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Technisch/Chemisches Laboratorium, ETH Zentrum, CH 8092 Zürich, Switzerland
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The effect of the calcination temperature on the evolution of the
active phase in NiW/γ -Al2O3 catalysts during sulfidation has been
studied using high resolution transmission electron microscopy
(HREM) and temperature programmed sulfidation (TPS). The evo-
lution of the active phase is discussed in view of the performance
of the catalysts in the hydrodesulfurization (HDS) of thiophene.
Dependent on the pretreatment, three different species were ob-
served with HREM: (i) subnanometer clusters (about 0.5 nm di-
ameter), (ii) nanometer size particles (1 to 2 nm diameter), and
(iii) WS2-like slabs (2–3 nm length). The clusters and particles pre-
dominantly appear after low temperature sulfidation of catalysts
calcined at 673 and 823 K. Hence, it is concluded that they are ini-
tially formed from the oxidic catalyst precursor. WS2-like slabs are
predominantly formed during high temperature sulfidation, inde-
pendent of the calcination temperature. Activity measurements for
the HDS of thiophene show that all phases exhibit a significant cat-
alytic activity. HREM and activity measurements on various freshly
sulfided and spent catalysts showed no significant differences in the
catalysts prior to and after the reaction. c© 1998 Academic Press

INTRODUCTION

In contrast to CoMo and NiMo catalysts, W-based cata-
lysts such as NiW are employed much less frequently in
the hydrotreating of oil. The reasons for it are that Ni-W
based catalysts are more expensive than their CoMo-based
counterparts and because they are less active in the bulk
HDS of gasoil. As a consequence, W-based hydrotreating
catalysts received much less attention in the literature than
their Mo-based counterparts. However, for dedicated pro-
cesses, where a high hydrogenation potential of the catalyst
plays a key role, for instance in hydrodenitrogenation reac-
tions or the deep HDS of diesel fuel, properly sulfided NiW-
based catalysts could be an interesting option (1–9). Sev-
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eral studies on temperature-programmed sulfidation and
reduction of NiW-based catalysts show that their suscep-
tibility to sulfidation and reduction differs from those of
NiMo and CoMo-based catalysts (10–13). The most impor-
tant difference is that in case of NiW-based catalysts cal-
cined at 673 K or higher temperature the sulfidation of the
nickel oxide and the tungsten oxide occurs in two separate
temperature regimes. In contrast to that, in conventionally
prepared CoMo based catalysts both metal oxides sulfide
almost simultaneously (14).

In the present investigation the effects of both the cal-
cination and the sulfidation temperature on the genesis of
the sulfidic phase are investigated with quasi in-situ high
resolution transmission electron microscopy (HREM) and
temperature programmed sulfidation (TPS). The results
of these characterization methods are discussed in view
of the performance of the various catalysts in the hydro-
desulfurization (HDS) of thiophene.

EXPERIMENTAL

The catalysts were prepared by pore volume co-impreg-
nation of crushed γ -Al2O3 (Ketjen 000-1.5E high purity,
surface area 190 m2/g, pore volume 0.60 ml/g, particle size
100–250 µm) with an aqueous solution of (NH4)6W12O39 ·
xH2O (Aldrich 35,897-5) and Ni(NO3)2 · 6H2O (Aldrich
20,387-4). After impregnation, the precursor was dried at
393 K in static air for 16 h. Next, the dried catalyst was
split into three equal portions, of which two were calcined
in static air for 1 h at 673 or 823 K, the heating rate being
600 K h−1. After calcination the three batches were anal-
ysed with AAS for their Ni and W content. For all three
catalysts it was found to be 0.6 atom Ni/nm2 (1.2 wt% Ni)
and 2.7 atom W/nm2 (15.6 wt% W), within limits of accu-
racy. The total metal loading corresponds to about 65% of
the monolayer capacity of the support. In the text below,
all catalysts will be referred to as “calcined.”
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Temperature-programmed sulfidation of the samples for
HREM analysis was performed in a plug flow reactor at
atmospheric pressure described in detail by Scheffer et al.
(15, 16). About 100 mg of the crushed and sieved catalyst
was diluted with an equal amount of SiC. After purging
with Ar at room temperature, the catalyst was exposed to
the sulfidation mixture containing H2S, H2, and Ar (3, 25,
and 72 vol%, respectively) at a total flow rate of 33 µmol/s.
After 0.5 h the temperature program was started at a linear
heating rate of 600 K h−1. Upon reaching the highest tem-
perature of sulfidation, being 613 K, 673 K, 823 K, or 923 K,
the sample was kept isothermal for 1 h, followed by a fast
cooling to ambient temperature in the sulfidation mixture.

After purging with Ar, the reactor was closed, discon-
nected from the TPS equipment, and transferred into a
glove box in which the partial pressure of O2 and H2O
is typically less than 0.5 × 10−3 mbar in atmospheric Ar.
Under these protective conditions, the catalyst was ground
and suspended in n-hexane. A few droplets of the suspen-
sion were placed on a Cu grid coated with a Triafol mi-
crogrid sputtered with carbon (17). The grid was mounted
in a high-vacuum compatible electron microscope holder,
which can be closed for protective transport of the sample
into the electron microscope. In the microscope, the holder
was opened for HREM analysis of the sample. It should be
stressed at this point that all samples have been transported
into the electron microscope without exposure to air, that is,
in the so-called “quasi in-situ mode.” High resolution trans-
mission electron microscopy was performed using a Philips
CM30ST electron microscope equipped with a field emis-
sion gun operated at 300 keV and a Link EDX analyser.
At least 15 representative areas of the catalyst surface were
investigated and a minimum of 300 entities were counted
to ascertain a statistically reliable evaluation.

The TPS signals in Fig. 1 were normalised to the amount
of catalyst. The isothermal room temperature uptake, which
always occurs directly after switching to the sulfidation mix-
ture, is not shown in the spectra. However, it has been taken
into account in the quantification of the degree of sulfida-
tion, which for each catalyst at the various sulfidation tem-
peratures mentioned above, was calculated from a TPS up
to 923 K. The data were normalised to the sulfur uptake for
a quantitative sulfidation of the nickel oxide and tungsten
oxide into NiS and WS2, respectively. Note that this degree
of sulfidation may be somewhat lower than that of the ac-
tual catalyst analysed by HREM, since the latter has been
exposed to a 1-h isothermal stage at the various tempera-
tures.

Thiophene HDS was performed at 613 K in an atmo-
spheric pressure plug-flow reactor. The particle size used
was 170–500 µm. Sulfidation of the catalyst was done in
H2S/H2 (15/85 vol%) at a total flow rate of 17 µmol/s. The
catalyst was heated at 600 K h−1 to 543 K, kept isother-
mal for 0.5 h, followed by heating at a rate of 600 K h−1 to

613 K, 673 K, 823 K, or 923 K, respectively, where it was
kept isothermal for 1 h. Because of the similarity of the sulfi-
dation routines, it is expected that the catalysts investigated
by HREM do represent those tested for their activity in the
thiophene HDS. During thiophene HDS the total flow rate
was 40 µmol/s, the thiophene content being 6 vol% in bal-
ance H2. Thiophene conversions were determined after 4 h
time on stream at 613 K in order to stabilise the catalysts.

RESULTS

Temperature-Programmed Sulfidation

The TPS profiles of all catalysts are presented in Fig. 1.
For the performance testing the catalysts in the various
stages of sulfidation and with a corresponding different spe-
ciation have been selected based on these TPS profiles. The

FIG. 1. TPS profiles of catalysts calcined at 393 K, 673 K, and 823 K,
respectively. All signals are normalised to the amount of catalyst. A neg-
ative deflection of the H2S profile (upper trace of each pair) corresponds
to a H2S consumption, whereas for H2 (lower trace of each pair) a posi-
tive deflection corresponds to a H2 consumption. The drying/calcination
temperature (K) is indicated at the pairs of TPS profiles.
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TABLE 1

The Degree of Sulfidation (in %) as Evaluated from
Quantitative TPS

Tcalc (K): 393 673 823Q
Q
QTsulf (K)

613 69 31 18
673 81 42 25
823 97 83 68
923 100 100 100

Note. Sulfidation to 100% is based on quantitative sulfida-
tion into stoichiometric WS2 and NiS.

selected temperatures of sulfidation and the corresponding
degrees of sulfidation are summarised in Table 1.

For all catalysts, directly after the start of the heating
programme a small amount of H2S desorbs, since it is pro-
duced without accompanying H2 consumption. In case of
the catalyst calcined at 393 K, the H2S consumption starts
at about 380 K and accelerates from 410 K. Simultaneously
with the latter, a small amount of H2 is consumed. Both the
H2 and the H2S profiles show a maximum consumption at
about 490 K. At higher temperatures, a steeply increasing
H2S concentration can be seen. The latter effectively results
in a H2S production, with a peak at about 600 K. Simulta-
neously, a spike in the H2 consumption can be observed. At
still higher temperatures a smooth H2S consumption occurs
over a wide range of temperatures, simultaneously with a
corresponding H2 consumption. As can be seen in Table 1,
the degree of sulfidation gradually increases from 69% at
613 K up to 100% at 923 K.

For the catalyst calcined at 673 K, the H2S uptake starts at
about 390 K, leading to a maximum uptake, i.e. a minimum
in the H2S concentration, at about 500 K. At higher tem-
peratures, the H2S concentration increases which results
in a maximum H2S concentration at about 600 K. Simul-
taneously, a maximum in the H2 consumption occurs. The
maximum in the H2S concentration is followed by a second
H2S uptake with a maximum rate of consumption at about
700 K, followed by a slow progressive sulfidation of the
sample up to 923 K. The sulfidation increases from about
31% at 613 K up to 100% at 923 K.

The TPS profile of the catalyst calcined at 823 K is very
similar to that of the catalyst calcined at 673 K, only the
following minor differences can be seen. The maximum rate
of the H2S production with simultaneous H2 consumption
has shifted to above 600 K, while the maximum rate of
sulfidation in the second stage of sulfidation has shifted to
about 770 K. Finally, the degree of sulfidation is lower, viz.
18% at 613 K and 100% at 923 K.

Electron Microscopy

Dependent on the pretreatment, three different features
have been observed in the various catalysts:

(i) subnanometer clusters (about 0.5 nm diameter),
(ii) nanometer size particles (1 to 2 nm diameter), and

(iii) WS2-like slabs with a length of about 2–3 nm.

When a freshly sulfided catalyst was exposed to air prior
to HREM analysis, the slabs were more susceptible to elec-
tron beam induced damage than those of a sample intro-
duced in the microscope under protective conditions (quasi
in situ). Analogously, when a freshly sulfided catalyst was
exposed to air after a quasi in situ electron microscopic anal-
ysis and reintroduced in the electron microscope, the slabs
were also more susceptible to electron beam induced dam-
age. In the electron beam induced decomposition, the slabs
transferred into (spherical) particles, which are very similar
to the nanometer size particles mentioned above under (ii).
As a result, catalysts not introduced under protective con-
ditions contain fewer slabs and more nanometer-sized par-
ticles than those introduced quasi in situ. Subnanometer
clusters were not observed in catalyst samples exposed to
air. Analogous results have been reported previously for
molybdenum-based catalysts (18). Also, highly dispersed
nickel sulfide catalysts, which were exposed to air briefly,
clearly showed a significant degree of oxidation, as could
be inferred from their X-ray photoelectron spectra (19, 20).
Thus, all catalysts in this study have been introduced in the
HREM in the quasi in situ mode, since this is essential for
the occurrence of the various surface species. In addition
to the freshly sulfided catalysts, also spent catalysts were
investigated by HREM. From the comparison of the fresh
and the spent catalysts and their activity patterns, it was con-
cluded that various species observed are stable under the
reaction conditions as applied in the current experiments.

The subnanometer clusters (Fig. 2a) have a size of about
0.5 nm, are visible due to a higher contrast as compared to
their surroundings and are stable under the electron beam
as applied. The nanometer size particles (Fig. 2b) have a
spherical shape with a diameter between 1 and 2 nm. At
low irradiation levels of the electron beam the particles are
stable, however, no interference pattern due to the lattice
planes could be observed because of the low intensity of the
electron beam. At a higher intensity of the electron beam
only for limited periods the images of the particles showed
clear interference patterns; a major part of the time no in-
terference patterns due to lattice planes could be observed.
Each time that the interference pattern reappeared, the po-
sition of the lines was different, indicating a different ori-
entation of the lattice planes in the particle with respect to
the electron beam.

A typical example of WS2-like slabs can be seen in Fig. 2c.
The slabs are very similar to those reported in previous
HREM studies on hydrotreating catalysts (21) and contain
relative low concentrations Ni, as inferred from EDX analy-
sis. In general, the slab-size increased to about 3 nm after
sulfidation at 673 K and higher temperatures while a low
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FIG. 2. Typical HRTEM images of (i) subnanometer clusters (Fig. 2a, catalyst calcined at 823 K and sulfided at 613 K), (ii) nanometer particles
(Fig. 2b, catalyst calcined at 823 K and sulfided at 673 K), and (iii) slabs (Fig. 2c, catalyst calcined at 673 K and sulfided at 823 K). The magnification in
the three images is equal, for ease of the interpretation a bar with a length of 2 nm is shown.

FIG. 3. Bar graphs as derived from the HREM micrographs of the various catalysts as a function of their calcination and sulfidation temperature
in K. The density of the species, N, is normalised to the surface area of the catalysts and indicates the trend of the occurrence of the various species.
The estimated accuracy in the data is about 10%, relatively. A, subnanometer clusters; B, nanometer particles; C, slabs.
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average stacking degree of the slabs was observed under all
circumstances.

Statistics of Electron Microscopy

A statistical analysis has been made on the occurrence
of the subnanometer clusters, the nanometer size particles
and the slabs in the various catalysts. Note that the densi-
ties have been defined as the number of species observed
per 1000 nm2 surface area of the alumina. The results are
summarised in Figs. 3a–c as bar graphs, where the relative
occurrence of the three species can be compared directly.
It should be noted, however, that the bar graphs are meant
to indicate a trend rather than to represent exact numbers.

For the subnanometer clusters a high density is found af-
ter sulfidation at 613 K of the catalysts calcined at 673 K and
823 K. The highest density of the nanometer-size particles
is found after sulfidation at 673 K of the catalysts calcined at
823 K. For the 673 K calcined catalyst, the highest density of
nanometer particles is found after sulfidation at 613 K. With
increasing sulfidation temperatures the density of both the
subnanometer clusters and the nanometer size particles de-
creases relatively fast for the 673 K calcined catalyst, as
compared to the catalyst calcined at 823 K. In parallel, the
slab density increases relatively fast in the 673 K calcined
catalyst, as compared to that in the 823 K calcined catalyst.

For the catalyst calcined at 393 K followed by sulfidation
at 613 K and 673 K, only limited numbers of nanometer
particles and relatively large numbers of slabs are observed,
in contrast to the catalysts calcined at higher temperatures.

Catalyst Activity in the HDS of Thiophene

Figure 4 gives the first-order reaction rate constant for the
HDS of thiophene over the various catalysts as a function
of their sulfidation temperature. Two different trends can
be clearly observed. First, for a given calcination temper-

FIG. 4. The first-order overall reaction rate constants for thiophene
HDS of the various catalysts calcined at 393 K, 673 K, and 823 K, followed
by sulfidation at 613 K, 673 K, 823 K, and 923 K (reaction temperature
623 K, pressure 0.1 MPa, in a flow reactor).

FIG. 5. The ratio of the first-order overall reaction rate constants of
hydrogenation and thiophene HDS. The NiW catalysts were calcined at
393, 673, and 823 K, respectively, followed by sulfidation at 673 K and
823 K, respectively (reaction temperature 623 K, pressure 0.1 MPa, in a
flow reactor).

ature, a progressively increasing activity can be observed
with increasing sulfidation temperature up to 823 K; at still
higher sulfidation temperatures the activity of the catalysts
decreases for all catalysts. Second, the milder the calcina-
tion of a catalyst prior to its sulfidation, the better the per-
formance of the catalyst in the HDS of thiophene. Within
limits of experimental accuracy this difference levels off,
however, when the catalyst is sulfided at or above its calci-
nation temperature. When comparing the catalysts sulfided
at 673 K and 823 K, one observes that for all catalysts a
major change in the selectivity occurs after sulfidation at
823 K and higher temperatures, as can be seen in Fig. 5.
At lower temperatures of sulfidation, all catalysts exhibit a
relatively high selectivity for hydrogenation, whereas after
sulfidation at 823 K and higher, the selectivity clearly shifts
towards hydrogenolysis.

For comparison a Ni/γ -Al2O3 and a W/γ -Al2O3 catalyst,
calcined at 773 K and sulfided at 613 K, were tested in the
thiophene HDS reaction. Their activities were at least one
order of magnitude lower than that of their Ni-W based
counterpart.

DISCUSSION

Dependent on the calcination temperature, in the oxi-
dic Ni-W based catalysts the following species may occur:
“micro-crystalline,” highly dispersed nickel oxide, tungsten
oxide, nickel-tungstate, and nickel-aluminate. After low
temperature calcination, relative large amounts of nickel
oxide and tungsten oxide are being formed, while after cal-
cination at 673 K and higher temperatures the nickel oxide
dissolves in the tungstate phase to form nickel tungstate, or
reacts with the alumina to nickel-aluminate (1, 10, 22).
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In the temperature-programmed sulfidation of the cata-
lysts, three different regimes can be discerned. In the first
regime up to about 600 K the “micro-crystalline” nickel ox-
ide is sulfided in the calcined catalysts (1, 10). In contrast,
for the catalyst calcined at 393 K, also a major part of the W
must have exchanged its oxygen for sulfur in this first H2S
uptake, because of the high degree of sulfidation at 613 K
(69%). Because of the large H2 consumption peaking at
about 590 K at least part of the sulfided tungsten is reduced
from W6+ into W4+. This is corroborated by the observa-
tion in HREM that a rather large number of slabs is formed
already after sulfidation at 613 K (cf. Fig. 3c) of the 393 K
calcined catalyst. This is also in line with the relatively high
activity of this catalyst in the HDS of thiophene, as com-
pared to that of the calcined catalysts (see Fig. 4). The nature
of the small H2 consumption, which peaks at about 500 K
simultaneously with the sulfur uptake is not fully clear. It
may be attributed to the reduction of tungsten, or to the
decomposition of nitrates still present from the metal pre-
cursors. Whatever the case may be, in the 393 K calcined
catalyst the tungstate is hardly stabilised by the alumina
because of the weak interaction between both.

In the second regime at about 590 K, a sharp H2S pro-
duction and H2 consumption are observed for the 393 K
calcined catalyst. The shape of the peaks suggests that the
process is kinetically limited rather than determined by
thermodynamics. It could, for instance, be caused by the
nickel catalysed reduction of a tungsten oxy-sulfide, or the
hydrogenation of so-called “excess sulfur” (10, 23). A de-
tailed quantitative analysis of the TPS profiles (22) clearly
shows that this H2S production can be correlated to the
reduction of WS3. The much smaller H2 consumption and
the correspondingly smaller maximum in the H2S at about
600 K for the catalysts calcined at 673 and 823 K indicate
the more refractory nature of the tungstate layer after cal-
cination at 673 K and higher temperatures. This is also sup-
ported by the limited degree of sulfidation of the calcined
catalysts at 613 K shown in Table 1.

In the third regime, starting at about 600 K, dependent
on the calcination temperature, nickel tungstate and tung-
sten oxide are progressively sulfided while simultaneously
W6+ is reduced into W4+, as can be inferred from the H2

consumption. This is in accord with the temperature pro-
grammed sulfidation of Ni-W based catalysts reported by
Scheffer et al. (1). The high temperature shift of the max-
imum rate of H2S uptake for the calcined catalysts again
supports the more refractory nature of the tungstate after
calcination at 673 K and 823 K.

Following calcination at 823 K, the degree of sulfida-
tion of the active phase is strongly reduced (only 18% at
613 K sulfidation temperature) as compared to that of the
393 K calcined catalyst (69% at 613 K sulfidation temper-
ature). This is also reflected in the XPS spectra of the Ni
2p emission line. After sulfidation at 613 K about 60% of

the Ni is sulfided following calcination at 673 K, while af-
ter calcination at 823 K only 40% of the Ni is sulfided at
613 K (24).

High-resolution electron microscopy of the 673 K cal-
cined catalysts sulfided at 613 K and the 823 K calcined
catalysts sulfided at 613 K and at 673 K shows the presence
of species with dimensions in the range of about 0.5 nm
(Fig. 2a) which protrude from the catalyst surface. Since
these clusters are not observed in the freshly calcined sam-
ple, they must have been formed during the sulfidation step.
They are exclusively observed in the Ni-W-based catalyst
after sulfidation and neither in sulfided W/γ -Al2O3 nor in
sulfided Ni/γ -Al2O3. Finally, they are predominantly ob-
served in the calcined catalysts sulfided at temperatures,
where the highly dispersed nickel oxide is already sulfided
and Ni in NiWO4 (1, 10) just starts to sulfide. Since the Ni-
W-based catalysts containing the subnanometer clusters ex-
hibit a relatively high activity in the thiophene HDS (Fig. 4),
in contrast to their Ni- and W-based counterparts, the acti-
vity of the Ni-W-based catalyst must be due to the combined
action of Ni and W in close contact. Especially in view of
their limited degree of sulfidation (only 18 to 31%), the
catalytic activity of these catalysts in the HDS of thiophene
is remarkably high. This observation is however, in line with
recent work of Eijsbouts et al. (25) on fully sulfided high-
activity CoMo-based catalysts. They investigated a series of
similar catalysts with varying dispersion with electron mi-
croscopy and EXAFS analysis. From the combined results it
was concluded that a substantial amount of the active phase
was present as a highly dispersed species, not necessarily
being slabs, containing at most seven Mo atoms. Clearly,
such small species were not observed in their electron mi-
croscope. However, their electron microscopic analysis was
performed under exposure of the catalysts to air (ex situ) in
using quite different sample preparation and it was experi-
enced in the current research that such small identities may
disappear upon exposure of a catalyst to air. Whatever the
case is, these observations clearly illustrate that also other
species than the well-known slab-like “CoMoS” phase as
proposed by Topsøe et al. (7) can play an active role in the
hydrodesulfurization reaction.

At slightly higher sulfidation temperatures, nanometer
size particles are observed simultaneously with the sub-
nanometer clusters. The particles have a tendency to change
shape and orientation at higher electron beam intensities,
as for instance observed for small metallic particles (26).
Since these nanometer sized particles are found predomi-
nantly in catalysts where W is in its initial stages of sulfida-
tion, it is concluded that this species most likely represents
an intermediate species in the process of sulfidation.

The appearance of slab-like structures in the sulfided,
calcined catalysts occurs simultaneously with the disappear-
ance of the sub-nanometer clusters, as can be seen in Figs. 3a
and 3c. Especially at sulfidation temperatures of 823 K
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and higher, predominantly WS2-like slabs are observed, in
which relatively low concentrations of Ni were found by
EDX. That the occurrence of slabs coincides with the disap-
pearance of the clusters and particles also indicates the tran-
sient nature of the latter two species. However, at present
it is not clear if the subnanometer clusters are a nucleus for
the formation of slabs, or if they are a separate phase which
becomes thermodynamically unstable at higher sulfidation
temperatures and transforms into the thermodynamically
stable WS2-like structures.

As for the role of the calcination step, at 823 K and
higher calcination temperatures the bonding of the (nickel)
tungstate layer to the alumina (1, 22) is established, while
also more of the nickel tungstate is formed (1, 22, 27). This
is corroborated by the present TPS and HREM observa-
tions, collected in Figs. 1 and 3. In the TPS profile (Fig. 1) of
the 393 K calcined catalyst a relatively large H2 consump-
tion, simultaneously with a large H2S uptake, which must
also be attributed to the sulfidation of tungsten, is observed
at temperatures below 600 K, in contrast to the catalysts
calcined at 673 and 823 K. For the 393 K calcined catalyst
significant amounts of slabs are observed after sulfidation
at temperatures as low as 613 K. Also, the small number of
subnanometer clusters in the 613 K sulfided, 393 K calcined
catalyst as compared to its calcined counterparts is strik-
ing. After calcination at higher temperatures more nickel
is stabilised by incorporation in NiWO4, which is stabilised
further by the alumina. Therefore, it can be concluded that
the more refractory the nickel oxide and the tungsten oxide
are before sulfidation, the more subnanometer clusters are
being formed in the initial stages of sulfidation.

To summarise, the present observations indicate that the
genesis of the surface species in a NiW/γ -Al2O3 catalysts
upon sulfidation starts with the formation of subnanome-
ter nickel sulfide clusters, likely containing some W. Under
more severe sulfidation conditions also nanometer sized
particles are formed. Both the clusters and the particles are
most likely transformed into the well-known WS2-like slabs,
since the numbers of the former decrease in the HREM
images with increasing sulfidation temperature, that is with
increasing number of WS2-like slabs. All catalysts contain-
ing the various species observed have a comparable activity
in the HDS of thiophene.

The highest activity for HDS of thiophene is found for
the catalysts sulfided at 823 K. TPS shows that in these cata-
lysts part of the tungsten is reduced and sulfided into WS2.
HREM shows the presence of large numbers of WS2-like
slabs and only very low numbers of subnanometer clusters
and limited numbers of nanometer sized particles. This sug-
gests that the WS2 based slab-like structures have a high ac-
tivity in the HDS of thiophene, in accord with the so-called
Topsøe model (7). However, in view of their limited degree
of sulfidation and the absence of large numbers of slabs,
the catalyst prepared by calcination at 823 K followed by

sulfidation at 613 K has a remarkably high activity for the
HDS of thiophene.

As for the role of the calcination temperature on the ac-
tivity of the catalysts in the thiophene HDS, it can be seen
in Fig. 4 that the lower the temperature of thermal treat-
ment of the catalysts is, the higher their activity is at lower
sulfidation temperatures. This difference disappears, how-
ever, after sulfidation at a temperature equal to, or higher
than the calcination temperature. For instance, the differ-
ence between the 393 K and the 673 K calcined catalyst
disappears after sulfidation at 673 K and higher tempera-
tures. As a result, after sulfidation at 823 K all catalysts have
about the same activity. The degree of sulfidation at 823 K
as calculated from the TPS profiles of the various catalysts
(see Table 1) is most likely lower than the actual degree of
sulfidation of the catalysts tested for HDS and investigated
by HREM, since the latter were sulfided isothermally dur-
ing 1 h. In view of the TPS profiles it can be expected that
all catalysts are quantitatively sulfided after 1 h at 823 K.
In contrast, the differences in the degree of sulfidation at
613 K and 673 K (see Table 1) reflect actual differences of
the actual catalysts. Hence, it is concluded that the different
species play a role as active sites in HDS reactions. This is
also supported by their activity in the HDS of thiophene
shown in Fig. 4. The results clearly show that the 673 and
823 K calcined catalysts, which contain preferentially sub-
nanometer clusters and almost no slab-like structures after
low temperature sulfidation, have a relatively high activity
as compared to the low temperature sulfided, 393 K cal-
cined catalysts which preferentially contain slabs.

As can be seen in Figs. 3a and 3c, the morphology of
the 823 K calcined catalyst essentially changes from sub-
nanometer clusters in the 673 K sulfided catalyst into slab-
like structures after sulfidation at 823 K. In Fig. 4, this
transformation is reflected in strongly increased activity. Si-
multaneously with this, the selectivity for hydrogenation of
butene to butane strongly decreases, supporting the trans-
formation of the morphology of the catalytic active phase.
Quite remarkably, however, the activities of the 393 K and
the 673 K calcined catalysts also increase strongly in this
temperature regime of sulfidation, while for both already
a significant amount of the slab-like structures is observed
in the catalyst sulfided at 673 K. Even more surprising is
the strongly decreased selectivity for hydrogenation after
sulfidation at 823 K, analogously to that of the 823 K cal-
cined catalyst. Apparently, in view of their catalytic selec-
tivity and activity, all catalysts sulfided at 673 K seem to
consist of the same type of active species. After sulfidation
at 823 K, the activity of all catalysts strongly increases and
a distinct change in selectivity is observed. For the 823 K
calcined catalyst this coincides with a strong increase in the
slab density. One could conclude that the slabs observed in
HREM are directly responsible for the observed changes
in catalytic performance. However, for the 673 K calcined
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catalyst, already after sulfidation at 673 K a high density
of slabs is observed, without any indication for a differ-
ence in activity or selectivity, as compared to its 823 K cal-
cined counterpart. Hence, the slab-like species observed in
HREM of both catalyst samples do not necessarily repre-
sent the same active sites. In the sulfidation interval between
673 K and 823 K the slab-like phase apparently undergoes
changes which are not easily observed with HREM but have
a strong impact on the activity and selectivity of the catalyst.
Therefore, observations made by HREM should be care-
fully interpreted in detail, since some trends in the catalytic
performance may be correlated with observed changes in
the electron microscope, whereas others are not reflected
in changes in the electron microscope.

CONCLUSIONS

In the initial stages of sulfidation of an oxidic NiW/γ -
Al2O3 catalyst, subnanometer clusters with a diameter of
about 0.5 nm are formed. Most likely, this species contains
both Ni and W since it is concluded that this species is
unique for the bimetallic system. Under more severe sulfi-
dation conditions WS2-like slabs, containing Ni, are formed.
At intermediate stages of sulfidation particles with a diam-
eter of 1–2 nm are observed. All catalysts containing the
various observed species exhibit a significant catalytic ac-
tivity for the HDS of thiophene. A major difference in the
activity and selectivity is observed for catalysts sulfided at
673 K and 823 K.
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