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Monochromatic XPS spectra of the temperature-dependent
sulfidation of M0Q;/Si0,/Si(100) model catalysts are compared
with spectra of Mo-S cluster compounds in particular with
those of (NH,);[Mo;S;;]- H,O and its thermal decomposition
products. XPS is used to identify different states of sulfur and
molybdenum occurring during sulfidation. The spectra show
the presence of bridging disulfide ligands and of substantial
amounts of Mo" in an early stage of the sulfidation. These
findings suggest that the initial reaction of the MoO;-type pre-
cursor with the H,S/H, atmosphere consists of two elementary
steps, namely an O-S exchange followed by an Mo-S redox
Process. © 1995 Academic Press, Inc.

1. INTRODUCTION

Hydrodesulfurization with MoS,-based catalysts is a pro-
cess of increasing importance and is applied in refineries
all over the world. Several open questions concerning the
preparation and the structure of the catalyst exist. In partic-
ular, the mechanism of the sulfidation reaction where the
oxidic, MoOs-type precursor is converted into the active
MoS; phase is still under debate (1-4). Surface science
techniques such as monochromatic X-ray photoelectron
spectroscopy (XPS) can in principle reveal highly useful
information on the states of both molybdenum and sulfur.
However, the presence of porous, electrically insulating
oxide supports generally leads to serious loss of spectral
resolution, implying that a lot of potentially interesting
XPS information cannot be obtained from technical
HDS catalysts.

Model catalysts prepared on thin oxide films as the sup-
port offer much better opportunities for surface spectro-
scopies that utilize charged particles, such as XPS and
SIMS (5-9). Articles from Spevack and Mcintyre (6), Hay-
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den and Dumesic (7), as well as from our own group (5)
demonstrated the feasibility of this approach in studies on
the sulfidation of molybdenum model catalysts. The results
of de Jong et al. (5) gave evidence for the appearance of
S3 ligands in intermediate stages of the sulfidation process.

In this study we apply monochromatic XPS to follow
the stepwise sulfidation of a M0oQ;/Si0,/Si(100) model
catalyst. To interpret the sulfur XPS spectra of the model
catalyst, reference data of different kinds of sulfur ligands
are needed. For this purpose we used the
(NH,)5[Mo03S;3] - HoO, (NEt),[Mo,S;Cl] - HCl (Et =
C;Hs) and Ks|Mo03S4(CN)y] - 3KCN - 4H,O cluster com-
pounds (Structures 1A-1C), which contain sulfide (S?°)
and disulfide (S37) ligands in different types of coor-
dination. The most suitable compound for our purpose
is (NH4);[Mo0sS,3] - H;O, since the only ligands of moly-
bdenum are sulfur. The anion (Structure 1A) contains
three bridging and three terminal S35 ligands as well as
one central (apical) S*° ligand. The compound
(NH,4)2[Mo03S3] - H;O decomposes via well-documented
steps to microcrystalline MoS, (10), yielding valuable infor-
mation on the reactivity of sulfur ligands.

All compounds provide useful XPS references for the
states of sulfur. Comparison of the XPS data of the partially
sulfided MoO,/Si0,/Si(100) model catalysts with those of
the cluster compounds has led us to propose elementary
reaction steps for the early stage of the sulfidation of mo-
lybdenum oxide catalysts.

2. EXPERIMENTAL

The compounds (NH,);[MosS;3]-H,O (11), (NEt),
[M03S7C16] -HCl (12), and K5[MO3S4(CN)9] -3KCN-
4H,0 (13) were prepared as described in the literature.
Dilute solutions of (NH,);[MosS;3]-H,O and (NEt,),
[M03S,Cl¢] - HCI in dimethylformamide (approximately 5
mg/ml) were prepared and several droplets were left to
dry on the aluminum sample holders of the XPS spect-
rometer. Thermal decomposition experiments with
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STRUCTURE 1

(NH,),[MosS,;3] - H,O were performed by heating the sam-
ple on the aluminum sample holder in a quartz tube reactor
in an N, gas flow. A heating rate of 10°C/min was applied
and the reactor was kept isothermal for 15 min at 260°C,
S min at 310°C, or 240 min at 400°C to obtain the intermedi-
ate and final decomposition products. Ks[Mo3S,(CN),] -
3KCN -4H,0 was ground and pressed in indium foil in a
glove box for the purpose of XPS measurements.

The MoO,/810,/Si(100) model catalysts were prepared
as follows. First silicon wafers with a (100) surface orienta-
tion were oxidized in air at 500°C for 24 h. This results in
a relatively flat oxide layer with a thickness up to about 5
nm (14). Next, a thin layer of molybdenum oxide was
deposited from a MoO,Cl, solution of 5 g/liter MoO,Cl,
in ethanol, by spincoating the wafer in a dry nitrogen atmo-
sphere at a rotation speed of 2800 rpm. No chloride was
detected by XPS, indicating that MoO,Cl; fully hydrolyzes
to, presumably, a hydrated form of MoO; when exposed
to air. The amount of deposited material was estimated as
described by van Hardeveld er al. (15) to be 5.8 X 10"
(x10%) Mo atoms/cm®. RBS measurements revealed a
molybdenum loading of 5.7 X 10" (*12%) atoms/cm?.
Sulfidation experiments were performed in a quartz tube
reactor at 1 bar pressure and a flow rate of 50 ml/min. The
catalysts were heated in 10% H,S in H, with 5 K/min and
kept isothermal at the desired temperature for 3 h.

XPS Spectra were obtained using a VG ESCALAB MK
II spectrometer equipped with a monochromatic AlKa X-
ray source and a hemispherical analyzer with a five-channel
detector. During measurement the base pressure of the
system was around 5 X 107'" mbar. Spectra were recorded
with a constant pass energy of 20 eV, unless stated other-
wise. Binding energies were determined by computer fit-
ting the measured spectra. Sample charging in the spectra
of the cluster compounds was corrected for by reference
to the C 1s peak at 284.6 eV. The binding energies are
estimated to be accurate within 0.2 eV unless stated other-
wise. Charging of the model catalyst in intermediate stages
of sulfidation, typically a few tenths of an electron volt,
could not be corrected for, except for the spectrum of the
MoO; precursor, which was referenced to C 1s at 284.6
eV. The reason is that the layered geometry of the samples
implies that charging, although limited, is a function of
depth, while the C 15 peak refers mainly to the outer layer.

699

As the precursor consists of an insulating oxidic phase,
which is gradually, from the outside inward, converted to
a semiconducting MoS, phase, charging becomes less with
increasing degree of sulfidation. As a result the binding
energies in spectra of samples in intermediate stages of
sulfidation are accurate within approximately 0.4 eV only.

Samples that were treated in a reactor were always un-
loaded in a N,-filled glove box (typically below 2 ppm H,O
and 1 ppm O,) and transported to the XPS spectrometer
in a standard transfer vessel under N>, to prevent contact
with air.

Two additional model catalysts, an oxidic and a fully
sulfided one, were prepared under slightly different condi-
tions for TEM analysis. A MoQO,/8i0,/Si(100) catalyst was
prepared by spincoating with a solution of MoO,Cl, in
ethanol (10 g/liter) whereas the MoS,/Si0,/Si(100) was
prepared by spincoating with 10 g/liter in butanol solution
and subsequent sulfiding at 400°C for 3 h. This resulted in
relatively thick layers of MoO; and MoS; on thin, 2- to 3-
nm-thick silicon oxide layers. TEM samples were prepared
in air by the small-angle cleavage technique described in
the literature (16). This relatively new technique, devel-
oped for semiconductors, allows high-resolution cross-sec-
tional analysis of the model catalysts without the obscuring
artifacts produced by ion milling, the traditional sample
preparation technique. Samples prepared in this way were
mounted on a copper grid, providing an electron transpar-
ent tip. Cross-sectional TEM (XTEM) micrographs were
taken using a Philips CM30 ST FEG electron microscope
(point resolution 0.2 nm, Fig. 3 top) or a Philips CM30T
electron microscope (point resolution 0.24 nm, Fig. 3 bot-
tom). Both microscopes were operated at 300 keV.

3. RESULTS

Molybdenum-Sulfur Compounds

Figure 1 shows the XPS spectra of the (NH,),
[Mo3S3] - H;O compound and of its thermal decomposi-
tion products. The Mo 3d spectra of (NH,),[Mo3S,3] - H,0,
of the intermediate decomposition products, and of the
finally formed MoS, all contain the Mo 3ds, signal at a
binding energy of 229.0 eV. This value is characteristic for
molybdenum sulfur compounds with the metal in a formal
oxidation state of 4+ (see Ref. (5) and literature cited
therein). The broad S 2s peak on the low-binding-energy
side of the Mo 3d doublet, however, changes definitely
during the decomposition. These changes are more clearly
revealed in the S 2p spectra, which are also included in
Fig. 1.

The number and nature of the sulfur ligands change
during the stepwise thermal decomposition of
(NH,),[Mo05S;3] - H,O to MoS,. After the loss of water of
crystallization around 150°C, the NHj cations react with
the apical S*~ around 260°C, releasing NH; and H,S (10).
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FIG. 1.

As (NH,),[MosS;3] - H,O contains three types of sulfur
ligands, and the {Mo3S;,} decomposition intermediate only
two, we start by analyzing the latter. The S 2p envelope
fits well using two S 2p doublets of equal intensity, with S
2ps;2 binding energies at 163.1 and 161.8 eV, respectively.
We attribute the S 2p;,, at higher binding energy to the
bridging S3~ ligands and the one at lower binding energy
to terminal S~ ligands. This implies that the negative
charge on the terminal S3- ligands is significantly higher
than that on the bridging ones. This is in agreement with
the result of an SCF-X,-SW calculation (17) and can also
be rationalized from the chemical behavior; the bridging
S, entities are selectively attacked by nucleophilic agents
and correspondingly the terminal ones by electrophilic
agents (18). We thus conclude that the S 2p binding energy
of bridging S equals 163.1 + 0.2 eV, and that of terminal
S§is 161.8 = 0.2 eV.

An estimate can be made for the binding energy of the
apical $?- by subtracting the S 2p spectrum of the {Mo0sS;,}
decomposition intermediate formed at 260°C from the
spectrum of (NH,),[Mo03S,;] - H,O. This procedure results
in a third S 2p doublet with an S 2p;;; binding energy of
163.0 + 0.5 eV for the apical sulfur.

The next decomposition step takes place at about 310°C
and corresponds to the release of six equivalents of neutral
sulfur from the three terminal S5~ ligands, in a reductive
elimination reaction: (Mo'V-83~ — Mo + S§ + 2e). Simul-
taneously the bridging S3~ ligands are reduced to S~ li-
gands (83~ + 2e — 25?7) forming an {Mo,S.} intermediate,
which is coordinatively unsaturated and tends to aggregate
to microcrystalline MoS; (10). The corresponding spec-
trum in Fig. 1 still shows the presence of bridging S3-

Mo 3d S 2p
S 2s MoS, A

400°C

{Mo,S 3

310°C

{Mo,S )}
\J\/\\ 260°C

[Mo,S 1%
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Monochromatic Mo 3d and S 2p XPS spectra of (NH,)2[M03S;3] - H,O and its decomposition products.

ligands, indicating that the conditions employed, i.e., heat-
ing to 310°C for 5 min, does not yet convert all {Mo,S,,}
in this state. Prolonged heating of the compound at 400°C
leads to the top spectrum shown in Fig. 1. The single S
2p doublet has an S 2p;, binding energy of 161.8 eV,
in agreement with the value known from literature for
MoS; (19).

The XPS spectra of the (NEt,);[Mo0,S;Cl]-HCl and
Ks[Mo03S4(CN)q] - 3KCN - 4H;) cluster compounds are
shown in Fig. 2. Although charging seriously degrades the
quality of the (NEt,),[Mo0,S,Clg] - HCl spectra, the binding
energies of the Mo 34 and the S 2p doublets (229.1 and
162.8 eV, respectively) can be determined with sufficient
accuracy to confirm that the bridging S3- ligands of the
(NH,):[Mo03S,3] - HO compound possess the higher bind-
ing energy among the two disulfide ligands. The spectrum
of Ks[M03S4(CN)y] - 3KCN - 4H,0 provides a S 2p binding
energy of 161.6 eV for the u,-S*" ligands. Apparently, these
have approximately the same binding energy as the basal
plane u3-S*~ ligands of MoS,. The Mo 3d binding energy
of 229.3 eV again corresponds to molybdenum in a formal
4+ state.

All S 2p,,, binding energies are summarized in Table 1.
Note that terminal S3- ligands and the basal plane u3-S?~
in MoS; cannot be distinguished on the basis of their XPS
spectra, which is important for the interpretation of XPS
spectra of sulfided molybdenum catalysts.

Model Catalyst

Figure 3 shows transmission electron micrographs of two
model catalysts, one oxidic and the other after sulfidation
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FIG. 2. Mo 3d and S 2p XPS spectra of (A) K5[M0:S,(CN)y| - 3KCN - 4H,0 and (B) (NELs)-[M0:S,Cl¢] - HCL.

in H,S/H, at 400°C, for 3 h. The TEM micrograph of the
freshly prepared, oxidic MoOs/Si0,/Si(100) model catalyst
in Fig. 3 (top) shows two amorphous layers on top of the
silicon crystal. Note that the distinction between the outer
layer, MoQO;, which is approximately 3 nm thick, and the
approximately 2.5-nm SiO, layer is clearly visible. Al-
though the TEM image represents only a very small portion
of the model catalyst, it indicates that the MoO; phase
forms a flat layer of homogeneous thickness on the SiO,/
Si(100) model support.

Sulfidation leads to the formation of a microcrystalline
MoS; phase containing randomly oriented stacks of slabs

TABLE 1

XPS S 2p,;; Binding Energies of Mo-S and
S Reference Compounds

Binding energy

Compound Type of S ligand (V)

(NH,):[Mo:S,:]) - H.O S; terminal 161.8

Si' bridging 163.1

S* apical 163.0 = 0.5
MoS, na-S* 161.8
(NEt,),[M0,;8,Cl,] - HCI S: bridging 162.8
Ks[Mo0:S,(CN)y] - 3KCN - 4H,0 mo-§* 161.6
Elemental sulfur, S,° s" 164.0

“ Reference (5).

(Fig. 3 (bottom)). The absence of a preferred orientation
indicates that there is little or no chemical interaction with
the supporting SiO, layer. Note that the Mo loading of
this model catalyst was higher than the one used for Fig.
3 (top); the thickness of the MoS, layer is approximately
6 nm. The images of Fig. 3 illustrate that the small-angle
cleaving technique produces samples that are well suited
for TEM analysis, although we should mention that quite
some experience is required to have a reasonable suc-
cess rate.

The monochromatic XPS spectra of the MoQ,/SiO,/
Si(100) model catalyst in Fig. 4 show the effect of suifida-
tion as a function of temperature. Owing to the sufficiently
conducting model support and the use of a monochro-
mated source, the different states in the Mo 3d and the S
2p regions can well be identified and also the S 2s peak
on the low-binding-energy side of the Mo 3d doublet is
almost entirely resolved. Although sulfidation at room
temperature already has a considerable effect, the fully
sulfided state appears to be reached between 250 and
300°C. Several intermediate situations emerge as well. We
first describe the spectra of the limiting cases.

The Mo 3d spectrum of the oxidic precursor consists of
a single Mo 3d doublet with a Mo 3ds,, binding energy of
232.6 eV. This value, although characteristic of molybde-
num with a formal charge of 6+ in an oxidic surrounding,
is slightly higher than that of crystalline MoO3;, 232.3 eV
(20), but agrees well with the binding energy of
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FIG. 4. Mo 3d and S 2 p XPS spectra of the M0oO;/Si0,/Si(100) model catalyst sulfided at the temperatures indicated.

MoO; - H,0, which equals 232.6 eV (20). As the MoO;,
phase on the model support prepared by hydrolysis of
MoO,Cl, was not calcined, the presence of a hydrated form
of MoO; seems plausible.

The Mo 3d doublet observed for the model catalyst
sulfided at 400°C has a Mo 3ds,; binding energy of 229.0
eV, which is typical for molybdenum with a formal charge
state of 4+ as in MoS,. The S 2p spectrum of the sample
consists of a single doublet with a S 2p;,; binding energy
of 161.7 eV, consistent with the S?"-type ligands present
in MoS;, although terminal S3- would appear at the same
value. The presence of the latter can therefore not be ex-
cluded.

The Mo 3d spectra of the catalysts sulfided at intermedi-
ate temperatures can all be interpreted in terms of the Mo®*
and Mo*" doublets described above and one additional
doublet with a Mo 3ds,, binding energy of 230.8 eV. This
doublet, already present after sufidation at room tempera-
ture, can be assigned to molybdenum having a formal
charge of 5+, possibly in an oxysulfidic surrounding. The
contribution of Mo®" disappears from the spectra of sam-
ples sulfided at 150°C and higher, while the Mo** starts to
form in substantial amounts at sulfidation temperatures
above 75°C.

All S 2p spectra can be fitted with two S 2p doublets,
having binding energy values for the S 2p,,, peak at 161.7
and 162.9 eV. In the S 2p XPS spectra of the model catalyst
sulfided at room temperature we find both S 2p doublets.

Keeping in mind the S 2p;,; values found for the different
sulfur ligands in (NH,):[Mo05S;3] - H,O, we can assign the
162.9 €V S 2p,» peak to bridging S3~ ligands and the 161.7
eV S 2p;,» peak to terminal S3~ and/or S*- ligands. We
conclude that bridging S3~ species are clearly present after
sulfidation at low temperatures, but disappear almost com-
pletely above 200-250°C. We cannot exclude on the basis
of XPS that terminal S5~ ligands exist at these tempera-
tures.

Finally, we note that the O ls signal attributable to the
molybdenum oxide and oxysulfide phases disappears from
the spectra of samples sulfided at 300°C and higher. This
confirms that the experimental procedure that involves the
unloading of the model catalyst from the sulfidation reactor
in a glove box and the subsequent transportation under
nitrogen to the XPS spectrometer is a legitimate one.

4. DISCUSSION

The XPS results of Fig. 4 reveal in detail how the states
of molybdenum and sulfur change during temperature-
programmed sulfidation. Molybdenum is initially present
in the 6+ state but converts through a Mo®* intermediate
to the eventual Mo** present in MoS,. Sulfur can be pres-
ent in at least two, but possibly more states. Unfortunately,
the measurements on the Mo; cluster compounds indicate
that XPS does not distinguish between terminal S3~ and
$%7, and hence a more detailed identification is not possible.
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FIG. 5. Schematic representation of the initial reaction steps in the
sulfidation of our MoQO5/810,/Si(100) model catalyst.

Nevertheless, the S 2p spectra do indicate that bridging
S%~ groups appear at sulfidation temperatures up to 200°C,
while eventually the sulfide ligands account for most of
the sulfur present in the catalyst.

We suggest the following global reaction mechanism.
The first step (see reaction A in Fig. 5) is an oxygen sulfur
exchange at the surface of the oxidic catalyst precursor with
H,S from the gas phase, resulting in $?~ ligands bonded to
MoV! centers. This reaction, which has been postulated by
others as well (21, 22), takes place at room temperature
already. If the precursor consisted of crystalline MoOs;,
the terminally bonded oxygen atoms of the octahedrally
coordinated Mo centers would be the first to exchange.
However, we do not expect that the catalyst precursor
contains crystailine MoQOs; in fact the TEM image of Fig.
3 indicates that the molybdenum oxide is amorphous. Due
to its preparation by hydrolysis of MoO,Cl, according to

MoO,Cl, + 2H,0 — MoO,(OH), + 2HCI
MOOz(OH)z —> MOO3 . HQO,

the local structure of the freshly prepared catalyst is proba-
bly closer to that of a-MoO; - H,0 (23) and MoQO, - 2H,0
(24). We expect H,O and/or OH™ ligands to be present at
positions where in crystalline MoQO; only O~ ligands occur.
This makes the structure of our catalyst precursor much
less compact and as a result a reaction with H,S is much
easier such that sulfidation may take place at room temper-
ature already. Independent of any particular structural
property, the formation or the release of water provides the
thermodynamic driving force. We thus propose reaction A
depicted in Fig. 5.

The S 2p spectra of Fig. 4 indicate that a considerable
fraction of the sulfur in the catalyst sulfided at 25°C is the
bridging S5~ ligand. We need to explain how bridging S3-
ligands arise on the catalyst surface if we only offer $2~ in
the form of H,S in the gas atmosphere.

The oxidation of S*~ to S5~ can only have occurred in
the coordination sphere of the molybdenum. We therefore
propose that the initial O-S exchange is followed by a
redox reaction between two adjacent MoV!=S?~ fragments
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(see reaction B in Fig. 5), resulting in the formation of a
bridging S3~ ligand and the reduction of molybdenum. The
formation of disulfide ligands during sulfidation is also
observed with Raman spectroscopy by other authors (25,
26). The Mo 3d XPS spectrum of the catalysts sulfided at
room temperature indicates that Mo“! is reduced to MoV
mainly. However, the XPS spectrum also indicates
small amounts of Mo'Y. They can be formed from
MoV!(=S7"), fragments by conversion in analogy to reac-
tion B in Fig. 5, to a terminal S5~ ligand at a Mo'Y center.

In a further stage of the sulfidation process reduc-
tive elimination of terminal S}~ ligands accompanied by
the reduction of bridging S~ ligands takes place in reac-
tions that also occur during the decomposition of
(NH,)2[Mo5S,;] - H,O, as discussed in connection with Fig.
1. The released sulfur is expected to react in part with H,
to HQS

All reaction steps described above are in agreement with
the results presented in Fig. 4 as well as with more recent
results on model catalyst with lower Mo loading, which
will be published elsewhere (27). Due to the abundantly
present S5 ligands, the mechanism accounts for S/Mo ra-
tios in excess of two as have been reported in intermediate
stages of sulfidation (5, 22, 26, 28), while it also explains the
evolution of H,S observed in temperature-programmed
sulfidation studies by Moulijn and co-workers (21). We
repeat, however, that our results are representative of
MoQO; catalysts on a silica model support that have not
been calcined and are expected to contain MoO; - xH,O
phases. In a subsequent paper (27) we show that precal-
cined catalysts sulfide at a low rate and via a slightly differ-
ent mechanism.

The XPS spectra of the inorganic cluster compounds of
Figs. 1 and 2 have been essential in establishing the S
2p binding energies of various types of sulfur ligands as
compiled in Table 1. Although the use of monochromatic
XPS in combination with an electrically conducting thin
film support allows for identification of several of these
sulfur states in sulfided model catalysts, it is unfortunate
that terminal S~ and S§?° appear to have similar binding
energies. This implies that based on XPS spectra alone the
presence of terminal 8§ ligands in a sulfided MoS; catalyst
cannot be excluded. Their presence, however, is unlikely
because terminal S3~ ligands, if present on edges of metal
centers of MoS, particles, are expected to undergo reduc-
tive elimination reactions. Formation of reduced, coordi-
natively unsaturated Mo centers is known to occur in hy-
drogen atmospheres (29, 30).

The aim of this study was to gain qualitative information
on the sulfidation process. Quantification is impeded by
the relatively high molybdenum loading of about 6 X 10'*
Mo/cm?, which corresponds to several layers. Conse-
quently, sulfidation, particularly at lower temperatures, re-
sulted in concentration gradients in the molybdenum layer
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(see also Ref. (5)) that makes quantification in terms of
Mo : O: S stoichiometries difficult. Experiments with angle-
dependent XPS showed that after 3 h of H,S/H, treatment
at 100°C the sulfidation at the surface was in a significantly
further stage than at deeper layers. Thus, experiments on
model catalysts with lower molybdenum oxide loadings
(i.e., on the order of a monolayer) allow for quantitative
conclusions from the XPS spectra. Such studies, which
also address the effect of calcination and water on the
sulfidation of MoO;, are presently in progress and will be
reported soon (27, 31).
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