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The morphology of monolayer quantities of molybdenum oxide and sulfide phases supported on
thin films of nonporous alumina was studied by X-ray photoelectron spectroscopy and conven-
tional and scanning transmission electron microscopy. Following oxidation at 770 K, a strong
oxide—support interaction was observed, resulting in a highly dispersed molybdenum phase for
loadings below ca. 5 Mo atoms nm~2, The molybdenum oxide—support interaction was broken by
sulfiding in H,S/H, at ca. 770 K, with the formation of faceted single crystallites of MoS,. The MoS,
crystallites were present as hexagonally shaped slabs with one truncated edge and they were
bonded with their high-energy edge planes to the alumina surface. The edge planes contacting the
gas phase were the (1010) set of planes, while the truncated edge bonded to the surface of alumina
was the (2110) plane. After 910 K sulfidation, the particles became larger, and many were oriented
with their basal planes parallel to the support. Reoxidation at 770 K redispersed the crystallites due
to spreading of molybdenum oxide over alumina. These results can be explained by the formation
of Mo-0-Al linkages during oxidation and the breaking of these linkages during sulfiding. As these
linkages that anchor the MoS, crystallites to the support are broken, the Mo$, basal planes become
oriented at angles close to 90° to the support surface. Upon more extensive sulfidation, the MoS,
crystallites became oriented with their basal planes parallel to the support when the Mo-O-Al

linkages at the edge plane are finally broken.

INTRODUCTION

Considerable effort has been directed to-
ward characterizing the Mo-oxide and Mo-
sulfide/y-Al,O; catalyst system because of
its use in reactions such as hydrogenation
(1), hydrodesulfurization (2-5), methana-
tion (6), and water—gas shift (7). The activ-
ity of this system has been observed to be
sensitive to the preparation conditions (8),
and both the oxide and the sulfide forms of
the catalyst have been thought to consist
of highly dispersed molybdenum species
bonded tightly to alumina (3). In the oxide
form of the catalyst, a molybdenum oxide
monolayer structure has been proposed to
exist for low molybdenum loadings (9, 10),
that has been undetectable from the alu-
mina support in electron microscopy stud-
ies (11). Conversion to the sulfide form
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results in the formation of MoS; crystallites
at sulfiding temperatures in excess of 670 K
(12), and sintering occurs at higher temper-
atures (13).

For hydrodesulfurization (HDS) (14, 15)
and hydrogenation (/5), coordinately un-
saturated molybdenum cations on the MoS;
crystal edges are believed to be the active
sites. . In studies that involved cobalt-pro-
moted Mo/Al,O; catalysts, a Type II struc-
ture was formed at high sulfiding tempera-
tures that had a higher specific HDS
activity than a Type I structure that was
formed at low sulfiding temperatures (76,
17). The difference in activity between the
two structures was believed to be depen-
dent on the MoS, structural interaction
with the support. In addition, the MoS,
morphology itself may be important in de-
termining catalytic activity, because corner
and edge plane sites along MoS, edges are
believed to differ in catalytic activity (8,
18).
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In this work, the microstructure of Mo-
oxide/y-Al,O; and Mo-sulfide/y-Al,O; thin
film, model catalysts was studied to eluci-
date the interactions between Mo-species
and alumina. Low-surface-area model cata-
lysts, which consisted of thin polycrystal-
line films of y-Al,O; upon which molybde-
num was deposited, were chosen over
conventional catalysts of high surface area
because of the advantages in characteriza-
tion. In the oxide form of the catalyst,
the highly dispersed Mo-oxide overlayer
present on alumina was analyzed by X-ray
photoelectron spectroscopy (XPS). In par-
ticular, use of the flat film support enabled
surface compositions to be obtained by X-
ray photoelectron spectroscopy without the
complexities caused by the pore structure
associated with the conventional catalysts.
The MoS, particles arising from the sulfida-
tion treatments were imaged ex situ with
both conventional and scanning transmis-
sion electron microscopy (CTEM and
STEM). Use of thin film alumina instead of
high-surface-area alumina reduced the in-
terference from contrast features of the
support, thereby allowing detailed features
in the bright field images associated with
molybdenum. In the STEM, microchemical
analysis of individual particles was accom-
plished with energy-dispersive X-ray analy-
sis (EDX). Particle crystal structures and
the orientation of MoS, edge planes with
respect to the support were determined
with microdiffraction analysis.

EXPERIMENTAL
Specimen Preparation Methods

Model MoOs/y-Al,O; catalysts were pre-
pared that consisted of thin layers of mo-
lybdenum oxide deposited on thin (ca. 5-
nm-thick) films of y~-ALQ;, as described in
detail elsewhere (19). In short, thin alumina
support films were formed by anodization
of 0.025-mm-thick Al foils (Alfa). A nonpo-
rous amorphous Al,O; film was grown on
the foil by anodization in a 3% (w/w) aque-
ous tartaric acid electrolyte that had been
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previously adjusted to pH 7.0 with
NH,OH. To achieve regular buildup of the
film, the voltage was first increased at a
constant current density of 1 mA cm~2 until
a constant voltage was reached, and then
the current was allowed to exponentially
decay to zero at constant voltage (20-26).
The voltage has been shown to be propor-
tionally related to the thickness of the oxide
layer with a value of 1.34 nm V~+ (27).
Next, each foil was scribed on one surface
and immersed in a bromine-methanol so-
lution (Br,:MeOH:H,0, volume ratio
5:94:1) (26). The solution dissolved the
metal in small holes (ca. 1-10 um diameter)
at places where the alumina backing had
been damaged by the scribing, leaving the
remainder of the Al foil backing intact. Af-
ter washing and drying, the amorphous alu-
mina layer was partly crystallized into y-
alumina by annealing the foil at 870 K for
ca. 90 ksec in flowing oxygen.

Molybdenum oxide overlayers (MoO,
powder, Alfa, 99.998% metals purity) were
deposited onto the alumina film by vacuum
evaporation from a resistively heated, alu-
mina-covered molybdenum boat (R. D.
Mathis, ME4-AO) at ca. 107* Pa. A
calcined sample, MoOs/y-Al,O;, was
formed by oxidation of the specimen at 770
K for 70 ksec in flowing O,. A sulfided sam-
ple, MoS,/y-Al,O;, was prepared by treat-
ing the calcined catalyst at 670 or 770 K for
180 ksec in 6% H,S/H, (Matheson, used as
received). Some of these sulfided samples
were also reoxidized at 770 K for 100 ksec
in 02.

XPS Measurements

The XPS measurements were carried out
at 1077 Pa with a Physical Electronics,
Model 548, ESCA/Auger electron spec-
trometer equipped with a Mg anode, oper-
ating at 15 kV and 20 mA. High-resolution
scans (over a 20-eV range) were performed
of the Mo(3d), Al(2p), O(ls), and C(1s) re-
gions at typically 25-eV pass energy. Peak
positions were reported relative to a 74.2-
eV reference energy of Al(2p) in AL;O;. The
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high-resolution spectra were corrected for
source and machine broadening with a de-
convolution computer algorithm, based on
the van Cittert method (19, 28-34). The
ratios between the peak areas were calcu-
lated to give the experimental signal ratio,
Ivo/Ia.

The expression for the intensity ratio be-
tween elements for a sample consisting of a
uniform layer of thickness, ¢, on top of a
semi-infinite substrate (e.g., Mo and Al in
Mo0s/AlL,03) is (35)

Ivo _ Mo SMo
In na Sa —t/sin 6
l—exp————
p AE; MoGasy)
—t/sin 0 ’

exp ——————
p ME aip)

where n; is the atomic density of i in the
compound, S; is the relative atomic sensi-
tivity factor, AM(E;,) is the mean free path
for an electron with kinetic energy, E, , for
the transition, x, and 6 is the angle between
the detector and the surface of the speci-
men.

The reciprocal of the surface density for
one full monolayer of coverage should be
equal to about 0.20 nm? Mo atom™!, ob-
tained in independent experiments by other
workers (e.g., (36)). The thickness of one
monolayer should be about 0.255 nm based
on the above surface density divided by
the bulk density of MoOs;. Combining this
result with the value of the thickness, ¢, in
the previous equation leads to an approxi-
mation of the average number of mono-
layers, nyi, of MoOs covering the support:

nuvL = #/(0.255 nm).

CTEM and STEM Measurements

Studies employing CTEM were per-
formed on 3-mm specimens, punched from
the foils, using a JEOL 100B electron mi-
croscope operating at 100 kV. The STEM
measurements were made using a Vacuum
Generators HB501 microscope capable of
bright field, annular dark field (ADF), mi-
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crodiffraction, and energy-dispersive X-ray
analysis. During EDX and microdiffraction
analyses, the electron probe was focused
on the area to be analyzed and then the
sampling area was either set by the width of
the electron probe itself (ca. 1 nm) or was
set to be a 10 X 10-nm area for analyzing
particles having sizes greater than 5 nm.

For EDX analysis, energy spectra were
collected for 100 sec for the Al(K«) and
Mo(La) transitions at 1.49 and 2.29 keV,
respectively. For microdiffraction analysis,
the diffraction pattern was viewed on a flu-
orescent screen.

RESULTS
ALO; Support

X-ray photoelectron spectra of the alu-
mina blank showed O(ls) and Al(2p) peak
positions consistent with literature values
for y-Al,Os, and the O: Al intensity ratios
were also consistent with the 1.5 stoichiom-
etry of alumina. Electron micrographs re-
vealed a broken and folded alumina over-
layer attached to the thick aluminum
backing. Only the thinnest and most trans-
parent regions of the support film were
studied. Selected-area diffraction patterns
of these thin regions of alumina showed the
presence of a few characteristic spots of fcc
v-AlLO; in a ring pattern, indicating that the
support was at least partly polycrystalline
and also probably partly amorphous.

XPS Studies of MoOs/Al,O3 Samples

Model catalysts of three different Mo
loadings were prepared, as summarized in
Table 1. Values reported for the MoQO;
thicknesses should be considered only rela-
tive to each other because the calculations
assume a uniform thickness and the XPS
technique has a photoelectron depth pene-
tration greater than the thickness values
listed in the table. Two of the samples (high
and intermediate loadings) had Mo loadings
greater than 1 monolayer, and the low-load-
ing sample had less than one monolayer
loading. The three samples used in this



STRUCTURES OF MoO; AND MoS, SUPPORTED IN vy-Al,0;

369

TABLE 1

XPS Results for MoOy/ALO+/Al Samples

Specimen Specimen Peak Peak Area ratio MoO;
loading treatment position“ with Al(2p) thickness,
V) after nmL?
deconvolution
High After MoO, Mo(3dsp) 231.8 7.875 6.7
evaporation O(ls) — —
Al(2p) 74.2 1.
After Mo(3ds;) 231.8 0.7099 0.92
calcination O(ls) 530.6 8.452
Al(2p) 74.2 1.
Intermediate After Mo(3dsp) 231.7 2.167 2.5
evaporation O(ls) — —
Al(2p) 74.2 1.
Low After Mo(3dsp) 231.6 0.06222 0.088
evaporation O(1s) — —
Al(2p) 74.2 1.
After Mo(3ds) 231.5 0.1139 0.16
calcination O(ls) 530.3 7.346
AlQ2p) 74.2 1.

2 Peak positions are referenced to the Al(2p) peak position of 74.2 eV.
b Details of the calculations are included in Ref. (19).

study span MoO; loadings of 0.17 to 6.7
monolayers as compared to industrial cata-
lysts which have typical loadings of 1
monolayer.

Peak positions of Mo(3dsp) and O(ls)
photoelectrons agreed within error (taking
into account the 0.8 eV width of the Mg K«
source) to the literature values of 232.5 and
531.0 eV, respectively (19, 37, 38). The
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Fi1G. 1. Schematic of the structure of MoO; overlay-
ers in the model catalyst before and after calcination.

XPS signal ratios, Iy./1ai, for all the model
catalysts before and after calcination were
consistent with the MoOs-overlayer struc-
tures depicted in Fig. 1. Samples with load-
ings higher than one monolayer showed a
decrease in the Mo : Al ratio upon calcina-
tion; however, samples with loadings less
than one monolayer showed an increase in
the Mo: Al ratio, which indicated an in-
crease in Mo dispersion.

Electron Microscopy Studies of Mo/Al,Os
Samples

TEM studies of high-loading specimen-
calcined state. The bright field image after
calcination of the model catalyst with 6.7
monolayers MoO; showed the presence of
particles on a thin, featureless alumina sup-
port. The particle sizes were predominantly
in the 50- to 100-nm range. EDX analysis
(in STEM) showed that both the particles
and the surrounding regions of the alumina
contained Mo. The selected-area diffrac-
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tion pattern showed the characteristic ring
patterns of y-ALO; and orthorhombic
MoO;, thus identifying the particles as
MOO3.

TEM studies of intermediate-loading
specimen-calcined state. Electron micro-
graphs after calcination of the model cata-
lyst with 2.5 monolayers of MoO; showed
the presence of particles, but with a much
lower number density than was observed
for the high-loading sample. Also, the parti-
cles were surrounded by large areas that
appeared to be featureless, as the alumina
blank. The particles possessed various
sizes and shapes, ranging from 10-nm circu-
lar particles to irregularly shaped particles
with dimensions as large as 250 nm.

Selected-area diffraction patterns
showed the characteristic patterns of poly-
crystalline y-ALO; and orthorhombic
MoOs, with no evidence for Al (MoO,)s.
Energy-dispersive X-ray analysis was also
performed on particles of various sizes and
on the featureless background regions of
the model catalyst with Mo loading of 2.5
monolayers (see Table 2). Both the feature-
less background and the particles contained
significant amounts of Mo. This suggests
that Mo was present in a highly dispersed
form on alumina and as particles.

TEM studies of intermediate-loading
specimen-sulfided state. Electron micro-
graphs of the specimen with intermediate
loading (2.5 monolayers MoO;) showed
several changes in overlayer morphology
after mild sulfiding (6% H,S/H; at 670 K,
180 ksec) as compared to after calcination.
The most significant changes created by
this treatment were an increased graininess
in the ‘‘featureless”’ background due to
nanometer-sized features in the back-
ground, an increased contrast in the large
MoO; crystallites indicating that they were
beginning to break-up, and the formation of
a number of small, dark-contrast, elongated
particles (smaller than 10 nm) appearing
mostly near the larger particles that had
been identified as MoQO; in the calcined
catalyst. In all of the regions examined
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TABLE 2

Microchemical EDX Analysis of Calcined
MoOs/Al,0,/Al (Intermediate-Loading Catalyst)

Region Feature Mo(L,) Area“
Al(K,) Area
I Large particle (50-80 nm) 0.283
Small particle (15-20 nm) 0.143
Featureless background 0.111
1 15-nm particle 0.138
15-nm particle 0.123
15-nm particle 0.153
Featureless background 0.116
244 Featureless background 0.110
Featureless background 0.102
Average: Featureless background  0.110 + 0.005

@ Raw data appear in Ref. (19).

this graininess was found to be uniform
throughout the background.

This sample was further sulfided at 670 K
for 180 ksec and at 770 K for 360 ksec, and
it was examined by CTEM after each treat-
ment. In general, higher sulfiding tempera-
ture caused an increase in the number of
larger-sized, dark-contrast, elongated parti-
cles. Sulfiding at a higher temperature (770
K) resulted in a further break-up of the
large MoO; particles into a collection of
smaller elongated ones.

TEM studies of low-loading specimen-
calcined state. Unlike the previous two
specimens, which had MoO; loadings
greater than one monolayer, electron mi-
crographs of the specimen with low loading
after calcination (0.17 monolayers MoO;)
(see Fig. 2) were similar to the Al,O; blank
and did not show the presence of particles.
Figure 2 shows an essentially featureless
sample that has been broken, and partly
split in the middle, and the presence of low-
contrast, round features of 5-10 nm (or
smaller) that were uniformly distributed on
the film. These features were also present
in other regions of this specimen. Annular
dark field (ADF) imaging of another region
clearly highlighted these features from the
background. Because ADF has a higher
sensitivity to elements of high atomic num-
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FiG. 2. High magnification CTEM micrograph of MoOs/ALO+/Al with low loading after calcination:
0,, 770 K, 70 ksec.

ber (the signal is proportional to Z3?), these
features could be due to Mo species, al-
though possibly they could be crystalline
regions of y-ALO; because the ADF image
is also sensitive to these features (39). Se-
lected-area diffraction of thin regions of
these specimens gave only an amorphous
pattern with no +y-AlO;, orthorhombic
MoOQs, or Al,(MoQy); spots or rings being
observed.

TEM Studies of low-loading specimen-
sulfided state. The calcined specimen with

0.17 monolayers of MoO; was subsequently
sulfided in 6% H,S/H, for 180 ksec and then
for another 180 ksec (total of 360 ksec) at
670 K; it was next treated for 180 ksec at
770 K. Observation of the fluorescent
screen in the CTEM revealed that the
former treatments at 670 K produced no
readily apparent differences as compared
with the micrographs of the specimen in the
calcined state. However, sulfiding at 770 K
produced major changes in the bright field
images with the formation of both round



FiG. 3. rugu magmuuauun CTEM uuuograpn of Mo0,/ALOy/Al with low loaulng after sumamg, 6%
H,S/H,, 770 K, 180 ksec, which showed the formation of particles as compared with the same region in
the calcined state (see Fig. 4).

and elongated particles. Figures 3 and 4 are
bright field CTEM micrographs of two sets
of regions of the low-loading sample. It is
important to note that sulfiding an alumina
blank at both 670 and 770 K did not produce
particles.

Electron microdiffraction analyses were
performed on a number of round and elon-
gated particies. All particies anaiyzed were
identified as hexagonal MoS; single crystals
(40); however, they were present on the
sample in different orientations with re-
spect to the electron probe direction (see
Table 3).

Hexagonal MoS, (P6:/mmc) is the most

common form of molvbhdenum disulfide: it

ML AR UL AU URetiaiuiil MaSuaaal,

is a layer structure with parallel planes, the
basal planes, extending along the a and »

Summary of Microdiffraction Results

Electron beam Angle of orientation Minor X  Minor axis/
direction (as between the particles’s major axis  major axis
referenced to the c axis and the elec-  of particle
MoS; crystal axes)?  tron beam direction® (nm X nmj
110) 90° 4% 10 0.4
(151 55° 6x 15 0.4
31 48° 7% 10 0.7
031 38° 20 x 20 1.0
@1 34° 20 x 20 1.0
13 34° 5x5 1.0
(021) 27° 8§x8 1.0
021 27 25 x 25 1.0
(121 24° 18 x 18 1.0
azn 24° 7x9 0.8
(121 24° 35 x 35 1.0
(011) 14° 10 x 15 0.7

@ Pattern indexing is described in Ref. (19).
b 90 indicates that the electron probe is directly incident on the edge
plane of the particle.
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FiG. 4. Very high magnification CTEM micrograph of MoQ3/Al,O5/Al with low loading after sulfid-
ing: 6% H,S/H,, 770 K, 180 ksec.

axes and stacked along the ¢ axis. The
strong bonding along two dimensions and
the weak bonding along the c-direction in
MoS; lead to two major types of exposed
surface planes for MoS, crystallites: the ba-
sal plane surface, (0002), and the two most
stable edge plane surfaces, (1010) (see Fig.
Sa) and (2110) (see Fig. 5b). The Mo$S; basal
plane is more stable than the edge plane
because the basal sulfur atoms each have
three bonds to molybdenum cations and
thus have completely filled 3s23p® octets,
whereas the edge plane sulfur atoms have
fewer than three bonds to molybdenum and
are coordinately unsaturated. It should be
noted that the depicted edge surface struc-
tures do not take into account charge neu-
trality and relaxation effects, which have
been discussed by other workers (41-43).

Bonding of MoS; to Al,O; supports has
usually been visualized in terms of the
MoS; layers lying parallel to the support
surface with the basal plane interacting
with the alumina surface atoms (e.g., (2)).
However, considering that the high-energy
edge planes may be stabilized by bonding
into alumina, it is also possible to have
MoS; crystallites bonded edgewise to the
support with the ¢ axis parallel to the sur-
face. The two types of orientations of MoS;
crystallites with the support are visualized
in Fig. 6.

In addition to identifying the particles
produced by sulfiding as MoS,, microdif-
fraction analyses of the particles gave in-
sight into the orientation and shapes of sup-
ported MoS, species. The microdiffraction
results are compared in Table 3 to the mea-
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F1G. S. Schematic drawings of edge planes of MoS,. (a) (1100) plane; (b) (2ﬁ0) plane.

sured dimensions of the particles analyzed
in bright field STEM images in terms of a
minor and major dimension of the elon-
gated particles. The particles are ranked in
this table in decreasing angles of orientation
between the MoS; ¢ axis and electron beam
direction. Indeed, the two most highly elon-
gated particles in the study had microdif-
fraction patterns (Fig. 7) that indicated that
they were oriented with their basal planes
nearly parallel to the electron beam (c axis
at angles of 90 and 55°, respectively). The
particle associated with Fig. 7a was particu-
larly important; the ¢ axis in reciprocal
space was perpendicular to the electron
beam and coincided with the direction of
the minor axis determined in the bright field
image. This indicated that the MoS; crystal-
lite dimension along its basal plane was
much larger than its dimension along the ¢
axis. The 4-nm minor dimension for this
particle corresponded, therefore, to a
stacking of ca. 6-7 MoS, layers for this
particle.

Comparison of the bright field micro-
graphs in Figs. 2 and 3 shows the formation
of the MoS, particles in the same region
during sulfiding. Different particles in the
sulfided specimen have different contrasts
with respect to the alumina film, with the
darkest particles generally being the most
elongated. This is probably because these
particles are thicker in the direction parallel

to the electron beam. Although some of the
rounded particles appear to be dark, these
exceptions were most likely due to diffrac-
tion effects, the particles being oriented
close to a Bragg angle. Besides the pres-
ence of elongated particles of different
shapes and contrasts, the high magnifica-
tion micrograph of Fig. 4 also shows the
presence of a finer structure in the film be-
tween the larger elongated particles that is
composed of dark dots smaller than about 2
nm. These features are similar to that ob-
served in the MoS,/Al,O; specimen with in-
termediate loading after sulfiding but there
is a lower density of these structures in the
field of view. Because the density of this
structure appears to increase with Mo load-
ing, the structure is most likely attributable
to small MoS, particles. The presence of

Al03

edge
bonding

basal
bonding

F1G. 6. Basal and edge bonding of MoS; crystallites
to AlOs. The individual layers or slabs of MoS, are
depicted in the diagram.
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(a)

(b)

Fi1G. 7. Microdiffraction patterns of individual MoS,
particles. (a) Microdiffraction pattern of a 4-nm X 10-
nm particle that was indexed as the 110 zone axis of
hexagonal MoS,. The 001 direction corresponds to the
4-nm dimension of the particle. (b) Microdiffraction of
a 6-nm X 15-nm particle that was indexed as the 151
zone axis of hexagonal MoS,.

dark lines in Fig. 4 is apparent on many of
the MoS, particles, and the orientation of
these lines is along the major dimension of
the particle. The highly elongated particle
in the upper left of this figure (see feature at
A) illustrates this phenomenon. The width
of the lines in this particle is about 1 nm,
which is the approximate width of one or
two MoS; layers. Another feature which is
present in these micrographs is represented
by the particle in the lower right corner of
Fig. 4 (see feature at B). Like many
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rounded particles, this particle appears to
be more distinct on one side of the minor
axis, with the opposite side being more dif-
fuse. In addition, the more distinct edge ap-
pears to be more rounded than the more
diffuse edge. It may be suggested that the
more diffuse edge of the particle is bonded
to the alumina support; and, the opposite
edge is oriented away from the support, al-
lowing it to adopt a well-defined edge.
Another model catalyst with a MoO;
loading less than one monolayer was sul-
fided in 6% H,S/H, at 840 K for 180 ksec
and at 910 K for 100 ksec. In addition to a
large number of small particles that were
also observed after sulfiding at 770 K, the
CTEM micrographs reveal a larger average
particle size and the presence of either
highly elongated particles or less elongated,
faceted particles (see Fig. 8). From the
aforementioned microdiffraction results,
the highly elongated particles (see feature
at a in Fig. 8) can be identified as MoS,
crystallites bonded with their edge planes
to and oriented close to 90° with the alu-
mina surface. The faceted particles (see
feature at b in Fig. 8) were similar to some
of the particles observed after lower tem-
perature sulfiding (770 K), in that one edge
is diffuse and straight compared with the
other edges. The faceted particles have
sides that are consistently at 120° with re-
spect to each other, except for the diffuse
edge that appears to truncate the hexagon,
which in most cases is oriented at 90° angles
with respect to its adjacent edges. The gen-
eral hexagonal shape indicates that the
particles were MoS; single crystals that had
undergone growth of a certain stable, six-
member set of surface planes. The two
most stable sets of edge plane surfaces are
(1010) and (2110), as mentioned earlier.
Both sets of planes form perfect hexagons
with angles of 60n° (where n is an integer)
among themselves, and the angles between
the (1010) and (2110) sets are [30 + 60n]°.
The surface energy of the latter plane,
(2110), can be estimated to be 15% higher
than that of the former plane, (1010) (19).
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FiG. 8. High magnification CTEM micrograph of MoOy/AL,O5/Al after sulfiding: 6% H,S/H,, 910 K.

In contrast to the edges that formed the
sides of the hexagon, the truncated edge
indicates that there was an obstacle to
growth. This is most likely attributable to
this truncated edge being bonded (or having
been bonded) to the alumina support sur-
face. Its diffuse nature as compared with
other darker edges may also show that this
truncated edge is thinner than the other
edges. The 90° angle between the truncated
edge and the adjacent edges also indicates
that the edge plane of bonding between
MoS; and Al,Os is of a different six-member
set of planes than the set of edge planes
contacting the gas phase. From the above
considerations, the truncated edge would
be the (2110) plane, a member of the (2110)
set of planes.

Identification of the (ZTTO)_set as forming
the truncated edge and (1010) as forming

the other edges is consistent with geometri-
cal bonding considerations of MoS, with
the Al,O3 surface. The most stable surface
plane of face-centered cubic y-ALQO; is be-
lieved to be the (110) plane (2, 44), which
has oxygen anions that are closely packed
in rows (see the alumina surface portion of
Fig. 9). In comparison, the molybdenum in
the MoS, (2110) surface are also arranged
in rows (which make up the slabs of MoS,
in three dimensions). The Mo-Mo distance
within the rows (or slabs) is only 2% less
than twice the O-O spacing within the oxy-
gen rows of ALO; (110). In addition, the
Mo-Mo distance between alternate rows
(or slabs) in MoS, (2110) is only 4% greater
than the O-0 spacing between every third
row of Al,O; (110). In one possible bonding
scheme shown in Fig. 9, every molybde-
num in alternate MoS, slabs is bonded
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FiG. 9. Mode! of a MoS, crystallite bonded via the (2110) edge plane to the (110) y-ALO;.

through an Al-O-Mo linkage that leaves
the stacking of the MoS, layers perpendicu-
lar to the Al,Os (110) surface. The molybde-
npums in the remaining alternate slabs are
not bonded to Al,Os; and fit directly be-
tween and above the oxygen rows in the
(110) support surface. The slabs containing
these latter molybdenums would then be
held by van der Waals bonding to the other
slabs. _

As compared to the MoS; (2110) edge
sets of planes, the bonding between the
MoS; (1010) edge set of planes and the
AlLO; (110) surface is not nearly as favor-

able because of the mismatch in the dis-
tance between the more tightly packed mo-
lybdenums in a slab and the O-O distance
in the support surface. In addition, the geo-
metrical fit between higher index planes of
MoS; and AlO; (110) was not nearly as
good as with (2110). Other workers (41,
45, 46) have similarly proposed atomic
structures for the edge bonding of single
slabs of WS, by their (2110) plane to SiO,4
polyhedron in WSy/AlLO; catalysts. The
bonding scheme advanced by our results
extends the evidence for these edge-bonded
structures to alumina-supported catalysts
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TABLE 4

Statistical Analysis of Particle Dimensions

Sulfiding Number of Range of dipgjor £SD (dminor/ dmajor)

temperature particles dmjor values (nm) +SD
(nm)

770 100 3.5t020.4 11.3 (£3.1) 0.576 (+0.17)

15 7.0to 8.4 7.8 0.660 (*=.18)

25 9.2t0 11.3 10.2 0.575 (=.16)

47 12.0 to 14.8 13.4 0.536 (£.14)

910 100 7.7 to 43.6 25.9 (£7.4) 0.577 (£0.22)

11 12.7to 15.5 14.1 (+0.9) 0.518 (+0.19)

23 16.2 to 22.5 20.1 (x=1.6) 0.478 (+0.18)

I1 23.2 to 26.0 24.8 (+0.8) 0.421 (=0.24)

26 26.7 to 29.5 28.3 (+0.9) 0.627 (%0.23)

14 30.2 to 33.0 31.4 (x0.8) 0.687 (+0.14)

8 33.7 to 36.6 349 (=1.0) 0.698 (+0.17)

« Standard deviation.

and also allows for multislab structures to
still be edge-bonded onto alumina.

The observation that the angles between
the edges of the faceted MoS, particles
were very close to 120° suggests that the
basal planes of the particles were at small
angles to and perhaps nearly lying on the
support surface. The smaller particles with
one round edge and a diffuse, straight edge
observed after 770 K culfiding (e.g., see fea-
ture at B, Fig. 4) as well as elongated parti-
cles observed at both 770 and 910 K may
also be truncated hexagons, but because of

pect ratio (dminor’@major) Were found for each
subset (see Table 4).

The average aspect ratios are plotted ver-
sus the particle size (dmsor) in Fig. 10. All of
the particles at 770 K and the smaller parti-
cles sulfided at 910 K fall on the same
curve. There is a break in the curve occur-
ring for the larger particles that had been
sulfided at 910 K (at ca. 30 nm), and a con-
stant value of the aspect ratios is ap-

their large angles of orientation with the 071 X 948
support and their smaller sizes, the hexago- 061 %
nal shapes were more difficult to distin- sl
gUiSh' % MoS, edge 3

The particle sizes and shapes in the { 041 bonded to Alp03 1 e
CTEM micrographs of the catalysts sul- £ o3; O‘}Eim
fided at 770 and 910 K were characterized ® o2
by measuring the minor (dpior) and the ma- x 770K
jor (dmajor) dimensions of 100 particles for 1 ostox
each sulfiding temperature. The average oot pr 5 pn s
value of dpgjor increased from 11.2 and 25.9 dmajor ()

nm as the temperature increased from 770
to 910 K (see Table 4), indicating that sin-
tering had taken place. The particles were
grouped into subsets according to their val-
ues of dngjor, and average values of the as-

FiG. 10. Measured ratio of particle dimensions
(dminor/dmsjor) versus particle size after sulfiding at 770
and 910 K (the numbers beside each data point refer to
the number of particles included in the average to give
that point).
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proached at large diameters. One explana-
tion for the break in the curve is that the
singularity occurs at the point where parti-
cles that have become oriented with their
basal planes at right angles to the support
become completely sulfided, the edge bond-
ing to the support is broken, and the parti-
cles then become oriented parallel to the
support. Indeed, the largest particles have
hexagonal shapes with edges that have an-
gles consistently equal to 120°, indicating
that the MoS, basal plane is at small angles
to and perhaps nearly lying on the support
surface.

TEM studies of low-loading specimen:
Reoxidation of sulfided samples. The 770
K-sulfided specimen with low Mo loading
was reoxidized in O, for 100 ksec at 780 K
and examined in CTEM. The bright field
images after reoxidation are essentially the
same as for the calcined sample, showing
that the MoS, crystallites had wet and
spread over the support during reoxidation.
The above reoxidized sample was subse-
quently subjected to another sulfiding and
oxidation treatment cycle, and the results
were seen to be reversible. Specifically, sul-
fiding led to particle formation and reoxida-
tion resulted in the disappearance of parti-
cles in the bright field CTEM micrographs.
Evidently, the alumina support, because it
is an oxide, has a stronger interaction with
the Mo oxide rather than the Mo sulfide
species. In contrast to Mo species which
become sulfided, y-Al,O; has been ob-
served to maintain its bulk oxide structure
after sulfiding treatments as determined
from gravimetric results (47).

The reversible nature of MoS,/y-Al,O;
catalysts with respect to sulfiding and oxi-
dizing cycles has been observed for pow-
dered catalysts of high surface area using
other characterization techniques besides
electron microscopy. These include studies
by diffuse reflectance spectroscopy (48—
50), infrared spectroscopy (50), XPS (48—
50), and thermogravimetry (48, 49). These
results offer evidence that low-surface-
area, model catalysts provide useful repre-

379

sentations of high-surface-area, powdered
catalysts.

DISCUSSION
The Oxide Form of Mo/Al,O,

The results of the thin film catalysts in
the oxide and sulfide forms and after oxida-
tion confirm previous results by others ob-
tained from high-surface-area catalysts and
give additional insights about Mo/A1,03 mi-
crostructure. In the oxide form, all Mo was
present in a 6+ oxidation state, and there
was a change in Mo oxide structure from a
highly dispersed structure to a three-dimen-
sional morphology as the Mo loading was
increased. The change was evidenced both
by the presence of orthorhombic MoQ); par-
ticles in the bright field micrographs and by
a decrease in Mo dispersion upon calcina-
tion, as measured by XPS. The Mo loading
for which the change in structure took place
was consistent with the filling of a mono-
layer of Mo oxide species observed by
others (36, 37, 51) on high-surface-area
catalysts (ca. 0.17 to 0.25 nm? Mo atom™),

Evidently, the highly dispersed nature of
the Mo oxide phase on alumina is indepen-
dent of the preparation method, whether it
is by solution impregnation of polymolyb-
date anions (the usual method) or adsorp-
tion of MoO,(OH), (36) onto alumina
powders, or, in this study, by thermal
evaporation of MoQ; onto thin films of alu-
mina. In the solution impregnation method,
polymolybdate anions of various sizes
(MogO3¢', M0705¢, Mo0O;?) are formed de-
pending on the pH of the solution and they
bond onto Al,O; sites forming strong Al-
O-Mo linkages during drying and calcina-
tion (52-55). In the thermal evaporation of
MoO; in vacuum (the method used in this
study), molybdenum trioxide is known to
be evaporated not as a monomer but as a
polymer composed of three to five mole-
cules (56-58).

In this study, highly dispersed Mo oxide
was evidenced by a significant Mo signal in
EDX that occurred in regions of the cata-
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Iyst that appeared to be featureless. This
structure was present both in the catalyst
with submonolayer loading and between
the three-dimensional MoQ; particles in the
catalysts with greater than a monolayer
loading. The highly dispersed structures
may have been bonded to the alumina sur-
face as a complete (9, 10) or incomplete
monolayer (e.g., a chain structure (47, 59))
or they may have been bonded to alumina
in small Mo oxide patches or clusters (60,
61).

The Sulfide Form of Mo/ALO;

In this study, sulfiding led to the breakup
of large, bulky MoO; crystallites and to the
conversion of the highly dispersed oxide
layer into MoS, crystallites. At normal sul-
fiding temperatures of ca. 670 K, highly dis-
persed oxide regions (of the intermediate
loading specimen), which were believed to
contain a full ‘‘monolayer’” of Mo oxide
species, were converted to 1- to 2-nm MoS,
particles. High-resolution electron micros-
copy studies of conventional, high-surface-
area supported catalysts have also ob-
served the presence of 1- to 2-nm MoS,
crystallites at a sulfiding temperature of 670
K. In these studies, lattice imaging of the
0.613-nm characteristic (0002) spacing be-
tween MoS; basal planes has resulted in the
observation of curved and twisted sets of
lines or threads in the bright field images
(62, 63). The features have been observed
more clearly on high-surface-area catalysts
with larger MoS, crystallites, such as those
present in unsupported catalysts (64—69) or
in supported catalysts, in which sintering
had taken place (13, 64—66, 70, 71). Re-
cently, in two investigations, small parti-
cles in the same 1- to 2-nm size range have
also observed after sulfiding at 673 K (12,
72). Zaikovskii et al. (70) have also ob-
served 2- to 3-nm single-slab WS, crystal-
lites in unpromoted and nickel-promoted
W/SiO, catalysts prepared from impregna-
tion of organometallic molecules.

At higher sulfiding temperatures (770 K),
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the average size of the crystallites was
found in the present study to increase, as
was found by other TEM studies (12, 13).
Also, there remained a large number of
small crystallites in the background along
with the sintered crystallites, which was
noticed by others on W/SiO, catalysts (70).
After 770 K or higher temperature sulfiding
of the sample with low molybdenum load-
ing, the present study found that the MoS;
crystallites were bonded via their edge
planes to the alumina surface. Unlike other
TEM studies which employed high-surface-
area catalysts which had alumina crystallite
surfaces oriented at all angles with respect
to the electron beam, the present study
used an alumina surface that was oriented
predominantly in one direction with respect
to the electron beam. Microdiffraction anal-
ysis of the 770 K-sulfided sample showed
that many MoS, crystallites were oriented
with their basal planes at large angles to the
alumina surface. In addition, CTEM bright
field images of the 910 K-sulfided sample
showed the presence of MoS, hexagons
that had been inhibited in growth along one
dimension, giving them a truncated edge
plane, perhaps indicating that they were (or
had been) bonded along this plane to the
support.

Both hypotheses of basal plane and edge
plane bonding have been advanced in the
literature. Early models assumed interac-
tion of molybdenum sulfide species with
alumina similar to the oxide form of the cat-
alyst. Massoth (47) proposed an epitaxial
chain model for both the oxide and sulfide
forms of the catalyst, in which oxygen an-
ions in the oxide form would be bonded less
densely than a complete monolayer. Upon
sulfiding, oxygen anions could be replaced
by larger sulfur anions without destruction
of the epitaxial morphology. Delannay (62)
has recently postulated the existence of
basal plane bonding, because some sets of
MoS; lines in high-resolution electron mi-
croscopy lattice images appeared to wrap
around the edges of alumina crystallites.
On the other hand, Carver and Goetsch
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(73) and Zaikovskii et al. (70) have postu-
lated that the edge-up configuration domi-
nates. Kochubei et al. (46) have recently
proposed structural models for WS; on
SiO; that included both edge bonding (with
one slab of MoS, per crystallite) and basal
bonding. They preferred edge bonding be-
cause the average coordination number of
tungsten atoms (determined by EXAFS) in-
creased slightly with the length of the slabs,
in agreement with the behavior predicted
by the model edge plane bonded structure
and in contrast to the basal plane bonded
structure. Hall has also discussed recently
the probable presence of MoS; slabs edge
bonded to alumina (74).

The manner of bonding, whether basal
plane or edge plane, may affect catalytic
activity. Topsge et al. (13, 16) have noted
an increase of two to three times in the spe-
cific activity for HDS as the sulfiding tem-
perature was increased beyond a transition
temperature that coincided with the appear-
ance of free alumina hydroxyl bands in IR
spectroscopy (13, 45). This so-called Type
I-to-Type II transition (/3) may correspond
to a change in structure of MoS, from a
basal plane bonded structure (the Type I
catalyst) to an edge plane bonded structure
(the Type 11 catalyst).

The present study confirms that the
structural interaction between MoS; crys-
tallites and the Al,O; support in MoS,/Al,O;
decreases as the sulfiding temperature is
raised, which may be attributed to the
breaking of Al-O-Mo linkages. CTEM
bright field imaging and microdiffraction
evidence show that basal planes of the
MoS, crystallites are oriented at large an-
gles with respect to the alumina surface as
the particles grow at high sulfiding tempera-
tures. At 670 K, sulfiding of the oxide form
of the catalyst converts the oxygen anions
not connected to the support (e.g., oxygens
terminally bound to Mo or bridging be-
tween molybdenums) to sulfur anions, leav-
ing the stronger Al-O-Mo linkages that are
believed to be more resistant to sulfiding
(75) intact.
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Higher sulfiding temperatures cause an
increasing fraction of Mo—0O-Al linkages to
become sulfided so that the basal planes of
the MoS, crystallite may assume an orien-
tation closer to the configuration of 90° with
respect to the support. This behavior may
be understood if Mo—-0O-Al linkages at the
edges of the MoS; crystallites are stronger
than those linkages on the basal plane of
MoS;; and, the latter linkages are thus sul-
fided before the Mo—-0O-Al linkages at the
edge planes.

Finally, at higher sulfiding temperatures
and with larger particles (ca. 30 nm),
enough Mo-0O-Al linkages become broken
along the edge plane bonded to alumina so
as to cause the crystallites oriented with
their basal planes at 90° to the support to
become oriented parallel to the support. In
this state, these crystallites have little or no
interaction with the support and are stabi-
lized by weak van der Waals forces between
their basal planes and the alumina surface.

From this study, identification of so-
called Type I catalysts is made with MoS,
crystallites that have small angles of orien-
tation of their basal planes with the sup-
port. The cause of the lower specific HDS
activity of Type I sites may be a result of a
sterically hindered environment of the edge
plane active sites adjacent to the support as
adsorption and/or reaction sites for large
aromatic sulfur reactants. The Type II cata-
lysts are identified with MoS, crystallites
that have angles of orientation closer to 90°
with the support, and these Type II cata-
lysts would have MoS, edge sites with no
steric hindrance for bulky sulfur com-
pounds. We also suggest that Type II' cata-
lysts exist for which the edge bonding of
MoS; to alumina has been broken by exten-
sive sulfiding and the crystallites are ori-
ented with their basal planes parallel to the
support surface. These catalysts would
have HDS activities similar to Type II cata-
lysts, since Type II' MoS; crystallites have
a large dimension along their ¢ axes; thus
most edge sites would not be in close prox-
imity to the alumina surface and little steric
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hindrance for reactant molecules would
exist.

Finally, the electron micrographs of the
present study give evidence for faceted
MoS; single crystals, and this confirms the
existence of specific edge plane and corner
sites. The present study also found that the
MoS; crystallites were shaped as hexagons
with a truncated edge bonded to the alu-
mina support. The edge planes in contact
with the gas phase were assigned to the
(1010) set of MoS; crystal planes and the
truncated edge plane bonded to the support
was assigned to the (2110) set of planes.
The assignment was based on the measured
angle between the truncated and catalyti-
cally active edges in the bright field images,
the surface energy estimate for (1010) being
lower than that for (2110), and the excellent
geometrical fit of the (2110) bonding plane
to the most stable (110) y-AlL,O; surface
plane.

CONCLUSIONS

Consistent with findings on high-surface-
area powders, Mo oxide species present in
alumina-supported, model thin-film cata-
lysts after calcination were highly dispersed
and thus not visible in transmission elec-
tron micrographs for loadings below ca. §
Mo atoms nm~2. Above this loading, some
Mo species were highly dispersed and
others were present as orthorhombic MoO;
crystallites, the latter of which were dis-
cernible in the bright field micrographs. Sul-
fiding in 6% H,S/H, led to the destruction
of the MoO; crystallites and the highly dis-
persed Mo oxide at 670 to 770 K, with the
formation of MoS, crystallites. The MoS,
crystallites were present as thin, hexago-
nally shaped slabs with one truncated edge.
These crystallites were bonded with their
high-energy edge planes to the support sur-
face. The edge planes contacting the gas
phase, and presumably active in catalytic
reactions, were assigned as the (1010)
set of planes, while the truncated edge
bonded to the surface of alumina was as-
signed as the (2110) plane. Reoxidation pro-
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duced a reversible spreading of Mo species
onto the alumina support.

It is proposed that the highly dispersed
oxide form of the catalyst is composed of
Mo oxide species present as small clusters.
These clusters are anchored to the support
through Mo-O-Al linkages having a distri-
bution of strengths. Sulfiding at succes-
sively higher temperatures results in break-
ing more of these linkages, thereby causing
the MoS; basal planes to become oriented
perpendicular to the support surface due to
favorable bonding between the MoS; edge
planes and the support. The MoS, crystal-
lites eventually became oriented with their
basal planes parallel to the support when
the Mo-O-Al linkages at the edge planes
are finally broken (at temperatures near 910
K). The higher specific activity for thio-
phene HDS of structures formed after high
sulfiding temperatures (Type 1l structures)
can be explained by less steric hindrance of
bulky sulfur-containing aromatics in reach-
ing the edge plane active sites for adsorp-
tion that are not in close proximity to the
support surface.
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