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Abstract

In the present study the use of planar silicon-based models for hydrotreating catalysts is discussed. The
specific flat nature makes these models amenable to high resolution surface-sensitive techniques such as XPS.
The additional possibility to measure the activity of such model catalysts in thiophene hydrodesulfurization
provides a powerful tool to determine structure-activity relations. Here, we study the effect of chelating
agents (NTA and EDTA) on the sulfidation order of NiMo catalysts. The XPS results clearly show that the use
of these chelating agents retards the sulfidation of Ni with respect to Mo. Especially, EDTA is effective by
postponing Ni sulfidation after Mo is completely sulfided. The latter catalyst also displays the highest activity
which is attributed to the highest amount of ‘Ni-Mo-S’-type phases. In essence, the results underpin the
notion that such ‘Ni-Mo-S’ phase can be formed effectively when Ni sulfidation proceeds after MoS, has been
formed. When Ni sulfides at too low temperature, inactive bulky Ni;S, clusters are formed.

INTRODUCTION
General

Supported mixed transition metal sulfide
catalysts play a pivotal role in refineries for
the production of clean motor fuels. They are
employed not only to hydrotreat the final pro-
ducts like gasoline and diesel, but also to pre-
treat fluid catalytic cracking or reformer feed
[1]. Furthermore, they provide the hydrogena-
tion functionality in most hydrocracking cata-
lysts that upgrade vacuum residue to more
valuable products.

Two major drivers for the development of
more active hydrotreating catalysts are (i) dwindl-
ing oil supplies forcing refiners to use heavier
feedstock and (ii) ever-tightening motor fuel
specifications (for instance, the EU Auto Oil
programme II [2]). Noteworthy is that mostly
the use of an improved catalyst is more eco-
nomic than modifications to the process.

In addition to the demand for more active
catalysts, selectivity is also an issue to consider.
Whereas the desulfurization of gasoline is not

a difficult task in itself due to the thiophenic
nature of the sulfur compounds, concomitant
olefin hydrogenation leads to a dramatic loss
in octane rating when aiming at very low sul-
fur levels. Here, there is room for the develop-
ment of catalysts with an increased hydrode-
sulfurization/hydrogenation ratio [3, 4]. For the
near future, the introduction of the fuel cells
in mobile applications may set zero sulfur lim-
its when oil-derived fuels are to be used to
generate hydrogen via onboard partial oxida-
tion [5].

While research on hydrotreating catalysts
has been extensive over the last 50 years [6—
11], it has proven very difficult to relate cata-
lyst structure to catalyst activity and selectivi-
ty on the molecular level. Partly, this is to be
attributed to the heterogeneous nature of such
catalysts in the sense that various metal sulfide
phases are present.

In recent years, we have employed the
model catalyst approach to heterogeneous ca-
talysis. The essential point is to prepare planar
model catalysts by spincoating which mimics
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Fig. 1. Schematic drawing of a porous catalyst (a), a flat
supported model catalyst (b) and a single crystal (c).

the industrial pore volume impregnation me-
thod. In this way, realistic models can be ob-
tained which are easily amenable to high-reso-
lution spectroscopic studies. The specific cata-
lytic activity of such well-defined models can
also be evaluated. Here, we will show that the
strong tandem-mix of characterization and
reactivity evaluation of these realistic models
enables one to obtain detailed insight into the
relation between sulfidation behavior of the
transition metals and their activity.

Preparation of model catalysts

Models of catalysts are used to circumvent
the disadvantages of industrial catalysts (Fig. 1).
The ultimate and most simple model is a well-
defined single crystal surface. These single crys-
tals have been used successfully in ultra high
vacuum (UHV) to study fundamental adsorp-
tion behaviour of molecules on metal surfaces
and its dependence on surface geometry and

Pore volume impregnation

Support

Spincoating impregnation

composition. A major drawback of single crys-
tal surfaces is the so-called pressure- and ma-
terial-gap with respect to industrial catalysts.
Planar silicon-based model catalysts provide
opportunities to bridge these gaps. These mo-
dels consist of a flat model support covered by
the precursor material. The model support is
made up by a thin layer of SiO, or Al,O; on a
conducting substrate. The precursor material
can be applied by evaporation, electron beam
lithography or wet chemical preparation [12].
Especially the latter method has gained increas-
ing importance. Spincoating introduced by
Kuipers et al. [13] mimics the widely applied
pore-volume impregnation used on the indus-
trial scale and allows full control over the load-
ing (Fig. 2) [14].

Due to the non-porous conducting support
all active particles are on top of the substrate
and are thus ‘visible’ for various surface sen-
sitive techniques. Furthermore, charging phe-
nomena during electron- or ion-spectroscopies
are largely eliminated due to the conducting
substrate. The absence of pores allows the
measurements of intrinsic kinetics without ef-
fects of diffusion limitations due to small pore
sizes. The majority of studies on model cata-
lysts concern the ‘classic’ metals on oxidic sup-
ports. However, recently model catalysts have
also been applied in different fields of cataly-
sis such as polymerization [15] and transition
metal oxide and sulfide catalysts [16]. An excel-
lent review on the preparation and applica-
tions of model supports and catalysts has been
published by Gunter et al. [12].

Solution

Fig. 2. Analogy between the spincoating technique used for model catalysts in this thesis and impregnation of a

porous catalyst.
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Characterization
by X-ray photoelectron spectroscopy

Where in industrial practice the feed is
spiked with sulfur-containing molecules to slow-
ly convert catalyst precursors to their active
sulfided form, a mixture of hydrogen sulfide
and hydrogen is generally applied in laborato-
ry practice. The group of Niemantsverdriet [17,
18] has used the model catalyst approach to
study the sulfidation of SiO,-supported MoO,
in great detail. X-ray photoelectron spectro-
scopy is an ideal tool [19] to study this trans-
formation since essential information of the
different types of molybdenum and sulfur spe-
cies can be obtained. It was found that the
sulfidation of Mo occurred via Mo®"-oxysulfides
and that no MoO, or elemental sulfur was in-
volved, as proposed by Arnoldy et al. [20]. More
recently, de Jong et al. [16] prepared CoMo-
NTA/Al,O3 and CoMo-NTA/SiO, model cata-
lysts and concluded that these catalysts exhibit
activities and product distributions for thiophene
HDS similar to those of their high surface area
counterparts.

Reactivity evaluation

Thiophene is one of the most used model
compounds for studying hydrodesulfurization
reactivity. Despite intensive research (see [21—
23]) there is still debate on the exact reaction
mechanism. The possible reaction paths for thio-
phene HDS are collected in Fig. 3. Direct C—S
cleavage was proposed by Lipsch and Schuit
[24], whereas others [25, 26] have proposed
partially hydrogenated intermediates, i. e. tet-
rahydrothiophene (THT) or dihydrothiophenes
(DHT), which are very difficult to observe un-
der standard reaction conditions [27]. Recent-
ly, low temperature experiments by Hensen
et al. [28, 29] provided evidence for DHTs and
THT as intermediates in thiophene HDS.

EXPERIMENTAL
Preparation of model catalysts

A silica model support was prepared by ox-
idizing a Si (100) wafer with a diameter of

thiophene
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Fig. 3. Possible reaction pathways for the desulfurization
of thiophene.

75 mm in air at 750 °C for 24 h. Rutherford
back scattering (RBS) measurements indicated
that the SiO, layer is about 90 nm thick. The
roughness of the SiO, surface is below 5 A as
derived from AFM experiments. After oxida-
tion the wafer was cleaned in a solution of
ammonia and hydrogen peroxide at 65 °C for
10 min. The surface was rehydroxylated by boil-
ing in water for 30 min. Cobalt and molybde-
num were applied by spincoating the SiO,/Si
(100) wafers at 2800 rpm in N, with aqueous
solutions of cobalt nitrate (Co(NO,), [(BH,0,
Merck) and ammonium heptamolybdate
((NH,)¢Mo,0,, (#H,0, Merck), respectively. The
concentration of Co and Mo in the aqueous
solutions was adjusted to result in a loading of
2 Co atoms/nm? and 6 Mo atoms/nm? after
spincoating, which was checked by RBS. The
mixed phase model catalysts were prepared
by spincoating with aqueous solutions contain-
ing Co and Mo with an atomic ratio of 1: 3,
respectively. Catalysts containing nitrilo triace-
tic acid (NTA) were prepared by spincoating
ammoniacal solutions containing ammonium
heptamolybdate (Merck), cobalt nitrate and NTA
(Acros Organics) as described by van Veen et al.
[30]. The NTA solutions contained Co:Mo:NTA
ratios of 1:3:4.Calcination was carried out in
a glass reactor under a 20 % vol. O, in Ar flow
at 1.5 bar. The catalysts were heated to 500 °C
at a rate of 5 °C/min and kept at the desired
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temperature for 30 min. Sulfidation of the model
catalysts was carried out in a glass tube reactor
with a mixture of 10 % vol. Hy,S in H, at a
flow rate of 60 ml/min. The catalysts were
heated at a rate of 5 °C/min (NTA-containing
samples: 2 °C/min) to the desired temperature
and kept there for 30 min. After sulfidation,
the reactor was cooled to room temperature
under a helium flow and brought to the glove-
box, where the model catalyst was mounted in
a transfer vessel for transport to the XPS un-
der N, atmosphere.

RESULTS
XPS characterization

The sulfidation behaviour of molybdenum
was described in earlier reports [16—18, 31,
32]. Briefly, the sulfidation of Mo proceeds at
moderate temperatures, starting around 50 °C.
Complete transformation to MoS, occurs at tem-
peratures above 150 °C. The Mo 3d spectra of
the catalysts sulfided at intermediate tempera-
tures can be all interpreted in terms of Mo%"
Mo®" and Mo** doublets as described earlier
[16, 17]. Addition of chelating agents in the
preparation stage did not affect the sulfidation
behaviour of Mo significantly.

Figure 4 shows the Ni 2p and S 2p spectra
during progressive sulfidation of a calcined
NiO,/SiO, model catalyst. The Ni 2p spectrum
of the calcined catalyst shows the characteris-
tic pattern of oxidic nickel with a Ni 2p?/2
peak at 856.8 eV and a shake up feature at
higher binding energy [33]. The binding ener-
gy of 856.8 eV corresponds well with that of
Ni,O; [33]. Sulfidation at room temperature
shows the appearance of a second doublet at
lower binding energy. At higher temperatures
this doublet increases in intensity, while the
doublet with Ni 2p%2 at 856.8 eV decreases and
finally disappears at temperatures above 50 °C.
The Ni 2p®/? peak at 853.8 eV obtained after
sulfidation at 400 °C corresponds well with that
of bulk Ni;S, [33]. Sulfur is present in the S
state as derived from the binding energy of
161.8 eV. Ni 2p spectra of a Ni-EDTA/SiO,/Si
model (not shown) show that the sulfidation of
Ni is retarded to temperatures above 200 °C.

Sulfidation temperature, “C  Ni 2p

unsulfided

889 884 879 874 869 864 859 854 849
Binding energy, eV

o

Sulfidation temperature,

20

unsulfided

T T T
167 165 163 161 150
Binding energy, eV

Fig. 4. Ni 2p and S 2p spectra of calcined NiO,/SiO,/
Si(100) sulfided in 10 % H,S/H, for 30 min at various
temperatures.

The sulfidation is complete at 300 °C. N 1s spectra
indicate that EDTA decomposes at tempera-
tures above 200 °C.

Figure 5 shows the Ni 2p and Mo 3d spec-
tra of NiMo/SiO, at various sulfidation stages.
The Mo 3d spectra are identical to those of
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Fig. 5. Ni 2p and Mo 3d spectra of calcined NiMo/SiO,/
Si(100) sulfided in 10 % H,S/H, for 30 min at various
temperatures.

Mo/SiO, [31]. However, the Ni 2p spectra re-
veal a much slower conversion of nickel ox-
ide to the sulfided state than for Ni/SiO,. Ni
sulfidation only starts at temperatures around

100 °C, which is some 75 °C higher than for
the calcined Ni/SiO,. At these temperatures
a second doublet with small shake up fea-
tures appears at a Ni 2p>/2 binding energy of
854.2 eV. Above 150 °C the sulfidation is comp-
lete. A small, but significant higher binding
energy for sulfided Ni in NiMo/SiO, com-
pared to that of Ni/SiO, is observed. Com-
paring Ni and Mo, one observes that the rates
of sulfidation are similar, i. e. starting around
50 °C and being complete between 150 and
200 °C. The XP spectra of uncalcined NiMo/
SiO, catalysts (not shown) are similar to those
of the single-phase catalysts. Sulfidation of
Ni precedes that of Mo, although the tem-
perature regime where sulfidation occurs
shows some overlap.

Figure 6 shows the Ni 2p and Mo 3d spectra
of a NiMo-EDTA /SiO, model catalyst. The Mo
3d spectrum of the fresh catalyst shows one
doublet with a Mo 3d*? binding energy of
232.2 eV characteristic of molybdenum comple-
xated to chelating agents. The sulfidation be-
haviour of Mo is identical to that of Mo in
Mo/SiO, and NiMo/SiO,. The doublet with Mo
3d°/? binding energy at 229.0 eV is characteris-
tic for MoS,. The Ni 2p spectra show that EDTA
retards the sulfidation of Ni significantly. The
spectrum of the fresh catalyst shows a single
doublet with Ni 2p3/2 at 856.1 eV, correspond-
ing to Ni complexed to EDTA, and shake up
features at higher binding energy. Sulfidation
does not start until temperatures around 200 °C
where a second doublet at lower binding ener-
gy appears. Ni sulfidation is complete at 300 °C.
The same sulfidation behaviour was observed
for Ni-EDTA /SiO, catalysts. Note however that
the Ni 2p®/2 binding energy of the sulfided Ni
in NiMo-EDTA/SiO,, i. e., 854.1 eV, is 0.3 eV
higher than that of the fully sulfided Ni-EDTA/
SiO, catalyst, 7. e., 853.8 eV.

The sulfidation behavior of a NiMo-NTA/
Si0,/Si(100) model catalyst was studied in a
similar way (spectra not shown here). While
Mo sulfidation proceeded qualitatively in the
same way as in NiMo-EDTA/SiO, and NiMo/
SiO,, Ni sulfidation is faster than in the EDTA
case and starts already at 125 °C. This corre-
sponds well with the sulfidation of Co in a
CoMo-NTA/SiO, model catalyst [31]. In con-
trast to the EDTA case, there exists an overlap
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Fig. 6. Ni 2p and Mo 3d spectra of calcined NiMo-EDTA/
Si0,/Si(100) sulfided in 10 % H,S/H, for 30 min at var-
ious temperatures.

in temperature where Ni and Mo are convert-
ed to their sulfided state. The Ni 2p®/? binding
energy of the nickel in the sulfidic state

TABLE 1

Thiophene conversion after 60 min at 400 °C in batch
reactor

Catalyst Conversion, %
Mo/SiO,/Si 0.2
NiMo-uncalcined/SiO,/Si 0.7
NiMo-calcined/SiO,/Si 1.1
NiMo-NTA/SiO,/Si 3.5

NiMo-EDTA /SiO,/Si 6.4

(854.2 eV) equals that in NiMo-EDTA /SiO, and
differs from that of bulk nickel sulfide.

Hydrodesulfurization activity measurements

Table 1 compares the thiophene HDS acti-
vities of the various model catalysts. The acti-
vity is expressed as yield of products per 5 cm?
of catalyst after 1 h of batch reaction at 400 °C
and has been corrected for blank measurements
(bare silica support and empty reactor).

The activity of Ni/SiO, corresponds to a
pseudo turnover frequency of 1.8 10”2 mol thio-
phene per mol Ni per second. Similar low ac-
tivities were also found for Ni/SiO, and Ni-
EDTA/SiO, (not shown). The activities of Mo/
SiO, and Mo-NTA/SiO, were similar. The ad-
dition of Ni to such catalysts clearly points to
the known synergy between these two metals.
The activity of calcined NiMo/SiO, is higher
then that of uncalcined NiMo/SiO,, which we
attribute to an increase in Ni—Mo interaction
due to calcination. The highest activities are
observed in NiMo/SiO, catalysts prepared with
chelating agents. NiMo-EDTA /SiO, is the most
active one amongst the studied catalysts.

DISCUSSION

It is generally accepted that the high activi-
ty in CoMo sulfide catalysts derives from the
presence of ‘Co-Mo-S’ type phases. This phase
is thought to be present as MoS, slabs with Co
species located at their edges. Although not prov-
en beyond doubt, ‘Ni-Mo-S’ analogues of these
phases have been proposed [34—36]. Next to
these mixed transition metal sulfide phases,
also segregated metal sulfides, 7. e. MoS, and
Ni;S, may be present with a considerable low-
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er activity. The amount of the different pha-
ses will strongly depend on the preparation
procedure and the sulfidation mechanism. We
will discuss the sulfidation mechanism of the
model catalysts under study. While small Ni-
sulfide species are mobile and able to adsorb
on MoS, slabs resulting in ‘Ni-Mo-S’-type par-
ticles, it is expected that large bulky Ni;S, par-
ticles redisperse more difficult. In that sense, it
appears that sulfidation of Mo prior to Ni leads
to a higher amount of ‘Ni-Mo-S’ phase.
Ni/SiO,. Ni sulfidation proceeds through
progressive oxygen-sulfur exchange. The trans-
formation to the sulfided state is clearly indi-
cated by the shift in the binding energy to
lower values. Sulfidation starts already at room
temperature and is completed around 100 °C.
The resulting phase is most probably Ni,;S, and
presents a low activity for thiophene HDS. The
addition of EDTA hardly affects the thiophene
HDS activity, although Ni sulfidation is con-
siderably retarded to higher temperatures.
Mo /Si0O,. Mo sulfidation takes place at mod-
erate temperatures and through different in-
termediates [17, 31]. The sulfidation mecha-
nism proceeds by O—S exchange transforming
oxidic Mo into MoS,. In the intermediate tem-
perature range Mo®* and oxysulfide species are
present [32, 37]. These MoS, slabs are active in
thiophene HDS. No significant differences in ac-
tivity were found between uncalcined and cal-
cined Mo catalysts. Here, we should note that
an alternative explanation for the chelating lig-
and effect is a decreased Mo-support interac-
tions as forwarded for alumina-supported cata-
lysts [10, 38]. On the other hand, silica displays
a much lower Mo-support interaction which
probably makes this effect of minor importance.
NiMo/Si0,. The Ni 2p and Mo 3d XP spect-
ra of uncalcined NiMo/SiO, are similar to those
of the single phase Ni and Mo catalysts. Since
no calcination took place, the metals are not
in combined phases. Ni sulfidation clearly pre-
cedes Mo sulfidation apart from some small
overlap. We surmise that the amount of ‘Ni-
Mo-S’ phase is not optimal since part of the
nickel will form Ni;S, phases. Although this
appears to be of overriding importance, one
notes that small Ni-sulfide clusters may redis-
perse and form ‘Ni-Mo-S’ and ‘Ni-W-S’ phases.
Calcination of NiMo/SiO, prior to sulfidation

results in a more active catalyst. Interestingly,
the XP spectra show that Ni sulfidation is re-
tarded to higher temperatures and starts around
100 °C and being complete around 200 °C. We
attribute this to a Ni-Mo interaction, which
hinders low temperature Ni sulfidation. Simi-
lar results were obtained for CoMo/SiO, model
catalysts [31]. Based on XP spectra of a refe-
rence NiMoO, sample, we can exclude that
this compound is formed upon calcination. Ni-
ckel molybdate has been suggested to be an
ineffective precursor for ‘Ni-Mo-S’ type phases
[39]. Although Mo sulfidation still lags behind
that of Ni, there is a significantly larger tem-
perature range where Ni and Mo sulfide simul-
taneously, with a greater chance to form the
desired ‘Ni—Mo—S’ phase. This explains the high-
er activity of the calcined NiMo/SiO, catalyst.
NiMo-EDTA /SiO,. Ethylene diamine tetra-
acetic acid (EDTA) — known to form very stable
complexes with ions of nickel and cobalt [40] —
is the most successful chelating agents with re-
spect to stabilizing nickel against sulfidation.
Whereas Mo sulfidation is similar to that of
Mo/SiO,, the sulfidation of Ni is effectively
retarded to temperatures above 200 °C. Hence,
all Mo is present as MoS, when the sulfidation
of Ni starts. In our simple model, this repre-
sents an ideal situation for the formation of a
maximum amount of ‘Ni-Mo-S’ phase. This
agrees with the highest thiophene HDS activi-
ty for the catalysts under study. The activity is
almost two times higher than that of NiMo-
NTA/SiO,. This is in qualitative agreement with
Prins et al. [41, 42]. Although we surmise that
the sulfidation order is most important with
respect to the final activity, we cannot ex-
clude that the chelating agents have some ef-
fect on the dispersion of MoS, particles as well,
although one generally observes that NTA ad-
dition leads to a somewhat larger MoS, crys-
tallite size. A general observation is that there
is still a lack of a reliable method to deter-
mine the edge dispersion of these catalysts.
NiMo-NTA/SiO,. Adding NTA to the im-
pregnating solution leads to complexation of
Ni and stabilizes Ni against low temperature
sulfidation, whereas Mo sulfidation is not strong-
ly affected by the NTA ligands. This leads to a
large overlap of Mo and Ni sulfidation (results
not shown). In fact, Ni sulfidation starts around
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75 °C and is completed at about 200 °C. This
means that both Ni and Mo sulfidation are es-
sentially completed at the same temperature.
Although this would provide more efficient ‘Ni-
Mo-S’ formation than in the NTA-free case, it
will probably form a lower amount of such
species than in the EDTA case. A similar NTA
effect was observed earlier for a CoMo/SiO,
model catalysts [13, 14]. The activity of NiMo-
NTA/SiO, is indeed between those of NiMo/
SiO, and NiMo-EDTA /SiO,.

CONCLUSION

Planar model catalysts offer new possibili-
ties to study the sulfidation mechanism of hy-
drotreating catalysts in detail. Combined XPS
and thiophene HDS measurements applied to
a series of NiMo-based model catalysts on a
flat silica support allow one to correlate the
sulfidation order of the respective transition
metals with their activity. Conventional im-
pregnation leads to a low activity catalyst in
which Ni sulfidation proceeds at lower tem-
peratures than Mo. Chelating agents are effec-
tive in retarding Ni sulfidation. EDTA is most
effective and yields the most active catalyst. It
is proposed that in order to form a high amount
of the active ‘Ni-Mo-S’ phase, Mo has to be
sulfided to MoS, to accommodate small Ni-
sulfide particles. If Ni sulfidation takes place
at too low temperature, bulky Ni;S, particles
are formed with low activity, which are not
able to redisperse on MoS, edges.
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