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The gasification of MoS,; by H, has been studied by scanning tunneling microscopy (STM) and
atomic force microscopy (AFM). Two fundamental processes were found upon heating the (0001)
surface of MoS, in H,: first, the surface sulfur layer is removed from some defect sites on the
MoS, basal plane to form monolayer pits, and second, the exposed Mo layer forms small clusters
which catalyze the further gasification of the sulfur layer, thus enhancing the number of edge
atoms. At low reaction pressures, these two processes remove mainly the top sandwich layer and
no Mo particles channel into the top sulfur layer. However, at high pressure or temperature, the
gasification is dominated by the motion of the Mo particles which then produce high-density channel
structures on the surface. Adding thiophene to H, retards the gasification of MoS,. suggesting the
active catalytic sites are the atoms at the steps on the surface. Ni and Co catalyze the gasification

of MoS, and greatly increase the total number of edge sites.

INTRODUCTION

The presence of sulfur in crude oil and in
coal-derived fuel causes two serious prob-
lems: first, sulfur-containing fuels cause air
pollution; and, second, sulfur poisons cata-
lysts in oil refining and in automotive cata-
lytic converters. Therefore, sulfur removal
in hydrodesulfurization (HDS) is carried out
as one of the primary steps in petroleum
processing.

Industrially, Mo-Co or Mo-Ni catalysts
supported on Al O, are used to treat crude
oil with hydrogen. The catalyst ts prepared
as oxides and is usually presulfurized to
achieve good activities. Many researchers
have studied this catalyst and the catalytic
process (/-7). Several models have already
been proposed based on various structural
and surface analyses and good reviews have
appeared (3-5). However, there has not
been a unique picture of the catalytic opera-
tion thus far due to the lack of direct experi-
mental evidence and the difficulties in evalu-
ating the real system, especially changes in
the catalyst surface. In order to design the
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best catalysts, details of active sites and
their generation (i.e., the dynamic processes
of the catalytic operation) are needed.

Defect structures in MoS, have been stud-
ied by gold decoration TEM as early as the
late 1960s (8, 9). Coke deposition on MoS,
has also been studied by the same technique
(10). Because it is a good electrical conduc-
tor and a layered compound, MoS, has re-
cently been studied extensively by STM for
its structural and electronic properties
(1-17).

STM has been used to study graphite oxi-
dation and graphite-supported metal parti-
cles in different chemical environments
(18-21). Recently, we have studied the gas-
ification processes of graphite with various
gases such as O,, H,, H,0, CO,, NO,, and
SO,. STM is a unique way of studying these
reactions quantitatively, because kinetics of
these reactions can be obtained by examin-
ing the reacted surfaces of the sample after
reacting at different temperatures, pres-
sures, and times (22-25). We also studied
the catalytic gasification of graphite by met-
als, oxides, and carbonates in various sys-
tems by STM and AFM (24).

STM and AFM have also been used to
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study the layer-by-layer etching of two-di-
mensional chalcogenides (26, 27) and the
wearing of the oxided surface of MoS, (28,
29). However, properties which are related
to its most important application as catalyst
for HDS, such as the stability of this mate-
rial or gasification behaviors of MoS, during
reactions, have not been studied so far.

In this paper we present STM and AFM
studies of the processes of MoS, gasification
under both reducing and oxidizing atmo-
spheres. The former is related to the most
important application of this material in pe-
troleum processing (i.e., hydrotreating),
while the latter is related to the regeneration
of this catalyst between periodic operations.

STM and AFM are unique techniques for
detection of atomic structural changes on
the basal plane of MoS,. We found that two
catalytic processes occurred on the basal
plane of MoS, during H, gasification: first,
the surface sulfur layer was removed from
some defect sites to form monolayer pits,
and, second, the exposed Mo layer formed
smaller clusters which catalyzed the further
gasification of the sulfur layer thus produc-
ing many more edge atoms.

By introduction of thiophene into the re-
action system, we found that thiophene re-
tards the gasification of MoS,. This is con-
sistent with the solid-state chemistry model
(30, 31) that the hydrodesulfurization pro-
cess occurs at the edge sites, with sulfur
deposition by thiophene balancing the re-
moval of sulfur by hydrogen. We also stud-
ied the promotion effects of Co and Ni on
the reaction. We found that Ni and Co as
catalysts accelerate the self-catalyzed gas-
ification of MoS, in this process with Co
having a relatively higher activity than Ni
in catalyzing the gasification of MoS,.

EXPERIMENTAL PROCEDURES

Natural MoS, single crystals from Anhui,
China, were used in this study. Figure 1
shows an optical micrograph of a sample
which had typical dimensions of 20 X 20
x 0.2 mm. For all noncatalytic reactions,
freshly cleaved samples with dimensions of

5 X 5 x 0.1 mm were heated in a mixture
of either 10% H, in He or 99.998% H, at
atmospheric pressure at specified tempera-
tures and times.

For Ni and Co catalyzed reactions, high
purity Ni (99.99%) and Co (99.98%) metals
were vacuum deposited on freshly cleaved
samples. The samples were then heated in
high purity He (99.995%) at 450°C for 2 h
to convert the deposited thin metal films into
small particles. The samples with Ni and Co
were then heated in pure H, or a mixture of
10% H, in He at atmospheric pressure at
specified temperatures and times. For reac-
tions involving thiophene, pure H, or 10%
H, in He was used to introduce high purity
thiophene at different temperatures. This
generates a partial pressure of thiophene
from 10 to 100 Torr.

The reactions were performed in a Quartz
plug flow reactor which can be temperature
and time controlled. Since O, greatly en-
hances the etching rate, high purity He was
used first for at least 30 min to flush out
the residual air and heat the sample to the
reaction temperature. The reacting gases
were admitted when the system achieved
the reaction temperature. After reaction,
the reacting gases were removed and the
samples were cooled to room temperature
in He. This procedure assured that there
was no significant reaction caused by gas-
eous impurities.

After reaction, the samples were trans-
ferred to a Nanoscope Il scanning probe
microscope which could be operated in both
STM and AFM modes with the same soft-
ware system. All examinations were made
in air at 300 K. For STM the constant height
mode was used. The scanning rate was ad-
justed for best images as described pre-
viously (22-25).

The surfaces were first randomly imaged
over a large range of 15 x 15 um? in about
20 different regions for each sample. Those
showing etched structures were closely
scanned with lower Z ranges and slower
scanning rates. Repeated vertical calibra-
tions were made using the step height of
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FiG. 1. An optical micrograph of a typical natural MoS; single crystal.

graphite. This instrument can easily distin-
guish monolayer from double or multilayer
structures on the basal plane of MoS,.

RESULTS
Low-Pressure Reactions

Figure 2a shows a region of a freshly
cleaved surface of a MoS; single crystal. A
monolayer patch caused by the cleavage is
shown in the figure (the monolayer hereafter

2

refers to the one sandwiched S-Mo-S layer
(6.16 A)in the MoS, crystal). Flat and defect-
free regions with the dimensions of 20 x
20 um were usually obtained by a single
cleavage of the sample. This perfect surface
provides a good reference for the surface
microstructure changes after reaction.
Nearly triangular pits with a typical size
between 300 and 500 nm randomly distrib-
uted over the surface of samples were found
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F1G. 2. STM images of etched surface structures after heating in 10% H, at different temperatures.
(a) Unreacted surface with a monolayer patch, (b) triangular monolayer pit, after 60 min at 450°C. (c)
tropical-fish-like monolayer pits, after 60 min at 550°C, and (d) double layer pit formed after 30 min
at 600°C.

after heating in 10% H, at 450°C for 60 min.
Figure 2b shows a low magnification view
of such a monolayer triangular pit. The den-
sity of this type of pit is only about 10%/¢m?,
The density depends on the region on the
sample surface and increases with increas-
ing temperature. This type of pit is probably
generated from a basal plane vacancy simi-
lar to those observed in graphite gasification
(22-25).

Figure 2c shows a sample after reaction
in 10% H, at 550°C for 60 min. It can be
seen that more of the top layer of the sample
was removed, resulting in more irregular

pits (but still generally triangular) which
form tropical-fish-like shapes. These pits
have several sharp corners along specific
crystallographic directions. This probably
reduces the total free energy of the system
(the etched pits). All of these pits are exclu-
sively one monolayer deep.

In addition to the monolayer patterns
shown in Figs. 2b and c, other patterns were
also observed at higher temperatures. Fig-
ure 2d shows a sample after heating in 10%
H, at 600°C for 30 min; a double layer pit
similar to those observed in graphite gasifi-
cation is illustrated. The second layer pit
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has the opposite orientation with respect to
the first layer pit due to the alternating layer
structure of MoS,, which is similar to that
observed in the NO,—graphite reaction (25).

After some of the S atoms were gasified
by H,, the remaining Mo atoms could co-
alesce to form Mo particles. In STM exami-
nations, Mo particles can be seen in the first
few scans, but they are rapidly swept out
by the STM tip due to the strong repulsive
force between STM tips and metal particles
and the weak adhesion force between Mo
particles and the MoS, basal plane. This is
very similar to the situation observed in ca-
talytic gasification of graphite (24) using Pt
and Rh as catalysts. However, AFM does
not cause displacement of metal particles,
and using AFM both the catalyst particles
and the etched surface structures can be
clearly evaluated.

Figure 3a shows a low-magnification view
of an AFM image of the same sample as in
Fig. 2c which was heated in 109% H, at 550°C
for 60 min. Small Mo particles are randomly
distributed over the surface. The particle
are very uniform in size around 50 nm, and
each of the Mo particles is nearly a cube.
Figure 3b shows a high-magnification view
of the same sample. It can be seen that each
of the Mo particles is sitting on the edge of
the monolayer step. It is evident that there
are some kinks at the monolayer step (see
the arrow in Fig. 3b). Mo particles probably
move along and etch the edge during gasifi-
cation.

At a higher temperature or longer reaction
time, more sulfur atoms are removed and
more Mo atoms are exposed, and this typi-
cally involves multilayers. Mo particles be-
gin to coalesce to form larger Mo particles
on the surface. We found that for small parti-
cles, the height is about the same as the
horizontal dimensions, so each Mo particle
forms either a rounded shape or a cube.
However, large Mo particles resulting from
reaction at high temperatures and/or longer
reaction times are relatively flat, with the
particle height much smaller than the parti-
cle size. In the MoS, structure, on the aver-

age each Mo atom is bound to two sulfur
atoms, and the density of either Mo and S
atom in the sandwiched layer is known to
be 1.16 x 10" atoms/cm?’. Therefore, by
counting the size and density of the Mo par-
ticles formed in the reaction, we can esti-
mate the amount of surface monolayer gas-
ification. Table 1 shows the relative
gasification rates of MoS, basal plane under
various experimental conditions.

High-Pressure Reaction

Because hydrodesulfurization processes
are usually carried out at high hydrogen
pressures, we next extended the study of
the reaction to 1 atm H, at different tempera-
tures.

Figure 4a shows a sample after heating at
450°C in pure H, at atmospheric pressure
for 40 min. It can be seen that the basal
plane of the sample was abstracted by the
reacting gas, resulting in many small pits.
Most of these pits are one monolayer deep,
while some of them are double layer. The
sizes of these pits are in the range of 30 to
50 nm. The density of the pits is much higher
than in the low pressure case, suggesting
that at high pressure, direct abstraction of
the sulfur atoms from the perfect site on the
basal plane of MoS, is significant even at low
temperatures. Figure 4b shows an amplified
image of a region in the sample, showing a
single pit consisting of many small patches.
This indicates that the pit was probably ex-
panded by the etching of the exposed Mo
particles after initial opening.

Figure 5a shows a typical image of a sam-
ple after heating in pure H, at a high temper-
ature of 550°C for 20 min. Flower-like struc-
tures are distributed over the surface. Most
of them are one monolayer deep but a few
expose multilayers. The density of the
flower pattern is lower than that of low-pres-
sure pits, suggesting that this kind of pattern
is generated by the merging of the pits ob-
served in Fig. 4.

Figure 5b shows a magnified image of a
flower pattern in the same sample as in Fig.
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FiG. 3. AFM images of the same sample as in Fig. 2c. (a) Low-magnification view of surface showing
uniform Mo particles and (b) enlarged view of (a) showing Mo particles stay at the edge of monolayer
step.
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TABLE 1

The Relative Rates for MoS, Basal Plane Gasification

Temperature Etchant
cC)
0.1 atm H, 1.0 atm H, 0.1 atm H, with 0.1 atm H; with 150 Torr O,
30 Torr thiophene Ni and Co catalyst
400 200-300
450 <1.0 50-70 <10 ~40 >500
500 10-20 80-150 10-15 ~100
550 50-70 200-280
600 80-150 300-450

Note. 100 represents one S—-Mo-S monolayer removal of the MoS, basal plane in 1 h.

5a. It extends along several directions on
the surface. Figure 5c is a high-magnifica-
tion view of the front of a flower pattern.
Leaf-like patterns with streams, propagat-
ing toward the front of the pit, were created
by the motion of many small Mo particles.
Figure 5d shows a closer view at the front
of the pattern. Small Mo particles sitting at
the front are indicated.

At higher temperatures, Mo clusters were
rapidly formed after the exposure of the Mo-
layer and then moved radially. Figure 6
shows STM images of several regions of the
reacted surface of a sample after exposure
to a high temperature of 600°C for 20 min.
In contrast to the low-temperature cases,
many tiny channels are formed instead of
large patterns. Also, it is interesting to no-
tice that the channels formed a random pat-
tern on the surface. The depth of these fine
channels is varied from one to three mono-
layers (S—Mo-S layer).

Reactions with Thiophene

For any catalytic reaction, the real con-
cern is the catalytically active sites at which
the reaction takes place and the change with
time. For the hydrodesulfurization reaction,
the catalytically active sites are generally
believed to be those at the sulfur vacancies
or the atoms at the edges because significant
differences in catalytic activities were found

for the HDS on perfect and sputtered basal
planes of MoS, singie crystals (32, 33). One
way to check the active site is to compare
the etching rates of reactions with and with-
out introducing a sulfur containing com-
pound because, if the active sites are the
edge sites, then the rate of etching will be
hindered by the presence of this compound.
This is simply due to the effect of sulfur
deposition from thiophene balancing the re-
moval of sulfur by hydrogen.

We introduced thiophene to the system
because it is one of the suifur-containing
compounds in crude oil, and it is a liquid at
room temperature, resulting in a wide range
of partial pressures.in an easily controllable
temperature range. Because the formed
monolayer pits are irregular in shape, it is
difficult to quantify the rate of gasification
as in the graphite gasification cases. How-
ever, as indicated previously, the amount
of the Mo metal is directly proportional to
the area of the sulfur atoms on the surface
(i.e., the total rate of reaction). Therefore,
by comparing the Mo particle sizes and den-
sity, we can estimate a qualitative rate of
the gasification of the catalyst.

Figure 7a shows an AFM image of a sam-
ple after heating in-10% H, containing 30
Torr thiophene at 550°C for 30 min. The total
fraction of the etched surface was estimated
from the Mo particles to be about 26%. Fig-
ure 7b shows the Mo particle distribution in
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FiG. 4. STM images of a sample surface after heating in I atm hydrogen at 450°C for 40 min. (a)
Low-magnification view showing small monolayer and multilayer pits randomly distributed over the
surface and (b) enlarged image of the core region of a single pit.
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F16. 5. STM images of flower-like patterns formed on a sample surface after heating in 1 atm
hydrogen for 20 min at 550°C. (a) Low-magnification view showing the flower patterns randomly
distributed over the surface, (b) enlarged view of a single flower pattern on the surface, (c) enlarged
image of a region of the front of a flower pattern showing streams, and (d) details of the front of a
flower pattern showing small Mo particles.

a sample after treatment at the same temper-
ature and time with only 109% H, in the re-
acting stream (i.e., partial hydrogasifica-
tion). It is evident that the number and size
of the Mo particles were significantly higher
than those in Fig. 7a, which corresponds to
the hydrodesulfurization reaction (reaction
after adding thiophene). The estimated gas-
ification rate of the surface is about 57%.

This suggests that the active sites in hydro-
desulfurization reaction are indeed the edge
sites along the monolayer steps on the MoS,
surface.

Ni- and Co-Catalyzed Reactions

It is well known that the presence of a
second metal in some cases produces a cata-
lyst which has activities greater than the
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FiG. 6. STM images of irregular patterns formed on
a sample surface after heating in 1 atm hydrogen at
600°C for 20 min. (a) Low-magnification view showing
the pattern over the entire surface and (b) and (c) en-
larged images show the front of the pattern which con-
sists of many tiny channels carved by Mo particles.

simple sum of the activities of the catalysts.
Such promotion of MoS, or WS, by Co or Ni
in both supported and unsupported catalysts
has been widely reported (34).

In this study, we introduced Co and Ni by
depositing 20-A thin films on freshly cleaved
MoS, surfaces. The samples were then
heated in high purity He at 450°C for 2 h
to convert the metal films to small metal
particles. After this, the samples with and
without metals were heated in the same re-
actor at the same conditions.

Figure 8a shows a STM image of a sample
surface after heating in 10% H, at 500°C for
30 min. In an area of about 15 x 15 um,
there are only two monolayer pits. These
two pits were formed from some defect sites
on the original surface described previously.
Figure 8b shows an AFM image of the
formed Co particles after the sample was
heated in pure He at 450°C for 2 h. It can
be seen that the whole surface is covered
by the Co particles with a uniform size
around 50 nm.

Figure 8c shows a STM image of the sur-
face of sample covered by Co particles after
heating in 10% H, at 500°C for 30 min. The
whole sample surface is now decorated with
many tiny triangular monolayer pits with
sizes from 200 to 500 nm. It should be noted
that during the first few scans of this region,
the Co particles were still visible, but after
several scans the Co particles were swept
away by the STM tip. Figure 8d shows the
surface of the sample with Ni particles after
heating at 500°C for 30 min. The surface
etching was also greatly enhanced by Ni
particles. As the loading of Ni and Co and
the effect of these two promoters are not
exactly the same, it is difficult to compare
their effects from the images. However, by
comparing samples after reacting at differ-
ent temperatures, it was evident that Co
etched MoS, faster than Ni.

Evidently, the presence of either Co or Ni
accelerates the formation of the monolayer
pits on the basal plane of MoS,. This ex-
plains the promotion effects of Co and Ni
in hydrodesulfurization in a different way:



FiG. 7. AFM images of sample surfaces after heating in different gases at 500°C for 30 min: (a) 10%
hydrogen and 30 Torr thiophene, low particle density: and (b) 10% hydrogen only, more Mo particles
were formed.

87
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FiG. 8. STM and AFM images of samples with different catalysts after heating in 10% hydro-
gen for 30 min at 500°C. (a) Without Co or Ni, only two triangular monolayer pits formed over 10 x
10 um region, (b) AFM image of Co particles on MoS, surface, (c) STM image of the etched surface
after Co-catalyzed reaction showing randomly distributed triangular monolayer pits with a density
much higher than that in (a), and (d) STM image of a sample surface after reaction catalyzed by Ni,
showing big triangular pits and 80% of the surface reacted compared with 10% in (a).

Co or Ni acts as a catalyst in the process to
accelerate the gasification of the top sulfur
layer and thus produce more edge atoms,
which are probably the catalytically active
sites. It should be mentioned that the sur-
faces of Co and Ni particles might be con-
verted to sulfides, especially at high temper-
ature.

Oxidation of MoS,

Hydrotreating catalysts are manufactured
with metals (Mo, Ni, Co, etc.) as oxides.
These metals must be converted to the pre-
sulfided state in order to achieve the desired
activity and selectivity. Though the cata-
lytic operation of MoS, is in a reducing at-
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mosphere, the regeneration of the catalyst
involves oxidizing the catalyst. Therefore,
it is important to study the oxidation pro-
cesses to get insight into the catalytic prepa-
ration and regeneration processes in order
to monitor the morphologies, structures,
and active sites.

MoS, and its oxidation were studied in
the late 1960s by the Thomas group using
the gold decoration TEM method from the
crystal defect point of view (8, 9). Triangular
rings with different orientations and config-
urations were observed after reaction in ox-
ygen and decoration. They found that each
of the rings was a monolayer pit resulting
from the recession of a point defect on the
surface of MoS, during oxidation. It is un-
derstood that sulfur became SO, and evapo-
rated in this process. However, there re-
mained the question of where the Mo goes.
Recently, AFM has been used to study the
oxidized surface of MoS, after heating in
pure oxygen from the wear point of view
because MoS, is a solid lubricant (28, 29).

We found that MoS, is very sensitive to
O, even at low temperatures and therefore
we conducted MoS, oxidation at lower oxy-
gen pressures in the 30 to 150 Torr range.
Figure 9a shows a sample after heating at
400°C for 10 min in 150 Torr oxygen. Many
small MoO; crystals were formed on the
sample surface. The crystals form mostly
hexagonal shaped thin saeets. Figure 9c
shows the sectional view of Fig. 9a. The
height of the crystals is »nly one-tenth of
the size of MoO; particies. Measurements
of the individual crystas on the surface
show that their heights 2: 2 in a narrow range
of 45 to 55 nm.

Figure 9b shows a low magnification view
of a multilayer step region of the same sam-
ple as in Fig. 9a. It is noteworthy that big
crystals were formed along the step. This is
because the multilayer recession provides
more Mo atoms to form big crystals. Figure
9d shows a sample after heating in 100 Torr
oxygen at 500°C for 10 min. Considerably
more MoO; crystals were formed on the
sample surface. .:7omic steps and twin

structures in some small crystals are distin-
guishable in some regions.

DISCUSSION

Several models of hydrodesulfurization
have been proposed thus far. In the solid-
state chemistry model, it is assumed that
the catalytically active sites was (1) a Mo
ion located at the edge of a MoS, crystallite
or (2) a basal plane sulfur vacancy (30, 31).
In this model the desulfurization starts by
adsorption of the sulfur atom of the reacting
molecule on the sulfur vacancy. Hydrogen
is believed to be used in a reductive addition
reaction on sulfides (35). Two different con-
figurations of the thiophene molecules dur-
ing reaction were proposed: first, the one-
point (end-on) mechanism in which the thio-
phene is assumed upright on the surface
(34), and, second, the mechanism in which
the adsorption of thiophene takes place via
multipoint (side-on) adsorption (36).

A totally different mechanism was pro-
posed based on surface analysis of a single
crystal of Mo. A series of thiophene desul-
furization studies on the Mo(100) single-
crystal surface combined with surface sci-
ence techniques for the characterization of
substrate and adsorbates has been carried
out (37). They found that thiophene dis-
sociatively adsorbs on the surface of
Mo(100). At low coverages, the molecules
were flat on the surface, while they stood
perpendicular to the surface at high cov-
erages.

Our experniments on larger single crystals
should be representative of the real situation
because in the industrial catalyst large
patches are formad on Al,O,. We found two
fundamental processes during the catalytic
operation: first, the surface sulfur layer is
removed from some defect sites on MoS,
basal plane to form monolayer pits, and,
second, the exposed Mo layer forms small
clusters which catalyze the further gasifica-
tion of the sulfur layer, thus greatly enhanc-
ing the number of edge atoms.

At low reaction pressures, these two pro-
cesses remove mainly the top sandwich
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FiG. 9. AFM images MoQ, particles formed on MoS, surface after heating in oxygen at different
temperatures for different times: (a) in 150 Torr oxygen at 400°C for 10 min showing perfect flat
hexagons with thickness of one or two monolayers: (b) the same as (a) showing large crystals formed
at an edge; (c) sectional view of (2) showing that the height of the formed crystals is only about one-
tenth of the width; and (d) higher density MoO, particles formed after 500°C for 10 min.

layer, and no Mo particles channeling into
the upper sulfur layer were observed. How-
ever, at high pressures, the gasification is
dominated by the rapid motions of the Mo
particles, which produce high-density chan-
nel structures on the surface.

We find that thiophene retards the gasifi-
cation of MoS,. This suggests that the real

hydrodesulfurization process was carried
out at the edge sites. Sulfur deposition by
thiophene balanced some of the sulfur re-
moval by hydrogen. Therefore, the active
sites of the hydrodesulfurization reaction
should be the edge atoms.

Our experiment supported the solid state
chemistry model with minor modifications.
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Although the similarity in product distribu-
tion was found in the surface science stud-
ies, it should be noted that the activity of
single crystal MoS, was measured at 1.0 atm
compared to Mo (100) at 10~ '° Torr, and we
observed the remarkable difference in MoS,
gasification at different pressures.

It is well known that the catalytic activity
of a MoS,/Al,O; catalyst is strongly en-
hanced by addition of Co or Ni. Several
different models have been proposed,
among them: the introduction of Co (or Ni)
increases the number of active sites, and,
second, Co (or Ni) acts as a modifier of the
active sites. The first category involves Co
(or Ni) acting {a] as a textural promoter, {b]
as a hydrogen spillover promoter, or [¢] as
a producer of new catalytic sites.

In model [a], the increase in the activity
of the catalyst is attributed to an increase
in the number of Mo sites at the catalyst
surface. The role of the promoter is then
textural. By altering the texture of the cata-
lyst surface, the promoters create more ac-
tive sites, without otherwise being involved
in the catalytic activity. The location of the
promoter was believed to be either between
the sandwich layer (30), or at the edge of
the MoS, crystals, not between MoS, lay-
ers, but in the MoS. layers, in the plane of
the Mo cations (4).

In the hydrogen spillover model [b], Co or
Ni forms a sulfide which provides hydrogen
atoms to MoS,. These spillover H atoms
would create reduced centers on the MoS,
surface which would be the catalytically ac-
tive sites. Also, it has been proposed that
the sulfides of Co and Ni themselves acts
as new catalytic active sites (38). Thus the
activity of the catalyst increased. A different
mechanism is proposed in which Co (or Ni)
acts as a modifier of the active sites (3).

Our experiments show that the active
sites are edge atoms, and the presence of
Ni and Co greatly enhances the number of
edge atoms due to the catalytic gasification
of MoS, by these metals. This strongly sup-
ports model [a]. This catalyzed process may

involve the transfer of hydrogen through the
metal particles as those in graphite gasifica-
tion (22-24). Therefore, the spillover model
is also possible.

SUMMARY

In conclusion, we have studied the dy-
namic behavior of Mo§S, gasification in the
hydrodesulfurization process. The surface
structure changes on MoS, during this pro-
cess are influenced by reaction temperature,
pressures, and catalyst composition. We
found that two fundamental processes oc-
curred on MoS, surface during the catalytic
operation: first, the surface sulfur layer is
removed from some defect sites on the MoS,
basal plane to form monolayer pits, and,
second, the exposed Mo layer forms smaller
clusters which catalyze the further gasifica-
tion of the sulfur layer, thus enhancing the
number of edge sulfur atoms. Adding thio-
phene to hydrogen retards the gasification
of MoS.,, suggesting that the active catalytic
sites are the edges of the steps on the sur-
face. Nt and Co were found to catalyze the
gasification of MoS,, and the number of the
total active sites was then greatly enhanced.
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