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Model molybdenum disulfide-based solid state synthesis catalysts have been prepared and tested
catalytically in the HDS of thiophene. Both promoted and sulfur-deficient samples were prepared and
the kinetic analyses were done at temperatures ranging from 473-673 K and atmospheric pressure.
Structural characterization was carried out using X-ray diffraction and analytical and high resolution
electron microscopy. The results indicate that the active catalysts possess a high degree of disorder in
the (1010), (1011), (1012) directions, which represent the edges of the MoS, crystal. This work also
establishes that both Group VIII promotion and sulfur deficiency lead to similar structural changes in
the molybdenum sulfide lattice of this specific solid state system. These structural traits can be

correlated with increased HDS activity.

Introduction

The process of hydrodesulfurization
(HDS) involves the removal of sulfur from
crude oil feedstocks and is a very important
concern of the oil industry for two reasons.
From a catalytic viewpoint, sulfur acts as
a poison for Pt-based reforming catalysts
which are used to form gasoline from the
desulfurized crude. From an ecological
standpoint, removing the sulfur protects the
environment by decreasing SO, pollution.
Due to the dependence of industrialized
economies on fossil fuels and the scale on
which HDS catalysts are employed (an esti-
mated 44,200 tons per year in 1986) (1), stud-
ies focusing on the nature of the catalytically
active species have been both numerous and
extensive.
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HDS catalysts typically consist of a
Group VI metal oxide, such as MoO; or
WO,, promoted by a Group VIII oxide, such
as CoO or NiO, supported on alumina. Cur-
rently, the workhorse of the HDS industry is
the CoO/MoO, alumina-supported catalyst,
which must be sulfided in order to obtain the
active species, whose structure is still under
debate. Much of the research conducted in
the last 20 years has focused on the nature
of the active sites for HDS. This effort has
concentrated on seeking a connection be-
tween the MoS, phase—promoter interac-
tion and the observed catalytic activity. The
literature provides many different models to
explain the promotional effect (2-12, 24). A
widely accepted model of the active HDS
site assumes that HDS activity is related to
the presence of covalently bonded Co on
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MoS, edge planes. This and related models
have also come to be known in the HDS
literature as the ‘‘edge decoration’ or
“CoMoS”’ models (2, 24). Recent studies
have provided strong support for this
“CoMoS”’ phase as being responsible for
catalytic activity (13, 14). There is no undis-
puted method for accurately quantifying the
number of active HDS sites on a given cata-
lyst which would be needed for normalizing
and comparing catalytic activities of differ-
ent catalysts. Attempts have been made to
normalize the catalytic activity for hydrode-
sulfurization in terms of molecules con-
verted per unit edge area of the MoS,, which
in turn was measured by adsorbing gases
suchas O,, NO, or CO. These normalization
methods have recently been reviewed by
Prins e al. (2). A major problem with the use
of terms such as ‘‘edge areas’” and ‘“‘edge
decorated”’ is that from a crystallographic
viewpoint the notion of such a CoMoS phase
on MoS, edge planes is structurally ill de-
fined. In this context, it is important to dis-
tinguish between the various crystallo-
graphic edge planes, and particle ‘‘edges’
representing the termination of a crystallite,
respectively. Given the layered structure of
MoS; and its high degree of anisotropy, it is
very difficult to quantitatively relate struc-
tural parameters such as ‘‘edge area’’ to ca-
talytic activity.

This paper presents our results on a series
of unsupported HDS catalysts prepared via
solid state reactions and the relationship be-
tween their structure and activity. The prep-
aration procedure is similar to that devel-
oped by Farragher and Cossee (7) in their
study of hydrogenation reactions over MoS,
and WS,. Until now the standard methods
used to synthesize HDS catalysts (8, 15, 16)
have led to a formation of mixed phases that
require thermal and sulfiding pretreatments
prior to use, and the resulting materials are
very difficult to characterize, especially in
the case of catalysts supported on polycrys-
talline substrates such as Al,O0;. Unsup-
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ported model catalysts such as the solid
state HDS catalysts described here offer the
opportunity to examine structural details
with high resolution electron microscopy,
unobscured by interference of support ma-
terials. We feel that the solid state route
presented in this work allows us to more
accurately describe the microstructure of
our catalysts and link this to the observed
HDS activity.

Experimental

1. Synthesis

Two series of hydrodesulfurization solid
state catalysts were prepared by combining
the elemental powders of molybdenum, sul-
fur, and a promoter component. These
samples had the general stoichiometry of
P, Mo, _,S,, with x lying between 0.025 and
0.3, and where P represents the promoter
element of cobalt or iron. The powders were
mixed thoroughly, placed in a quartz tube,
and evacuated to about 0.1Pa. The sealed
tube was heated for 24 hr at 783 K to enable
the solid state reaction to take place. A more
detailed description of the catalyst prepara-
tion has been published elsewhere (17, 18).
Along with the promoted samples, stoichio-
metric MoS, and sulfur-deficient nonstoi-
chiometric MoS, s were also prepared using
similar synthesis procedures. Table I lists
the various solid state catalysts along with
their BET surface areas. The promoted cat-
alysts will hereafter be referred to by their
promoter prefix labels. An industrially sup-
plied (Katalco) HDS catalyst consisting of
Co0 and MoO, supported on high surface
area alumina was also examined in order to
compare its microstructural characteristics
with those of the solid state samples.

2. Catalytic Activity Measurements

The hydrodesulfurization of thiophene
was chosen as a suitable test reaction to
measure the catalytic activity of these sam-
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TABLE 1
BET SURFACE AREAS AND PHASES DETECTED BY X-RAY DIFFRACTION

P/Mo* BET surface area
Catalyst (Atomic ratio) (m?/g) Fresh catalyst Used catalyst
MoS, 0.0 1 MoS, MoS,
MoS, o 0.0 20 A’ + Mo A + Mo
Cobalt series
Coy 9sM0y 9755, 0.051 26 A + Mo + CoS; Mo + A + CoO(OH)
Coy Moy 455, 0.105 14 A + Mo + CoS, Mo + A + CoO(OH)
Coy,Mo0q S, 0.222 14 A + Mo + CoS, Mo + A + CosS; + CoO(OH)
Coy3Mo0y g53, 0.353 15 A + Mo + CoS, Mo + A + Co4Sz + CoO(OH)
Coqg sMoy 758, 0.667 1 MoS, + CoS; + Co,S, + MoS, + CoS; + Co,S, +
Co,S; + CoMo,S; + Mo CoMo,S, + Mo
Cog Moy 7S, 0.857 1 MoS, + CosS, + MoS; + Co,Ss + Co,S4 +
Co,8; + CoMo,S, + Mo CoMo,S, + Mo
Tron series
Feg 0sM0g 9755, 0.051 15 A + Mo + FeS, Mo + A + Fe,_,S
Feq Mog¢sS, 0.105 21 A + Mo + FeS, Mo + A + Fe,_,S
Fey,Mo0y6S, 0.222 16 A + Mo + FeS, Mo + A + Fe,_ S
Fey Mo, 5S, 0.353 20 A + Mo + FeS, Mo + A + Fe,_S
Fey sMoy 75, 0.667 6 A + Mo + FeS, Mo + A + Fe,_,S
Fey Moy 7S, 0.857 6 A + Mo + FeS, Mo + A + Fe_S

Note. The phases in boldface are present in only minor proportions or as traces.

¢ Promoter/molybdenum atomic ratio.

% A is a nonstoichiometric molybdenum disulfide-based phase.

ples. The catalysts were pretreated in a he-
lium flow for 30 min at 673 K. The reactant
mixture, consisting of a H,/thiophene flow,
was passed over the catalyst bed maintained
within a temperature range of 473-673 K.
The reaction rates were expressed as a turn-
over of molecules of thiophene per total
molybdenum atoms in the sample per sec-
ond. It is a common practice in HDS cataly-
sis to normalize the reaction activity in
terms of MoS, ‘‘edge’” areas. But this
method can be somewhat misleading as
there is no unambiguous technique to deter-
mine these ‘‘edge’ areas.

3. Structural Characterization

The advantage of using bulk unsupported
sulfides is that they can be readily analyzed
for their phase composition by X-ray dif-
fraction. The degree of crystallinity can also
be inferred from the linewidths of the X-
ray peaks. While X-ray diffraction provided
information of a more average nature re-

garding the crystalline phases present, elec-
tron microscopy was utilized to learn more
about the microstructural makeup of the
samples. The elemental analysis by EDX
and microdiffraction studies were per-
formed on a JEOL 2000FX analytical elec-
tron microscope. Additional AEM investi-
gations were performed on a dedicated
STEM (VG HB501) equipped with a field
emission gun capable of forming very small
electron probes. High resolution electron
microscopy on a JEOL 4000EX was used to
examine the structure and morphology of
the catalysts at an atomic scale. Due to an
initial concern of damaging the specimen by
electron beam irradiation, the HREM work
was done primarily at an accelerating volt-
age of 200 kV. However, at a later stage of
the investigation, as no significant irradia-
tion effects were observed at 400 kV, the
remaining specimens were examined at this
higher voitage. The specimen preparation
for electron microscopy consisted simply of
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Fi1G. 1. Representative X-ray diffraction profiles from the cobalt and iron promoted series of freshly
synthesized samples. Plots from Coy;, Cogg, Feygs, and Feyq are shown. Stoichiometric MoS, and
nonstoichiometric MoS, ;5 are also included for comparison.

depositing a few drops of the isopropanol-
suspended catalyst powder on a holey car-
bon-covered copper grid.

Results and Discussion
1. X-Ray Diffraction

The powder X-ray diffraction patterns in-
dicated the presence of a mixture of crystal-
line phases in both the Co-series and the
Fe-series solid state catalysts (Fig. 1). In
addition, the crystalline phases in stoichio-
metric MoS, and nonstoichiometric MoS, 4
were also examined (Table I). The details of
the phase determination by X-ray diffrac-
tion have been described in previous publi-
cations (17, 18). Briefly, for the samples con-
taining low cobalt loadings Coy ¢s—Co, 3, the

majority of the peak intensity could be at-
tributed to the presence of a nonstoichio-
metric molybdenum sulfide phase. This was
confirmed by comparing the X-ray peak po-
sitions and shapes with that of the nonstoi-
chiometric MoS, s sample. Generally, the
peaks were considerably broadened and
weaker in intensity relative to that of the
stoichiometric MoS,. These phenomena are
typical of nonstoichiometric materials
where, in this instance, the creation of an-
ionic sulfur vacancies in MoS, resulted in
X-ray line broadening. This cannot be solely
assigned to crystallite size or surface area
effects but is most likely caused by the pres-
ence of defects in the solid state samples
(19). This aspect will be examined in greater
detail in the electron microscopy investiga-
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tions. In addition to the nonstoichiometric
phase, small amounts of metallic molybde-
num and cobalt sulfide with a cubic pyrite
structure were also detected. With increas-
ing amounts of cobalt, such as in samples
Co, s and Coy 4, the cobalt sulfide peak inten-
sity increased. Moreover, in these latter two
specimens, the peaks attributed to the non-
stoichiometric molybdenum sulfide could
no longer be detected as attested to by the
narrowing of the MoS, line widths. The sam-
ples with high cobalt loadings, namely Coyg 5
and Cogg, also showed traces of Mo and
various other cobalt sulfides including
Co,S,, Co,S;, and CoMo,S,.

The Fe-series solid state state samples
had X-ray diffraction profiles very similar
to the Co-series. The non stoichiometric
molybdenum sulfide phase was present in
all samples irrespective of the iron loading.
With rising iron loadings, the amounts of
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FeS, of the pyrite type increased. It should
be noted that no evidence of any oxide
phases was observed in either the cobalt-
or iron-promoted materials.

2. Catalytic Activity

In order to justify these solid state sam-
ples as useful for hydrodesulfurization, they
had to be tested for their catalytic activity.
The activity and product selectivity resuits
are presented in Table II. The data shown
here were taken after 2 hr on stream, atmo-
spheric pressure, and a temperature of 573
K. The feed stream consisted of 2.7 vol%
thiophene, the balance being hydrogen.

For the Co, Mo, _,S, series, the samples
with cobalt loadings from Coy s to Coy, ; had
significantly higher activities, up to an order
of magnitude greater, than the two catalysts
with the high cobalt loadings. Also, it was ob-
served that the stoichiometric MoS, was far

TABLE II
HDS AcCTIVITY AND SELECTIVITY AT 573K

% Selectivity

iCy. &

Catalyst TOF (sec™)) G, C,. Cs Cso iC, nC, 1C,. 1,3C, cCy 1Cy
MoS, 3.16*1077 0.0 128 6.7 382 0.0 0.0 15.7 8.3 12.6 5.8
MoS, g5 2.22%10°° 0.5 00 19 1.9 00 768 3.6 0.0 10.0 51

Cobalt series
Coy osM0g 9755, 4.84%107° 0.4 0.0 0.6 0.0 00 714 5.8 0.0 14.1 7.5
Coy Moy 955, 1.22*10-3 0.7 03 1.0 0.0 00 562 8.4 0.0 21.7  11.5
Coy, Moy S, 6.65%10~5 0.3 00 04 0.0 0.0 643 7.8 0.0 17.6 9.4
Coy3Moy ¢5S, 9.12*10°° 0.1 0.0 03 00 00 793 4.3 0.0 10.5 5.5
CoysMoy 155, 0.54*1073 0.0 1.5 0.0 0.0 0.0 6.4 216 0.0 477 228
Cog ¢Mog 1S, 0.18*10°°5 0.0 0.0 0.0 0.0 0.0 7.5 44.7 0.0 29.2  18.7
Iron series
Feo_osMOOgHSz 3.40*107° 0.0 0.9 0.5 0.0 0.0 58.6 8.3 0.0 20.4 11.1
Feg Moy gsS, 8.11*1073 0.1 0.0 03 00 0.0 782 4.6 0.0 10.9 5.9
Fey,Mog oS, 8.61*10°° 0.3 00 03 00 00 771 4.6 0.0 11.6 6.1
Fey Moy 5S, 9.78%10% 0.0 0.1 0.3 0.0 0.0 674 7.1 0.0 16.4 8.7
Fey sMog 15S, 1.65*%10°° 0.2 0.0 0.3 0.0 00 79.0 4.5 0.0 10.3 5.5
FegsMog 1S, 7.60%10~°% 0.2 0.2 02 0.0 00 379 14.2 0.0 30.5 16.8

Note. All data taken after 2 hr on stream, atmospheric pressure, and 573 K.
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F1G. 2. A high resolution electron micrograph of a sulfided industrial (Katalco) HDS catalyst which
consisted of CoO-MoO; supported on alumina. Note the slabs of MoS, dispersed on the Al,O, indicated

by the short dark 6.15 A lattice fringes.

less active than the nonstoichiometric
MoS, 5. From the large disparity between
the high and low activity groups of catalysts,
it can be expected that there must be some
sort of structural and/or compositional dif-
ference between the samples with high and
low catalytic activity. This was confirmed
whenit was determined that all the highactiv-
ity catalysts contained the nonstoichiome-
tric molybdenum sulfide phase, whereas
such a phase was notdetected inthe catalysts
with high cobalt content having low activity.

Higher catalytic activities were observed
for all the iron-promoted materials relative
to stoichiometric MoS, as well. It was deter-
mined from the X-ray diffraction profiles
that all the iron-promoted catalysts synthe-
sized contained the nonstoichiometric
molybdenum sulfide phase. From these re-
sults, it would appear as though the high
reactivity coincided with the presence of

this nonstoichiometric phase in both the Fe
and Co series.

3. Electron Microscopy

3.1. Alumina-supported HDS catalysts. A
typical industrially supplied (Katalco) hy-
drodesulfurization catalyst contains CoO
and MoO; supported on a high surface area
alumina support. This catalyst is presulfided
in a H,S/H, stream at high temperatures
before being utilized. The sulfidation of the
oxide precursors leads to the formation of
a molybdenum sulfide phase. The role and
location of the cobalt promoter is still not
completely understood, although it has been
suggested that a ‘““Co-Mo-S’’ phase, com-
posed of cobalt atoms residing on the MoS,
edge planes, is formed (/1, 12, 20). A high
resolution electron micrograph (Fig. 2) of a
sulfided Katalco catalyst illustrates the pres-
ence of dispersed MoS, on the alumina as
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Fi1G. 3. Schematic of the edge and basal plane bond-
ing configurations of the MoS, slabs on the alumina
support. (Adapted from Refs. ({ and 22).)

indicated by the short black lines. These
features represent the (0002) or basal planes
of MoS, with spacings of 6.15 A. Multislice
computations have shown that each of the
black lines signifies a S~Mo-S sheet (21]).
These slabs or stacks of MoS,, as they have
come to be known in the catalyst literature,
have been studied extensively by TEM tech-
niques on alumina-supported powder sam-
ples as well as on model substrates (22). It
has been reported that, depending upon the
temperature of sulfidation, these MoS,
stacks can either be edge bonded or basal
bonded to the alumina planes. At a sulfida-
tion temperature of 670 K, microdiffraction
studies have shown that the MoS, is edge
bonded with its {2110} plane in contact with
the alumina, while the {1010} set of edge
planes are exposed to the gas phase react-
ants (23). But when the sulfidation tempera-
ture was increased to 870 K, the MoS, layers
were found to be bonded to the substrate
with the basal plane (Fig. 3). It is generally
accepted that the edge planes of the MoS,
crystal are mainly responsible for the bene-
ficial activity trends observed in these cata-
Iysts due to the coordinative unsaturation of
the sulfur atoms located on these planes
(24). As can be observed in the HREM mi-
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crograph (Fig. 2), the polycrystalline nature
of the alumina support makes it virtually
impossible to study the catalytically inter-
esting edge planes, and only the (0002) basal
planes are easily visible. This interference
in the imaging of edge planes by the alumina
substrate can be avoided in the unsup-
ported, solid state-synthesized Co- and Fe-
containing molybdenum sulfide catalysts.
These model materials, therefore, permit
the examination of their structure in greater
detail.

3.2 Stoichiometric MoS,. Molybdenum
disulfide is characterized by a layered struc-
ture and has a hexagonal unit cell (25). The
Mo atoms are coordinated with six sulfur
atoms in a trigonal prismatic configuration.
Although a less common rhombohedral
crystal structure of MoS; is known to exist,
for the purposes of this study, the hexagonal
configuration will be assumed.

The selected area electron diffraction pat-
terns from the stoichiometric MoS, speci-
men showed definite crystalline spot pat-
terns throughout the sample. The average
MoS, particle appeared to be on the order of
hundreds of angstroms in size. The selected
area electron diffraction (SAED) pattern of
MoS, in Fig. 4a shows the {1010} and
{1012} reflections with d spacings of 2.73 and
2.50 A, respectively. This high degree of
crystallinity could be more or less inferred
from the narrow linewidths of the well-
defined peaks in the X-ray diffractogram.
The high resolution electron microscopy im-
ages of these MoS, crystals shown in Fig.
4b illustrate the long range order and nearly
defect-free nature of this specimen. The lay-
ered structure of this chalcogenide material
is also evident along the edge of the crystal.
The lattice planes visible in the structure
image correspond to the {1010} and {1012}
reflections in the selected area electron and
optical diffraction patterns. Recall that the
{1010} set of planes which represent the
edges of the MoS, crystal are thought to be
the active planes for HDS catalysis. These
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FIG. 4. (a) An HREM image of stoichiometric MoS, indicating high degrees of crystallinity and long
range order. Inset: Selected area diffraction pattern. (b) A higher magnification version of a. Inset:
Optical diffraction pattern. The {1010} and {1012} lattice planes of spacings 2.73 and 2.50 A respectively
are imaged.
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lattice planes, imaged here, are well ordered
and defect free. It has been shown by single
crystal studies that the (0001) basal planes
of MoS, had low HDS reactivity relative to
the edge planes (26).

3.3 Nonstoichiometric MoS, os. With the
removal of sulfur atoms and the subsequent
creation of anionic vacancies in the molyb-
denum sulfide lattice a drastic change, rela-
tive to the stoichiometric compound, in the
structure and morphology takes place. This
nonstoichiometric compound is polycrystal-
line as evidenced by the ring structure ob-
served in the selected area electron diffrac-
tion pattern taken from a large particle (Fig.
5a). The reflections from the (0002), (1010),
and (1014) lattice planes provide the greatest
intensity. This lower degree of crystallinity
was also detected by X-ray diffraction.

On examining the atomic structure of this
compound in HREM, one observes a strik-
ing difference in the overall appearance of
the molybdenum sulfide. The *‘slabs’’ of the
basal (0002) lattice planes with d spacings of
6.15 A, which are characteristic of MoS,,
are clearly visible as are the atomic struc-
tures at various other orientations. The het-
erogeneity in the MoS, 45 is likely due to
the random orientation and stacking of the
molybdenum sulfide layers which creates a
roughening effect on the catalyst morphol-
ogy. On closer examination of a region in
the image one observes a very disordered
structure with a high defect concentration
(Fig. 5b). Such defects were found in regions
in approximately the same crystallographic
orientation as that of the stoichiometric
MoS, images previously shown. The optical
diffraction patterns from such regions indi-
cated reflections from the {1010}, {1011},
and {1012} lattice planes. The complexities
and heterogeneities in this region, however,
make it very difficult to decipher whether
there is a preferential location of these de-
fects on certain planes. Chianelli and co-
workers (27) have identified a ‘‘rag-type”’
MoS, structure in HDS catalysts. This
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structure consists of a poorly crystalline
MoS,. with highly folded and disordered
S—-Mo-S layers. In a HREM investigation
of graphite-supported MoS,, Sanders (21)
observed on optical diffraction patterns the
presence of distinct spots corresponding to
the 2.13 A spacings of graphite, but a diffuse
arc at 2.74 A from a disordered layer of
MoS,. It was concluded that the MoS, is
not an epitaxed layer but consists of many
individual, unaligned particles of MoS,
sheets, lying parallel to the graphite. In an
EXAFS study of a sulfided Mo/Al O, cata-
lyst Vissers et al. have determined by ob-
taining the Fourier Transform of the MoK
edge that the MoS, exists in a highly disor-
dered structure with Mo-O and Mo-S
bonds (28). In addition, a time differential
perturbed angular correlation (TDPAC)
analysis has shown that the MoS, is highly
dispersed and defective in a supported HDS
catalyst (29).

In the basal planes of a molybdenum sul-
fide crystal one would not expect surface
vacancies since the basal sulfur atoms have
completely filled 3s%3p® octets due to the
three bonds between sulfur and molybde-
num. The lack of surface vacancies on these
planes would be detrimental to the adsorp-
tion of sulfur-containing molecules, thereby
hindering the catalytic activity. But, the sul-
fur atoms on the edge planes are coordi-
nately unsaturated as they are bonded to
fewer than three molybdenum cations (23).
Therefore, sulfur vacancies do occur on
planes such as the {1010} and {1120} edge
planes. Furthermore, the sulfur atoms are
known to be mobile on the surface of the
{1010} edges (30). The presence of vacancies
and the resulting sulfur mobility facilitate
a greater number of adsorption modes of
thiophene or other sulfur-containing reac-
tants. This explains the higher catalytic ac-
tivity of edge planes as compared to basal
planes.

The deliberate synthesis of a nonstoichio-
metric, sulfur-deficient molybdenum sulfide
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F1G. 5. (a) HREM image of nonstoichiometric MoS, s indicating polycrystallinity and structural
disorder. The (0002) basal planes of molybdenum disulfide are visible. Inset: The SAED pattern with
a ring structure indicating polycrystallinity. (b) A close-up view of a region in a illustrating the high
defect concentration of the material.
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compound would lead to an even greater
number of anionic vacancies on the edge
planes. Consequently, such materials
should be highly active for hydrodesulfur-
ization catalysis. This hypothesis was con-
firmed, as the catalytic activity of the non-
stoichiometric MoS,4s was orders of
magnitude higher than that of the stoichio-
metric MoS, compound (Table II).

3.4 Promoted samples. The compounds
promoted with lower loadings of cobalt
showed a slightly higher catalytic activity
than the nonstoichiometric MoS, s com-
pound but a significantly improved perfor-
mance as compared to the stoichiometric
MoS, sample. This beneficial trend in thio-
phene conversion coincides with the pres-
ence of a nonstoichiometric MoS, phase in
the cobalt samples as shown in the X-ray
diffraction profiles. Two hypotheses can be
advanced to explain the formation of the
nonstoichiometric molybdenum sulfide
phase in the cobalt-promoted samples. First
the inclusion of lower charged promoter
ions into the MoS§, lattice requires the intro-
duction of sulfur or anionic vacancies to
maintain electroneutrality. The replacement
of Mo** cations by lower-charged Co cat-
ions causes the formation of these anionic
vacancies. Second, it is possible that the
promoter acts as a sulfur scavenger during
the catalyst synthesis by forming promoter
bulk sulfides and causing the depletion of
sulfur atoms needed for the formation of
stoichiometric MoS,. As in the unpromoted
samples, the selected area electron diffrac-
tion patterns of large particles consistently
showed ring structures which were indexed
to MoS, (Fig. 6a). This polycrystalline phase
when imaged in HREM appeared to be simi-
lar to MoS, . The distinct (0002) basal
planes and the heterogeneity in the random
orientation of the MoS, layers were quite
evident in the high resolution images. Once
again defect features caused by the sulfur
deficiency in the lattice were observed in
the region of the edge planes (Fig. 6b).
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Elemental EDX maps generated by ras-
tering the electron beam across crystallites
of the Co, s sample indicated that in some
crystallites the cobalt was distributed
evenly within the catalyst particle, although
the ring structure of the SAED was indexed
as sulfur-deficient molybdenum sulfide. But
EDX spectra from other regions indicated
that some of the cobalt was also segregated
toward the edges of the crystallite. In gen-
eral, there was no definite trend observed
regarding the location and distribution of
cobalt within the different crystallites. From
the EDX data, it cannot be determined with
confidence whether the Co is located inside
the particles or decorating the surface. Un-
fortunately, the K X-ray peak of sulfur oc-
curs at the same energy as one of the Mo
La peaks. This peak overlap prevents the
unambiguous determination of the presence
of sulfur in regions containing Mo. There-
fore, one cannot say with certainty whether
or not Co is associated with sulfur or merely
present in elemental form within the molyb-
denum sulfide structure.

In prior Auger mapping and TEM studies
on single crystals and unsupported HDS cat-
alysts, respectively, the authors drew the
conclusion that the cobalt was situated on
the edges of the MoS, (31-33). However,
the TEM study was performed with an in-
strument not capable of fully resolving the
2.73 A edge planes. By correlating our ele-
mental distribution obtained by AEM
with the structural information obtained by
HRTEM we can infer that in some cases the
presence of cobalt is related to the formation
of the highly disordered nonstoichiometric
molybdenum sulfide phase.

The cobalt-promoted samples with Co
loadings up to Co,; had similar composi-
tion, structure, and morphology as Coy s
along with improved catalytic behavior.
However, when the cobalt loading was in-
creased to Coys and Coy¢, the structure,
crystallinity, and morphology transformed
dramatically coinciding with the decrease in
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FIG. 6. (2) A high resolution electron micrograph from CogosM0g g75S, showing features similar to the
nonstoichiometric Mo$, ¢ with structural disorder and polycrystallinity. The 6.15 A lattice fringes of
the basal plane of molybdenum disulfide can be observed. Inset: SAED pattern which can be indexed
to MoS,. (b) A high magnification version of a region in a indicating a higher defect concentration than
the stoichiometric Mo$S,.
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F16. 7. (a) HREM image from Cog sMo0y 75S; showing the MoS, phase as well crystallized and ordered.
Inset: Selected area diffraction pattern of MoS,. (b) A close-up view of region in a indicating a structure
similar to the stoichiometric MoS, which is relatively defect free.
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FiG. 8. (a) HREM image from a region from Coy sMoy 75S, identified to be most likely Co,S;. (b) A
close-up view of small area in a. Inset: Optical diffraction pattern of this region shows a cubic structure
with a [110] orientation.
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Fic. 9. Microdiffraction patterns from CoysMog+sS, of (a) unreacted molybdenum with a [111]

orientation and (b) [011] zone axis of CoS,.

the thiophene conversion rate. The X-ray
diffraction profiles indicated the absence of
the nonstoichiometric molybdenum sulfide
and the formation of a crystalline stoichio-
metric MoS, phase. This difference was also
represented in the SAED patterns where
now well-defined spot patterns were ob-
served similar to the ones seen in the stoi-
chiometric MoS, diffraction patterns (Fig.
7a). The high resolution images also re-
verted to the well-ordered, crystalline struc-
ture of MoS,. The layers of this compound
are no longer in random orientations but
stacked in order. Figure 7b shows the
{1010} set of lattice planes which constitute
the edges of the crystal. Like the stoichio-
metric MoS, case, these regions appear to
be defect free.

It was also possible to locate and image
some of the lesser sulfide phases in the high
cobalt loading materials. Figure 8 shows a
region identified as Co,S; in the Co, 5 sam-
ple. This region was present as a separate
particle. The presence of the other phases

as well as metallic molybdenum was also
detected by using microdiffraction tech-
niques. Representative convergent beam
electron diffraction patterns of CoS, and Mo
are displayed in Fig. 9. In almost all cases
these other sulfide phases appeared to exist
as separate crystallites apart from the mo-
lybdenum sulfide particles.

In addition, analytical electron micros-
copy of a high cobalt-loaded sample, such
as Cog, indicated that, by and large, cobalt
was not located within the well-ordered,
crystalline structures of MoS,. The bulk of
the cobalt, instead, was found by microdif-
fraction to be in the form of separate parti-
cles of cobalt sulfides confirming our previ-
ous results by HRTEM. But, within a few of
these relatively well-crystallized particles,
where there appeared to be regions with
some structural disorder, cobalt atoms were
detected. This result reaffirms the argument
that the structural disorder and the forma-
tion of the nonstoichiometric molybdenum
sulfide phase is related to the presence of



FiG. 10. (a) High resolution electron micrograph from Fe, ;Mog S, showing a MoS, region similar
to the nonstoichiometric case. (b) A close-up view of top region showing the presence of defects at an
atomic level.
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cobalt. Itis interesting to draw a comparison
between the scenario decribed here and the
previously postulated model of cobalt *‘dec-
orating’’ the edges of the MoS, (11).

The iron-promoted solid state samples
had microstructures similar to that of the
cobalt series with lower promoter loadings.
The X-ray diffractograms showed the pres-
ence of the nonstoichiometric molybdenum
sulfide phase in the entire iron series. Again,
the HREM images indicated, as in the co-
balt-promoted series, a highly disordered
and defective molybdenum sulfide structure
(Figs. 10a and 10b). In addition, separate
particles of pyritic FeS, could be identified
by microdiffraction techniques.

Previous studies have reported that the
iron promoter does not have a beneficial
effect on the HDS activity (¢, 34, 35). Theo-
retical investigations (4, 36) on Fe-~Mo sys-
tems have predicted that due to the lack of
electron transfer capabilities caused by the
electronic configuration of iron, improved
catalytic trends would not be observed.
Therefore, the enhanced HDS activity in
our iron-promoted solid state catalysts can
be attributed mainly to structural transfor-
mations of the molybdenum sulfide lattice.

Conclusions

It appears that the activity increase dis-
played by these model solid state catalysts
is associated with a structural change in the
MoS, crystal lattice. This change may be
induced by either the addition of a promoter,
such as Co or Fe, or by the removal of sulfur
directly from the synthesis charge. Both
Group VIII promotion and an intentional
sulfur deficiency result in structural changes
which were followed by XRD and AEM.
Furthermore, it was possible to monitor
the promoter and sulfur deficiency effects
on _the (OQOZ) basal plane as well as the
(1010), (1011), and (1012) planes directly us-
ing HREM. The results of these studies indi-
cate that both active and less active cata-

SACHDEV ET AL.

lysts all have similar structure along the
(0002) plane, but the other planes, specifi-
cally the (1010), (1011), and (1012) planes,
all show a high concentration of defects and
disorder in the catalytically active samples.
These highly defective planes, which have
been correlated with an increased HDS ac-
tivity, may be interpreted as the much cited
‘‘edge’’ planes believed to be responsible
for the HDS activity of industrial catalysts.
In the low activity catalysts these same
planes are well ordered and defect free.
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