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The morphology of WS2 on sulfided tungsten and nickel–
tungsten catalysts supported on alumina and fluorinated alu-
mina, prepared from ammonium metatungstate and ammonium
tetrathiotungstate, was investigated by means of high-resolution
transmission electron microscopy. The sulfided catalysts prepared
from ammonium metatungstate contain mainly single-layered WS2

slabs, while those prepared from ammonium tetrathiotungstate con-
tain more multilayered WS2 slabs. Incorporation of nickel increases
the stacking and stabilizes small WS2 crystallites. Fluorination of
the alumina support increases the fraction of multilayered WS2

slabs and increases the WS2 slab diameter. c© 2002 Elsevier Science (USA)
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INTRODUCTION
The addition of fluorine to alumina enhances the activity
of acid-catalyzed reactions (1–3), cracking and isomeriza-
tion reactions (4, 5), and hydrodesulfurization (HDS) and
hydrodenitrogenation (HDN) reactions of hydrotreating
catalysts (4–6). The interpretation of the effect of fluorine
on hydrotreating catalysts has been controversial. Many au-
thors attributed the increase in the HDS and HDN activ-
ities to the increased acidity induced by fluorine, assum-
ing that acidic sites catalyze C–S and C–N bond breaking
(4–6). However, our previous study showed that fluorine
hardly influenced the HDN of 2-methylcyclohexylamine,
in which the nitrogen atom is removed by two kinds of C–N
bond breaking, while it increased the HDN of o-toluidine,
in which the hydrogenation of the phenyl ring was the rate-
determining step (7). Apparently, the improved acidity does
not play a key role in improving the HDN activity.
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The influence of fluorine on the dispersion and sulfida-
tion of active phases has been considered to explain the
changes in the catalytic activity in HDS, HDN, and hydro-
genation (6, 8–10). In some cases, the activities for thio-
phene HDS and alkene hydrogenation correlated very well
with the change in the dispersion of the active phases (8, 9,
11), but in other cases there was no such correlation (11).
Several X-ray photoelectron spectroscopy (XPS) studies
found a slight decrease in the degree of sulfidation of molyb-
denum and tungsten upon addition of fluorine (8–10). By
combining temperature-programmed sulfidation, XPS, and
quick extended X-ray absorption fine structure techniques,
we found that fluorine only slightly improved the overall
sulfidation degree while it substantially aided the forma-
tion of a well-defined WS2 structure during sulfidation (12,
13). We attributed the promotional effect of fluorine on the
HDN of o-toluidine to the modification of the morphology
of the active phases (14, 15).

High-resolution transmission electron microscopy
(HRTEM) is a powerful technique for studying the
changes in the morphology of active phases and has been
applied in many studies of sulfide catalysts (6, 16–18). This
Research Note presents the HRTEM results of our series
of catalysts that were used in previous studies (12–15) to
supplement our understanding of the role of fluorine in
hydrotreating catalysts.

EXPERIMENTAL

Details of catalyst preparation were described in previ-
ous papers (12, 13). WO3 /Al2O3, WO3/Al2O3–F, Ni–WO3/
Al2O3, and Ni–WO3/Al2O3–F catalysts were made from
ammonium metatungstate and calcined at 500◦C, while
ATT/Al2O3, ATT/Al2O3–F, Ni–ATT/Al2O3, and Ni–ATT/
Al2O3–F catalysts were made from ammonium tetrathio-
tungstate (ATT) and were not calcined. The loading of
tungsten was 10 wt% W in all catalysts, the loading of nickel
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FIG. 1. HREM micrographs of (a) WO3/Al2O3 and (b) WO3/Al2O3–F catalysts sulfided at 400◦C for 4 h.
was 1 wt% Ni in nickel-promoted catalysts, and the load-
ing of fluorine was 1 wt% F in fluorinated catalysts. Be-
fore the HRTEM measurements, all catalysts were sulfided
actor at 400◦C for 4 h as described previ-
en the sulfided samples were sealed in ni-
trogen (99.999%) until the HRTEM measurements were
performed.

HRTEM measurements were carried out using a Philips

CM30T transmission electron microscope with an LaB6 fil-
ament as electron source and operating at 300 kV. Samples
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FIG. 1—C

were mounted on a microgrid carbon polymer supported
on a copper grid by placing a few droplets of a suspen-
sion of the ground samples in n-hexane onto the grid, fol-
lowed by drying at ambient conditions in an argon glove-
box. Samples were transferred to the microscope in a
ansfer sample holder under exclusion of
ntinued

RESULTS AND DISCUSSION

Figure 1 shows representative HRTEM micrographs of
the (a) WO3/Al2O3 and (b) WO3/Al2O3–F catalysts. The
black thread-like fringes correspond to the WS2 slabs as has

been shown in previous HRTEM studies (6, 16–18). On the
micrograph of the fluorine-free catalyst sulfided at 400◦C
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for 4 h and published by Benitez et al. (6), only a few dark
fringes were observed, which were hardly distinguishable,
most of which were quite blurred or not well differentiated.
Upon the incorporation of 1.5% fluorine into their catalyst,
more WS2 slabs were visible and multilayered crystallites
as well as some exceptionally large aggregates of WS2 were
observed (Fig. 6 in Ref. 6). Our catalysts were prepared
and sulfided under similar conditions, except that the tung-
sten loading was lower (10% vs 16.5% of tungsten) and
the catalysts were not exposed to air before the TEM mea-
surements. In our samples, the dark fringes, correspond-
ing to WS2 crystallites, are homogeneously dispersed on
the support and no exceptionally large aggregates of WS2

were observed. This enables a better evaluation of the ef-
fect of fluorine. The WS2 slabs on the sulfided WO3/Al2O3

catalyst (Fig. 1a) generally contain one layer, only a few
have two layers. Most of the slabs in the WO3/Al2O3–F cata-
lyst (Fig. 1b) contain one layer, but more slabs with two
and even three layers are observed than in the WO3/Al2O3

catalyst.
In the sulfided Ni–WO3/Al2O3 catalyst, most of the slabs

are single-layered and well dispersed on the alumina sup-
port, as in the sulfided WO3/Al2O3 catalyst. The same trend
was observed for the effect of fluorine on the stacking
of WS2 (micrographs not shown): the fluorine-containing
catalyst contained more multilayered slabs than the
fluorine-free catalyst. Ramirez et al. found that, in their sul-
fided NiW/Al2O3 catalysts, most of the slabs had two lay-
ers, and that fluorine did not clearly increase the stacking
of WS2 (18). In their catalysts, nickel and tungsten were in-
troduced simultaneously in a solution of nickel nitrate and
ammonium metatungstate, the loadings of tungsten (16.5%
W) and nickel (2.5% Ni) were much higher than in our cata-
lysts (10% W and 1% Ni), and their catalysts were exposed
to air before the TEM measurements. Our samples reveal
more clearly the promotional effect of fluorine on the stack-
ing of WS2.

To make a quantitative comparison, statistical analyses
were made based on several micrographs taken from dif-
ferent parts of the same sample, including 300 to 500 slabs.
Figure 2 shows the statistical results of the distribution of the
slabs with different stacking (Fig. 2a) and diameter (Fig. 2b).
From these bar graphs it is clear that fluorine decreases
the fraction of single-layered WS2 slabs and increases the
fraction of multilayered slabs. The average number of lay-
ers and the average diameter of WS2 are listed in Table 1.
Although the differences between the samples in slab di-
ameter and stacking number are small, they are significant
because a sufficient number of slabs was measured. Flu-
orine increases the average number of layers from 1.1 to
1.3 in the unpromoted catalysts and from 1.3 to 1.5 in the
nickel-promoted catalysts. Most of the WS2 slabs have a
diameter between 20 and 40 A

❛

. Fluorine shifts the distribu-

tion of WS2 to a larger diameter; it increases the average
diameter from 32 to 35 A

❛

in unpromoted catalysts and from
) AND NiW/Al2O3(F) CATALYSTS 371

FIG. 2. (a) Stacking numbers and (b) diameters of WS2 slabs in the
(�) WO3/Al2O3, ( ) WO3/Al2O3–F, (�) Ni–WO3/Al2O3, and ( ) and
Ni–WO3/Al2O3–F catalysts.

27 to 31 A
❛

in nickel-promoted catalysts. Fluorine favors the
formation of larger particles of WS2, which is consistent
with our previous results from other characterizations (12,
13, 20). A high content of fluorine reduces the surface area
of the supported catalyst (8, 9). The 1% fluorine present in
the catalysts used in this study did not cause a significant
change in the surface area, however, and surface areas were
216, 212, 209, and 204 m2g−1 for WO3/Al2O3, WO3/Al2O3–
F, Ni–WO3/Al2O3, Ni–WO3/Al2O3–F, respectively (7).

Impregnation of alumina with an ammonium fluoride so-
lution and subsequent calcination leads to the formation
of aluminum-fluoride species on the support surface. The
modification of the alumina influences the interaction be-
tween the catalyst precursor phase and the support and thus

TABLE 1

Average Number of Layers N and Diameter D
of Various Catalysts

Catalysts N D, A
❛

WO3/Al2O3 1.1 32
WO3/Al2O3–F 1.3 35
Ni–WO3/Al2O3 1.3 27
Ni–WO3/Al2O3–F 1.5 31
ATT/Al2O3 1.5 33
ATT/Al2O3–F 1.7 31
Ni–ATT/Al O 1.7 32

Ni–ATT/Al2O3–F 2.0 33



372

which have dif
and form differ
SUN, KOOYMAN, AND PRINS
FIG. 3. HREM micrographs of (a) ATT/Al2O3 and

the sulfidation of the supported catalyst (12, 13). FT–IR
studies have shown that fluorine substitutes for hydroxyl
groups on the alumina surface (21). Different types of hy-
droxyl groups are present on the alumina surface (22, 23)
ferent tendencies to be replaced by fluorine
ent types of aluminum-fluoride species. An
(b) ATT/Al2O3–F catalysts sulfided at 400◦C for 4 h.

NMR study detected three types of Al–F species on fluori-
nated alumina (24). Further work is required, however, to
understand the structures of these Al–F species and how
they affect the sulfidation of the supported catalyst.
On the micrographs of the (Fig. 3a) ATT/Al2O3 and
(Fig. 3b) ATT/Al2O3–F catalysts one can see many more
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FIG. 3—

multilayered WS2 slabs than on the WO3 catalysts (Fig. 1).
Previous characterization results showed that the catalysts
prepared from ATT were fully sulfided while the catalysts
prepared from ammonium metatungstate were only par-
der the same sulfidation conditions (12,
f the statistical analysis (Fig. 4) confirm that
ontinued

the fraction of single-layered slabs is much smaller on ATT
catalysts than on the WO3 catalysts. The average number of
WS2 stacking layers in all the ATT catalysts is much larger
than that of the corresponding WO3 catalysts (Table 1). This

means that one can produce more highly stacked WS2 cata-
lysts by using ammonium tetrathiotungstate and omitting
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FIG. 4. (a) Stacking numbers and (b) diameters of WS2 slabs in the
(�) ATT/Al2O3, ( ) ATT/Al2O3–F, (�) Ni–ATT/Al2O3, ( ) and Ni–
ATT/Al2O3–F catalysts.

calcination. Addition of fluorine to the ATT/Al2O3 catalyst
can still increase the fraction of multi-layered WS2. Fluo-
rine does not change the average diameter of the WS2 crys-
tallites to a great extent, but it slightly decreases the frac-
tion of WS2 slabs shorter than 20 A

❛

due to its promotional
effect on the formation of a well-defined WS2 structure
(12, 13).

In the Ni–ATT catalyst, fluorine shows effects similar
to the unpromoted ATT catalyst (Fig. 4 and Table 1).
In an HRTEM study of NiW/Al2O3 catalysts prepared
from ammonium tetrathiotungstate and nickel nitrate via
one-step impregnation, abnormally large WS2 structures
were observed (18), which was not the case in our study.
Their samples were only treated at 127◦C in a flow of
H2S/H2 (18). We observed that ammonium tetrathio-
tungstate on alumina does not decompose completely
in H2S/H2 to WS2 below 300◦C (12, 13). This explains
why a large excess of sulfur and (NH4)2WS4 crystals
were still observed in the samples described by Ramirez
et al. (18).

Comparing the nickel-promoted catalysts with their un-
promoted counterparts (Figs. 2 and 4), one observes that
nickel increases the stacking number just as fluorine does.
Its influence on the diameter is opposite to that of fluorine;
however, nickel increases the fraction of WS2 crystallites

❛

shorter than 20 A. The effect of nickel on the diameter
of WS2 can be explained by the process of sulfidation of
, AND PRINS

NiW/Al2O3 catalysts (13, 25, 26). Sulfidation of nickel starts
at room temperature, while the formation of WS2 does not
occur to a significant extent below 300◦C (13, 26). Upon
the formation of WS2, nickel sulfide tends to combine with
WS2. The decoration of nickel at the edges of WS2 slabs
prevents the further growth of WS2 crystallites during sul-
fidation at higher temperature.

In the investigation of the promotional effect of fluorine
on HDN reactions, it was found that fluorine preferentially
improved the hydrogenation of the aromatic ring, while the
hydrogenation of the alkene and C(sp3)–N bond breaking
were hardly affected (7). Our kinetic studies indicated that
fluorine did not change the intrinsic properties of the ac-
tive sites for the HDN of MCHA and o-toluidine (14, 15).
This has been explained by assuming that the saturation of
the aromatic ring is a stacking-sensitive reaction, and that
higher stacking favors the adsorption of the aromatic ring
on the active site via its π -electron (7, 15). The promotional
effect of fluorine on the HDN of o-toluidine is mainly due
to the increase in the number of stacking layers of WS2. The
present results confirm our explanation of the kinetic data.

CONCLUSION

The influence of fluorine on the morphology of WS2 on
an alumina support was investigated by means of HRTEM.
Fluorine favors the formation of WS2 slabs with higher
stacking and reduces the number of WS2 slabs smaller
than 20 A

❛

. Using ammonium tetrathiotungstate instead of
ammonium metatungstate results in many more multilay-
ered WS2 slabs and suppresses the formation of WS2 crys-
tallites smaller than 20 A

❛

. Incorporation of nickel into the
tungsten-only catalysts increases the fraction of WS2 slabs
with higher stacking, and, at the same time, it increases
the number of small crystallites smaller than 20 A

❛

. Higher
stacking of WS2 favors the hydrogenation of the phenyl
ring in the hydrodenitrogenation of o-toluidine, which is
the rate-determining step.
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