753)and some S3p character.The dx2_y2 (#26) and dxy (#27) levels

areseparatedfrom thedz2 (#25) by 0.59eV: Molecularorbitals#28 and #29 are degenerate

with an energyof -3.90eV. Molecularorbital#28 consistsprimarilyof Nb4dzx (-0.9583),S3s

and S3p characterwhileMO #29 consistsprimarilyof Nb4dyz (0.9583),S3s,and S3p character.

The dzx (#28) and dyz (#29) levelsareseparatedfrom the dxy (#27) and dx2_y2 (#26) levels

by 5.68eV. The largesplittingofthe Nb4dyz and Nb4dzx levelsinNbS6n- clusterswould seem

to precludemixing of thesed levelswith the other d levels.However, the dx2_y2 and dxy

degeneratelevelsare separatedfrom the dz2 levelby only 0.59eV in the NbS6n- clusterand

mixing of theselevelscould occurin certainsystems. For instancein the 2-D NbS 2 system

discussedin Section5.7,the highestoccupiedband consistsofcontributionsfrom the Nb4dz2,

4dxy, and 4dx2_y 2 orbitals in the following order: 4dz2> 4dxy> 4dx2_y 2. The lowest unoccupied

crystal band consists of contributions from the same three Nb4d orbitals in the following order:

4dx2_y2> 4dz2 __ 4dxy. The next lowest unoccupied band consists of contributions from only

the Nb4dyz and Nb 4dzx orbitals.Thus in 2-D NbS 2 systems,tlledx2_y2 and dxy levelsmix
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with the dz2 level but these levels are still well separated from the dzx and dyz levels.

The gross electron population on the central niobium atom was studied as a function of

the charge on the NbS6 n- cluster. The gross electron populations on the niobium atom and the

sulfur ligands for each charge are tabulated in Table B-19. As the cluster charge is increased

Tabl._....seB-19

Gross electron populations of the central niobium atom and the sulfur

ligands in the NbS6 n- cluster as a function of the cluster charge n.
Also shown ar the total number of electrons and the level of the

highest occupied molecular orbital (HOMO) for each charge.

n 0 2 4 _
Total # e- 41 43 45 47 49

HOMO 20.5 21.5 22.5 23.5 24.5

Nb Gross e- 4.98 5.00 5.03 5.06 5.82

Population
S Grosse- 6.00 6.33 6.66 6.99 7.20

Population

from 0 to-6,the niobiumgrosselectronpopulationincreasedslowlyfrom 4.98to5.06(~ 0.02-

0.03per eachadditionof 2 e-) however thesulfurgrosselectronpopulationincreasedfrom 6.00

to 6.99(,,-0.33pereachadditionof 2e-).However,when theclusterchargewas increasedfrom

-6 to-8, theniobium grosselectronpopulationincreasedfrom 5.06to 5.82. At thesame time,

the sulfurgrosselectronpopulationincreasedfrom 6.99to7.20(-,-0.20fortheadditionof2e--).

The reasonforthischangeisapparentwhen the orbitalcharacterofmolecularorbitals21 to25

isexamined. Molecularorbitals21,22,23,and 24 primarilyconsistofcontributionsfrom the 6

sulfurligand3p atomicorbitals.Thus, occupationoftheselevelsby electronsdoesnot change

the overallniobium electronpopulationsmuch but does increasethe overallsulfurelectron

population. However, molecularorbital25 consistsof mainly niobium 4dz2 with small

contributionsfrom the S3p atomic orbitals.When the chargeisincreasedfrom -6 to -8, the

firstelectronisplacedinthe 24th leveland thesecondisplacedin the25th level.Additionof

the firstelectronincreasesthe sulfurgrosselectronpopulationwhileadditionof the second

electronincreasestheniobium grosselectronpopulation.

A secondstudyinvolvedchangingtheangle(_)betweentheC3 axisand theNb--Sbond

in the trigonalprismaticNBS68- clusterwhileallowingthe Nb-S bond distanceto remain

constantat 2.421 ,_..In crystalline2H-NbS,),thisanglehas a valueof 52.127°. Extended

Hfickelenergiesand Nb grosselectronpopulationswere calculatedas a functionof thisangle
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where the angle was varied from 10° to 80" in increments of 10". The results of this study are

in Table B-20. As indicated in Table B-20, the NbS68- cluster energy and Nb grosstabulated

electron population decrease on changing the angle from 10° to 50°. As the angle is increased

from 50° to 80°, the cluster energy and Nb gross electron population again increase. A similar

situation is seen in MOS68- clusters Section B.1.1. The minimum energy is obtained for 0=50 o,

close to the solid state angle of 52.127". Thus, extended Hfickel theory correctly predicts the

of the NBS68- trigonal prism. The trends in the extended Hfickel energy and Nbgeometry gross

electron population is similar for both the NBS68- and MOS68- trigonal prisms. A more in

depth description of the trends is given in Section B.I.1.

Tabl_.._e

Extended Hiickel energies and Nb and S gross electron populations as

a function of the angle (0) between the C 3 axis and Nb-S bond in
NBS68-.

0 E(EHT/. eV N.._.be- roy S e..:
10 -434.08 17.71 5.22
20 -669.83 13.57 5.90
30 -717.15 10.41 6.43
40 -736.35 7.21 6.96
50 -746.79 5.82 7.20
60 -737.40 9.43 6.60
70 -730.27 10.21 6.46

80 -590.87 13.85 5.86

B.2.2 Stoichiometri_;/.IN_.b_2.).x Clusters.

The stability of (NBS2) x clusters was studied as a function of the number of NbS 2 units

or cluster size x. The energy and gross electron populations of the central niobium and sulfur

atoms were followed as a function of x. Geometry parameters (a_ b, c, u) were obtained from

the solid state structure of crystalline NbS 2 and are discussed in Section 3.5.2. Figure B-17

shows the geometry of the largest cluster calculated, (NbS2)19 terminating at (1010) edges.

This structure is similar to the (MoS2)19 structure terminating at (1010) edges (shown in Figure

B-3) except that the bond distances and atom separations are different. Table 8-21 lists the

structures studied as well as the energy/NbS 2 unit and the Nb and S gross electron populations.

As the cluster size increases from 1 to 19, the energy of formation per NBS,) unit

decreases indicating stabilization of the larger clusters. The energy of formation of an infinite

cluster with no edges, 2-D NbSo, is -533.37 kcal/mole. Thus, 2-D NbSo is energetically the

most stable structure calculated. The addition of interactions across _he van der Waals gap was
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Edge 2 Edge 1
1-coordinate S 2-coordinate Nb

Figure B-lT Top view of the (NbS,_)19 cluster terminating at (10T0)edges. The
edges of this cluster c'ontain 2--coordinate Nb, 4-coordinate Nb. 1-
coordinate S and 2-coordinate S. White Textured Circles=Nb and
Black Textured Circles=S.
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T_bleB-21

Energy and gross electron populations for bulk Nb and S atoms of

(NBS2) x cluster as a function of the cluster size x.

Gross Electron Populations:
Cluster x Descrivtion _ ,kcaJ,_m-_o_J _b-0101 s-0101
NbS 2 , 1 1 layer -322.78 4.04 6.48

(NBS2) 7 7 1 layer -451.04 5.18 5.82

(NBS2)16 16 1 layer -475.99 5.06 5.74

(NBS2)19 19 1 layer -485.77 5.14 5.77

2-D NbS 2 oo No edges -533.37 5.43 5.79

(NBS2)14 14 2 layersof -449.89 5.19 5.76

(NBS2) 7

studied in the (NBS2)14 cluster. This cluster consists of two (NBS2) 7 layers separated by the

van der Waals spacing 2.9725 ._.. Addition of interactions across the van der Waals gap

destabilizes the (NbS2)14 cluster by 1.15 kcal/mole when compared to the (NBS2) 7 cluster

containing no van der Waals gap. This result is similar to the destabilization of the (MOS2)14

cluster by .3_44 kcal/mole when compared to the (MOS2)7 cluster (presented in Section B.1.2).

Destabilization of the NbS 2 cluster is less than that of the corresponding MoS 2 cluster. This

result reflects the difference of TS 2 layer stacking iii the c direction between NbS 2 and MoS 2. In

MoSo, stacking of S-Mo-S layers in tile c direction positions sulfur atoms beneath and above

molybdenum atoms in adjacent layers. In NBS2, stacking of S-Nb-S layers in the c direction

positions niobium atoms beneath and above niobium atoms in adjacent layers. The closest Mo-

S distance across the van der Waals gap is 4.57 A while the closest Nb--S distance across the gap

is 4.85 _. Increased Nb--S distances across the van der Waals gap in NbS 2 systems decrease the

destabilizing effect of the antibonding interactions between the cluster orbitals across the gap in

extended Hiickel calculations. The destabilizing effect upon the addition of interactions across

the van der Waals gap arises due to the neglect of electron correlation which would result in the

inclusion of attractive van der Waals forces. Extended H/ickel theory does not treat correlation

and thusneglectsto calculatethestabilityofstructurescontainingvan der Waals gaps relative

tostructureswithno van derWaals gap.

B.2.3 Hydrogen Adsorvtionon L_b_2,).19Clusters_,_ at (1010)Edges,

Extended H_ckel calculationswere carriedout on (NBS2)19 clustersterminatingat

(1010)edgeswithhydrogen atoms placedat variousbasaland edgeplaneNb and S sites.The
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18 hydrogen sites studied previously on the (MOS2)19 (Figure B-5) cluster were again studied on

the (NBS2)19 cluster. No attempt was made at minimization of the H-(NbS2)19 energy with

respect to the Nb-H and S-H bond distances. The Nb-H and S-H bond distances used were 1.7

._ and 1.35 ._ respectively.

The results of the hydrogen adsorption calculations are shown in Table B-22. The

binding enthalpy was calculated as discussed in Appendix A.4. The sites are tabulated in order

of increasing binding enthalpy and a description of the hydrogen adsorption site is given

including the type of bond resulting from placement of hydrogen at each site and the original

coordination of the closest atom. The descriptors side and top in the column labeled Bond in

Table B-22 describe the direction of the bonded hydrogen. On the (NBS2)19 basal plane, the

Nb and S atoms are fully coordinated and hydrogen atoms are most likely to approach the

surface from the top in the +z direction, perpendicular to the basal plane. On the cluster edges,

the atoms are not fully coordinated and the descriptor defines the approach of hydrogen as

opposite that of the coordinated atoms.

Theoretical hydrogen adsorption on (NBS2)19 clusters containing exposed 2-coordinate

Nb, 4-coordinate Nb, 1-coordinate S and 2--coordinate S shows that the most

thermodynamically favorable sites for hydrogen to adsorb are on basal plane sulfur atoms

(specifically site C) located far from the edges (bulk sulfur atoms). This result is very different

from the previous calculations on (MoS2)19 clusters terminating at (1010) edges. Ill these

clusters, the most favorable site for hydrogen adsorption was on 2-coordinate edge molybdenum

atoms with hydrogen bound to the side opposite the coordinated sulfur ligands (specifically site

E). The main reason for this change in adsorption behavior is due to the stabilization of

hydrogen bonded to sulfur sites producing S-H bonds relative to hydrogen bonded to niobium

sites producing Nb-H sites. For example, consider site E (Mo-H and Nb-H) in the (MOS2)19

and (NBS2)19 clusters with binding enthalpies of-126.12 and -121.59 kcal/mole, respectively.

Site E is destabilized by -,--4.53 eV on changing the transition metal from Mo to Nb. Next,

consider site C (S-H) in the (MOS2)19 and (NbS2)19 clusters with binding enthalpies of-106.05

and -125.97 kcal/mole respectively. Site C is stabilized by ~ 19.92 kcal/mole on changing the

transition metal from Mo to Nb. In the (NBS2)19 cluster, sites C, M, L, T, I, and U, or sites

containing S-H type linkages, are stabilized by ,-- 20 kcal/mole. Sites E, H, F, and G, or sites

containing Nb--H type linkages, are destabilized by ~ 1-5 kcal/mole. Thus, the adsorption

behavior of (NBS2)19 clusters favors both edge niobium and sulfur sites as well as basal plane

sulfur sites.
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Binding enthalpies of hydrogen atoms on the (NbS2)19 cluster
terminating at the (10i0) edge. Hydrogen sites are labeled
alphabetically and the position of each site on the cluster is shown in
Figure B-5. The description gives the Nb or S atom number and
coordination prior to hydrogen bonding. The bond gives the bond
typeand directionofthebonded hydrogen.

I C -125.97 3-coordinatebasal$20 S-H top

2 H -122.02 2--coordinateedgeNb 8 Nb-H side

3 L -121.69 1-coordinateedge$42 S-H top

4 E -121.59 2-coordinateedgeNbl6 Nb-H side

5 I -121.53 1-coordinateedge$42 S-H side

6 M -120.19 3--coordinatebasal$50 S-H top

7 U -119.04 1-coordinateedge$54 S-IIside

8 S -117.94 4_oordinate edge Nb15 Nb-H side

9 T -117.46 2--coordinateedge$38 S-H side

10 G -116.71 2-coordinateedgeNb8,16 Nb--H-Nb side

11 V -116.32 4-coordinateedgeNbl4 Nb-H side

12 F -116.16 2-coordinateedgeNbl6 Nb-H side

13 K -81.38 1-coordinate edge $40,42 S-H-S

14 N -76.70 2--coordinateedgeNbi6 Nb-H top

15 J -53.22 l-coordinateedge$42,43 S-H-S

16 D -52.51 3-coordinate basal $20,22 S-H-S

17 B -44.45 6-coordinatebasalNb I Nb--H top

18 A -25.86 3-coordinatebasalS20,22,243-foldS site
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When hydrogen is bound to a sulfur atom at site C (3-coordinate basal $20 ) in the

(NBS2)19 cluster, the electron density on the bound sulfur atom ($20) and the hydrogen atom is

decreased. The electron density on the sulfur atom decreases from 5.77 to 5.03 (+0.74) while

that on the hydrogen atom decreases from 1.00 to 0.91 (+0.09). Thus, the total charge on the

S-H species is +0.83 and can be represented as S61+H62+where 51+=+0.74 and 62+=+0.09.

The only other sulfur atom .affected by the binding of a hydrogen atom to a basal plane sulfur

atom at site C is sulfur $21, located on the opposite side of the cluster 3.155 _ from $20. The

electron density of this sulfur atom also decreases from 5.77 to 5.70 (+0.07). Electron densities

of the three niobium atoms attached to the hydrogen adsorbed sulfur atom ($20) Nb 1, Nb 4, and

Nb5 are increased from 5.14 to 5.22 (-0.08), 4.87 to 4.95 (-0.08) and 4.87 to 4.95 (-0.08). The

fully coordinated niobium atoms, Nb 3 and Nb 6, also experience an increase in electron density

from 5.06 to 5.17 (-0.11). Edge 4--coordinate niobium atoms, Nb9, Nb14, Nbl6, and NblT also

experience an increase in electron density by -0.05. Thus, electron density is transferred from

the S-H species to bulk niobium atoms close to the $-H site. The edge consisting of exposed 2-

coordinate niobium atoms is not affected by adsorption of hydrogen to site C.

When hydrogen is bound to a niobium atom at site H (2-coordinate edge Nb8), the

electron density on the hydrogen atom is increased from 1.00 to 1.31 (-0.31). The electron

density on the bound niobium atom (Nb8) is increased from 5.68 to 6.04 (-0.36). Thus, the

total charge on the Nb-H species is -0.67 and can be represented as N _b-_-H 62- where 61-= -

0.36 and 62-=-0.31. Tile extra electron density on the Nb--H species is transferred from bulk

niobium atoms (Nbl, Nb 3, Nb 4, Nb 5, and Nb6) and 4--coordinate edge niobium atoms (Nb 9,

Nb16, Nb17 ). Thus, electron density is transferred from bulk and edge niobium atoms to the

NI_-H species.

When hydrogen is bound to a niobium atom at site E (2--coordinate edge Nb16 ), the

electron density on the hydrogen atom is increased from 1.00 to 1.31 (-0.31). The electron

density on the bound niobium atom (Nb16) is increased from 5.34 to 5.73 (-0.39). Thus, the

total charge on the Nb-H species is -0.70 and can be represented as Nb-_---H 62- where 61-= -

0.39 and 52----0.31. The extra electron density on the Nb--H species is transferred from bulk

niobium atoms (Nb 1, Nb 3, Nb4, Nbs, and Nb6) and 4--coordinate edge niobium atoms (Nb 9,

Nbl4, Nbls, Nb17 ). Thus, electron density is transferred from bulk and edge niobium atoms to

the Nl_-H species.

When hydrogen is bound to a sulfur atom at site I (1-coordinate edge $42) in the

(NBS2)19 cluster, the electron density on the bound sulfur atom ($42) and the hydrogen atom is

decreased. The electron density on the sulfur atom decreases from 6.59 to 5.81 (+0.78) while
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that on the hydrogen atom decreases from 1.00 to 0.87 (+0.13). Thus, the total charge on the

S-H species is +0.91 and can be represented as S61+H62+where 61+=+0.78 and 62+-+0.13.

The only other sulfur atom affected by the binding of a hydrogen atom to an edge sulfur atom

at site I is sulfur $43, located on the opposite side of the cluster 3.155 _ from $42. The electron

density of this sulfur atom also decreases from 6.59 to 6.47 (+0.12). Electron densities of the

bulk niobium atoms Nb 1, Nb 3, Nb4, Nb 5, and Nb 6 increase by -0.06, -0.10, -0.06, -0.06, and -

0.10 electrons respectively. The four 4--coordinate niobium atoms Nb9, Nbl4, Nb15, and Nb17

also increase in electron density by -0.06 electrons. Thus, again electron density is transferred

from the S-H species to bulk niobium atoms and 4-coordinate edge niobium atoms.

In generalwhen hydrogenadsorbsonto a sulfuratom residingin the (NBS2)19 cluster,

electronsare transferredfrom the positivelychargedS-H speciesto 4-coordinateedge niobium

and bulk niobium atoms. When a hydrogen atom adsorbsonto a niobium atom illthe

(NBS2)19 cluster,electronsare transferredto the negativelycharged Nb-H speciesfrom d-

coordinateedge niobium and bulkniobium atoms. In eithercasetheexcesschargeimposed by

the Nb--H or S-H speciesisdistributedmore uniformlyover bulk and 4-coordinateniobium

atoms. In generalwhen hydrogenadsorbsonto a sulfuratom residingin the (MOS2)19 cluster, "

electronsare transferredfrom the positivelychargesS-IIspeciesto theedgecontainingexposed

2-coordinatemolybdenum atoms (Edge I).

B.2.4 Hvdrogen AdsorDtioqon NL_b.._2_19ClustersTerminatingat (10illEdges.

The (NBS2)19 clusterterminatingat (1011)edges issimilarto the (MOS2)19 cluster

shown in FigureB-6. Exposed edgesconsist3-coordinateNb, 4-coordinateNb, 5-coordinate

Nb, l-coordinateS and 2--coordinateS. Energiesof formationof the two (NBS2)19 clusters

terminatingat (1050)and (1051)edgesareas follows:-485.76and -496.65kcal/mole. Thus,

the clusterterminatingat (1011)edgesismore stablethan the clusterterminatingat (10i"0)

edgesby 10.89kcal/mole.A stabilizationof3.12kcal/molewas foundinthe(MOS2)19 system.

Two hydrogen adsorptionsites,E and I, were studiedon the (NBS2)19 cluster

terminatingat (1071)edges. These sitesare shown in FigureB-7. SiteE again involves

hydrogen bindingto a 4-coordinateedgeNb atom. SiteI involvesbindingofa hydrogenatom

from the sideto an exposed l-coordinatesulfuratom. The bindingenthalpiesofsitesE and I

on the (I011)clusterare -82.94and -113.76kcal/molerespectively.Sitel issimilaron both

the (1010)and the (10ii)structuresand thus the bindingenthalpieshave not too different

values-121.53 and -113.76 kcal/molerespectively.SiteE on the (1051)structureis not

equivalenttositeE on the+(1010)structuredue to thedifferentcoordinationof theniobium (4-
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coordinate in the former and 2-coordinate in the latter). Comparison can be made between sites

S and V on the (10]'0) structure and site E on the (I0]_i) structure. Hydrogen binding at sites S

and V resulted in binding enthalpies of-117.94 and -116.32 kcal/mole respectively. Thus, site

E on the (10]'1) structure possesses a much more negative binding enthalpy than sites S and V.

Destabilization of site E on the (I011) structure can be attributed to the smaller S-H distances

present on occupation of site E. Occupation of site E on the (10il) cluster places the hydrogen

atom close to two adjacent sulfur atoms while sites S and V on the (I0]'0) cluster position the

hydrogen far from the nearest sulfur atoms.

B.2.5 HvdrgCen A._ on NbS 2 Molecule

Hydrogen adsorption on an NbS 2 molecule possessing the geometry of crystalline NbS 2

was also studied to parallel tile study of hydrogen adsorption on (NBS2)19 clusters. This study

is similar to the MoS 2 molecule study discussed in Section B.l.7. The following throe hydrogen

adsorbed systems were studied and are shown for the MoS 2 molecule in Figure B-10: H(1)-

NbS 2 and NbS2-H(2 ). The binding enthalpies of the hydrogen adsorbed systems are shown in

Table B-23.

y,.a__8-23

Binding enthalpies of hydrogen adsorbed on an NbSo molecule. H(1)
indicates hydrogen attached to Nb and H(2) indicates hydrogen
attached to S(1).

System A _', kcal,

1) H(1)-NbSo -121.07
w

2) NbS,_-H(2) -120.74
q.,

The binding enthalpies of the H(1)-NbS 2 and NbS2-H(2 ) systems can be compared to

the hydrogen binding enthalpies on sites E and I of the (NBS2)19 cluster terminating at (10]'0)

edges. The binding enthalpies of hydrogen on site E and in the H(1)-NbS 2 system are -121.59

and -121.07 kcal/mole respectively. The binding enthalpies of hydrogen on site I and in the

MoS2-H(2 ) system are -121.53 and -120.74 kcal/mole respectively. Hydrogen binding

enthalpies found for the NbS 2 molecule and edge sulfur and niobium atoms of the (NBS2)19

cluster compare weil. Thus, the NbS 2 molecule can be used to approximate the behavior of

certain edge atom sites of the (NbS2)19 cluster specifically, 1-coordinate sulfur atoms and 2-

coordinate niobium atoms.
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B.2.6 Hvdrogevt_ tothe NbS 2

Sincethe previousstudy involvedhydrogenatom adsorptiononto an isolatedmolecule

of NbS,_,thisstudy focuseson approachesof hydrogenforheterolyticand homolyticcleavage.

The followingtwo differenthydrogen approaches or paths were studiedand are shown

schematicallyforMoS 2 in FigureB-12: a) Path A and b) Path B. In the caseof NbS 2 the

parameterse and d shown in FigureB-12 have valuesof 1.4862_ and 2.42_ respectively.

Path A resultsin hornolyticcleavageofthe hydrogenmoleculeby two sulfuratoms whilePath

B resultsin heterolyticcleavageofthe hydrogenmoleculeon a molybdenum and a sulfuratom.

In both casesthe hydrogenmoleculeisinitiallypositionedat Ro 4.0_,away from theatoms of

interestin the _"direction.Paths A and B are similarin thatwhen the hydrogen moleculeis

moved closerto the atoms ofinterest,a decreasedS-H or Nb--H distanceisaccompaniedby an

increasedH-H distance.

The relativeenergiesof the systems resultingfrom the paths discussedabove were

calculatedfordifferentvaluesof R. In each casethevalueof R was decreasedfrom itsinitial

valueof 4.0 _ to a finalvalueof 0.5 _t. The relativeenergyor bindingenergyof hydrogen

moleculeto the NbS 2 molecule(shown in equationB-2) was calcv!atedfrom the individual

extended H_ickelenergiesof the components. The energyof the NbS 2 molecule,ENbS2 was

calculatedto be -260.90eV and was obtainedfrom an extendedH_ckelcalculationofthe NbS 2

moleculein thegeometry of the particularpath under study. The energyof the H2 molecule,

EH2, was calculatedto be -35.13eV when theH-H separationwas 0.74/_. In Table B-24 are

shown the S-H aaldH-H bond distancesas wellas the relativeenergy,Erel,foreachvalueofR

forPath A. Table B-25 shows theS-H, Mo-H, and H-H bond distancesas wellas therelative

energyforeach valueofR inPath B.

H2(g) + NbS2(s) -- H2NbS2(s) AU'or Erel= EH2NbS2 -- (ENbS2 + EH:2)(B-I)

The relativeenergyofhomolyticPath A forthe NbS 2 systemisplottedvs.R inFigure

B-13. The approach of hydrogen by Path A to the sulfursof NbS 2 resultsin a minimum

relativeenergyof -4.63eV at R--0.75/_correspondingtoa S-H bond distanceof0.78/_. This

resultis consistentwith the positionof the previousminimum found for the MOS,) and
m

(MOS2)19 systems. Thus, extendedHfickelpredictsthatthe most stableS-H bond distancein

transitionmetal disulfidesis0.78_. The bindingenergyof hydrogen by homolyticPath A is

more negativeby 1.97 eV (,_45.4 kcal/rnole)on NbS 2 than on MoS 2. Thus, homolytic

cleavageofhydrogenseems rnbrelikelyon NbS2 thanon MoS 2.
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Tabl

S-H and H-H i_ond distances as well as the relative energy, E e' for
f rleach ,value of R .or the homolytic approach of a hydrogen molecule to

NbS 2 b:_ Pa:_ A, shown for MoS 2 in Figure B-12a.

400 0002 074
3.50 1.5365 3.63 1.02
3.00 3.0816 3.11 1.30
2.50 4.0922 2.60 1.58
2.00 3.9384 2.08 1.86
1.75 2.2744 1.82 2.00
1.50 -0.0208 1.56 2.14
1.25 -2.2087 1.30 2.27

1.00 -3.8725 1.04 2.41

0.75 -4.6297 0.78 2.55

0.50 -4.0604 0.52 2.69

Table B-'25
S-H, Nb-H and H-H bond distancesas wellas the relativeenergy,

Erel,for each valueof R for the heterolytic_.pproachof a hydrogen

moleculetoNbS 2 by Path B, shown forMoS 2 inFigureB-12b.

Ere I _ S-I-I _.). H--I-I_,_
4.00 0.0027 4.09 0.74

3.50 1.1584 3.58 0.95

3.00 2.4061 3.07 1.16

2.50 3.6321 2.55 1.37

2.00 2.5124 2.04 1.58
1.75 0.9666 1.79 1.69

1.50 -0.6523 1.53 1.79
1.25 -2.0214 1.28 1.90

1.00 -2.8286 1.02 2.00

0.75 -2.7280 0.77 2.lI
0.50 -1.4002 0.51 2.21
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The relative energies of Paths A and B are plotted vs. tt for the NbS 2 system in Figure

B-18. Notice that the relative energy minimum for Path B is located between values of R equal

to 0.75 ,_ and 1.00 ._ corresponding to Nb-H (and S-H) bond distances of 0.77 _ and 1.02 ,_

respectively. Thus, extended Hiickel theory again predicts that the most stable Nb-H and S-H

bond distances are much lower than the previously used values of 1.7 _, and 1.35 /_. The

difference between the lowest relative energies for Paths A and B is 1.80 eV such that Path A

has the more negative energy. Homolytic cleavage of H2 by NBS2, Path A, is thus favored over

heterolytic cleavage of H2 by NbS 2, Path B, by 1.80 eV (~ 41.5 kcal/mole). Homolytic

cleavage of H2 by MoS T Path A, is also favored over heterolytic cleavage of H2 by MoS T Path

B, by 0.45 eV ( _- 10 kcai/mole). Thus, both MoS2 and NbS 2 studies favor homolytic cleavage

of H2 over heterolytic cleavage of H2.

B.3 Ruthenium Disulfide Cluster Calculations.

Calculations of the electronic structure of stoichiometric (KuS2)18 clusters have been

carried out using the extended Hfickel method described previously in Section 3.1. Ionization

potentials Hii , orbital exponents _i and orbital coefficients c i for the Ru5s, Ru5p, Ru4d and S3s,

S3p valence orbitals were taken from the work of Hughbanks and Hoffmann (Reference 37) and

are given in Table 1.

B.3.1 _toichiometric (RuS2_18 _lusters.

Stoichiometric (RUS2)18 clusters were studied to obtain the energy of formation.

Parameters for this cluster were taken from the solid state geometry of crystalline KuS 2

described previously in Section 3.6. Calculated and experimental enthalpies of formation per

TS 2 unit for each of the transition metal disulfide clusters studied are tabulated in Table B-26.

Experimental and theoretical enthalpies of formation do not compare weil. However, trends in

the stability of the transition metal disulfide species are similar. Theoretical and experimental

enthaipies predict the following stability order: NBS2> MOS2> RuS T

Tabl___._e

Theoretical and experimental enthalpies of formation per TS2unit for
the following clusters: (MoS2)19 , (NbS2)19 and (RuS2)18. Units are
in kcal/mole.

a

C!u,ster Theoretical AI'If Experi!nental AHf
(N hS9 )19 -487.55 -391.57
(M°S2)I9 -433.63 -356.37

: (RuS2)18 -331.84 -336.07
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Figure B-18 Relative energies of Paths A and B are plotted vs. R for the NbSo

system. The geometries of homolytic Path A and heterolytic Path
are shown in Figures B-i2a and B-12b.
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