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Basic Reaction Steps in the Sulfidation of Crystalline MoQ to MoS;, As Studied by X-ray
Photoelectron and Infrared Emission Spectroscopy

Th. Weber, J. C. Muijsers, J. H. M. C. van Wolput, C. P. J. Verhagen, and
J. W. Niemantsverdriet*
Schuit Institute of Catalysis, Eindben Uniersity of Technology, 5600 MB Eindben, The Netherlands

Receied: April 25, 1996

The sulfidation of crystalline Mogand the thermal decomposition of (B)EM00-S; to MoS; via an{ MoOS;}
oxysulfide intermediate have been studied by means of monochromatic X-ray photoelectron spectrosco
(XPS) and infrared emission spectroscopy (IRES). Several basic steps of the sulfidation reaction could |
resolved and explained in terms of the structure of crystalline Mothe sulfidation reaction starts at low
temperatures with an exchange of termindr @gands of the oxide for & by reaction with HS from the
sulfiding atmosphere. In subsequent M8 redox reactions, bridging,S ligands and M&" centers are
formed. Lattice relaxation and further sulfur uptake are the main processes before, at temperatures abc
200 °C, direct reactions with kHoccur, during which the MY centers are converted into the-4xidation

state. The decomposition experiments with NM0O,S, show that terminal & ligands serve as the reactive
sites. The conversion of terminal MeD; to Mo=S entities and the subsequent generation off@pfrom

U2 andus oxygen atoms in the MogQattice appear as the general principle of the sulfidation reaction.

Introduction nigues give complementary information on the surface of the
particles: XPS reveals the different (oxidation) states of
. . . . .. molybdenum and sulfur, while IRES yields valuable information
_I\/IoS_Q-_base_d cat_alys_ts is an increasingly important process, which yp, the changes in MeO coordination during sulfidation. As
!s_qtlhzed in refln(_arles all over th_e worl%_i.HDS catalysts are o exchange of oxygen from the Mg@ttice with sulfur leads
initially prepared in the form of highly dispersed molybdenum 1, 46 formation of oxysulfide phases, it appeared useful to study
oxides on high-surface-area suppetts which promoters such the thermal decomposition of (NJ3M0O,S,, in which micro-

as Co or Ni may be ad_defhnd are S“bs?q“?”“y co_nverte_d crystalline Mo$S forms via an{ MoOS;} oxysulfide intermedi-
into the catalytically active phase by sulfidation, typically in o7

H,S/H, atmospheres at temperatures between 300 and@00

Hydrodesulfurization (HDS) of sulfur-containing oil over

300-400°C (NH,),M00,S, — {MoOS;} + 2NH; + H,O  (2)
MoO, sty MoS, (1) ) )

Being an essential part of the preparation, it is important to know {MoOS;} —"MoS, ®)

the mechanism of the sulfidation process and to identify the Our results combined with literature data on structural, chemical,

elementary reaction steps. The temperature-programmed studieand spectroscopic properties of MO® and Mo-S

of Moulijn and co-workers constituted the first systematic compound®®1! lead to a mechanistic description of the

approach to the exploration of sulfidation mechanidm<Our sulfidation of crystalline Mo@ We propose a reaction mech-

group has investigated the sulfidation of molybdenum oxide anism for reaction 1 in terms of basic reaction steps that either

phases in supported model catalysts by surface spectroscopiefollow from the present work or have known occurrence in the

such as X-ray photoelectron spectroscopy (XPS), secondary ioncoordination chemistry of molybdenuroxygen-sulfur com-

mass spectrometry (SIMS), Rutherford backscattering spectros-pounds.

copy (RBS), infrared spectroscopy, and transmission electron Experimental Section

microscopy (TEM) by comparison with the chemistry qf seyeral Crystalline MoQ was used as supplied (Janssen Chimica,

Mo—S cluster compounds?® Although parts of a sulfidation 99.999), and (NE):M0O,S, was prepared from a solution of

scheme could be identified, a complete mechanism could nOt(NH4)6Mo7024-4H20 in NH,OH and HS as described in the

yet be proposed, due to the unknown structure of the amorphouSjiieraturel2 The sulfidation experiments were done in a quartz

oxidic catalyst precursor. The variety of local M® coordina- tube reactor. Mo@was heated in a flow of 10% 43 in H,

tion environments, which form in an unpredictable way during (50 mL/min) and kept at the desired temperatures for 3 h,

the preparation of the catalyst precursor, is the main impediment respectively.

for understanding the sulfidation reaction. Hence, a study ypg spectra were obtained using a VG ESCALAB MK I

starting from crystalline Mog) where elementary reaction steps spectrometer equipped with a monochromatic At K-ray

can be associated with known structural features, is clearly in g5rce and a hemispherical analyzer with a five-channel detector.

order. _ _ _ o During measurement the base pressure of the system was around
The purpose of this paper is to describe the sulfidation of 5 . 10-10 mbar. Spectra were recorded with a constant pass

crystalline MoQ, which we investigated with monochromatic energy of 20 eV. Binding energies were determined by

XPS and infrared emission spectroscopy (IRES). Both tech- computer fitting the measured spectra. Samples were pressed

in indium foil. All steps of the sample preparation were done
T_Present address: Laboratories for Technical Chemistry, Swiss Federalunder inert conditions using a glovebox and a special transport

'”sf'tcuéfrg; FL%%?;‘SE% érETEg)'&CS'L%(fgiS?ggé fwll:t_zn‘:gﬁ_”%tah n@chem.  vessel for introducing the samples into the UHV chamber of

tue.nl. ' ’ ’ " the spectrometer. Binding energies are estimated to be accurate
® Abstract published irAdvance ACS Abstractguly 15, 1996. within 0.2 eV.

S0022-3654(96)01204-X CCC: $12.00 © 1996 American Chemical Society
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Figure 2. Mo 3d and S 2p XPS spectra of crystalline Mp€lfided
at the indicated temperatures for 3 h.
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cooling water system

were measured at 200 and 40D. The emission spectrum of
crystalline MoQ was measured at 208C in argon. For
sulfidation, MoQ was heated in a flow of 10%49 in H, and
(Csl_window kept at the desired temperatures for 3 h. After purging the cell
with argon, an emission spectrum was measured at the same
temperature. Each spectrum is the sum of 500 scans, while
the emission of the empty sample holder at 200served as a
background spectrum.

sample

Results

[ The organization of this section is as follows. We first
0 5 10 cm describe the XPS spectra of sulfided MgG@hen the corre-
Figure 1. Infrared emission cell (schematic). For explanation see text. Sponding infrared spectra, and finally we describe the thermal
decomposition of the (NiJ,Mo0O,S, compound, which serves
Infrared spectra were obtained with a Bruker IFS 113 v to provide references for local structures present in oxysulfides.
spectrometer equipped with a pyroelectric DTGS detector and  X-ray Photoelectron Spectroscopy of MoQ and Its Sul-
with different beam splitters for the far and mid-infrared region. fidation Products. Figure 2 shows XPS spectra of Me@fter
The IR emission studies were done with the emission cell of sulfidation in HS/H, at the indicated temperatures; binding
Figure 1. It consists of two parts. The outer part (dark in Figure energies are collected in Table 1; compositions are shown in
1) is made of aluminum and contains connectors for gases andFigure 3. The samples consisted of a thin layer of powder
cooling water. The base plate positions the cell in the pressed in indium foil and possessed sufficient conductivity to
spectrometer and closes the source chamber. The windowprevent any buildup of charge, as judged from a single C 1s
assembly consists of a Csl crystal between two Viton O-rings peak, which appeared at a constant binding energy of 284.6
held together by a flange that is bolted onto the outer part of 0.2 eV in all samples. The bottom spectrum of the Mo 3d series
the cell. The central insert, made of stainless steel, keeps thes that of the crystalline Mo® It consists of a single Mo 3d
sample holder and contains connectors for the thermocoupledoublet with a Mo 3¢, binding energy of 232.9 eV, which is
and the heaters. The sample holder is a polished stainless-steatharacteristic for molybdenum in a format-@xidation staté3
plate on which the sample is prepared as a thin layer. To avoid Although sulfidation at lower temperatures already has a
interferences (leading to low-frequency oscillations in the IR noticeable effect, the fully sulfided state appears to be reached
spectra), the surface of the sample holder is tilted. It can be at temperatures between 250 and 4G0 Several intermediate
heated to 400C, and the temperature can be kept constant situations emerge as well. We will first describe the spectrum
within £0.3°C. To avoid background emission from the cell, of the fully sulfided sample.

the latter is kept at 18C by cooling with water (see box in The Mo 3d spectrum of the sample sulfided at 400shows

Figure 1). Sealing is accomplished by Viton O-rings. essentially one doublet with a Mo gglbinding energy of 229.0
The infrared spectrum of (NJEMoO,S, was measured in eV, the expected value for the Mocenters in Mog%'* The

the absorption mode with a spectral resolution of 4 tmThe corresponding S 2p spectrum consists of a single doublet with

powdered sample was diluted with Csl and pressed to a self-an S 2p, binding energy of 161.8 eV, consistent with th& S
supporting disk. Spectra taken during the thermal decomposi- type ligands present in Me$14

tion of (NHg):M00,S, and the sulfidation of Mo©@ were The Mo 3d XPS spectra of the samples sulfided at intermedi-
measured in the emission mode with a spectral resolution of 8 ate temperatures (2500 °C) can all be described in terms of
cm~1 using the infrared emission cell of Figure 1. The samples the Md* and Md™ doublets mentioned above and one
were applied as thin layers on the surface of the cell as follows. additional doublet with a Mo 3g binding energy of 231.1 eV.
Approximately 2 mg of the sample and 5 mL of 2-propanol This doublet is already present after sulfidation at room
were shaken in a vibrating mill. The resulting suspension was temperature, and we attribute it to Rfopresent in oxysulfide
spread on the surface of the sample deposition area, the liquidintermediate phases. The Mo 3d spectra of the sulfided samples
was slowly evaporated, and the sample holder was mounted incontain contributions of these three states in varying percentages,
the cell. For the thermal decomposition of (EM0O,S, the reflecting the stepwise transition of Moin MoOs to Ma"V in
emission cell was purged with argon and heated, and spectraMoS, (see also Figure 3). The most obvious trends are
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TABLE 1. Parameters of the XPS Spectra of Figure 2

Weber et al.

Mo®* MoS+ Mo** Sop?” S
T[°C] S/Mo Ey[eV] fraction[%] Ey[eV] fraction[%] Ey[eV] fraction[%] E,[eV] fraction[%] E,[eV] fraction [%]
MoOs 232.9 100
25 0.15 232.7 89 231.2 11 163.2 89 161.7 11
50 0.37 232.7 75 231.2 25 163.2 82 161.6 18
100 0.38 232.7 65 231.1 31 229.2 4 163.1 66 161.7 34
150 0.52 232.7 55 231.1 35 229.0 10 163.1 55 161.7 45
200 0.95 232.7 44 231.1 39 229.1 17 163.1 58 161.7 42
250 1.75 232.7 9 230.9 21 229.1 70 162.9 8 161.8 92
300 1.8 232.7 5 230.9 17 229.1 78 161.8 100
400 1.9 230.7 10 229.0 90 161.8 100
2~ and/or terminal § (cf. text).
o B s ‘ '
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Figure 3. Composition of the XPS spectra of Me@fter 3 h of
sulfidation, as a function of temperature.

increasing formation of M centers at sulfidation temperatures
below 200 °C and their reduction to the Mo state at
temperatures above 20C (Table 1).

The S 2p spectra of Figure 2 can all be interpreted in terms
of two doublets only, with S 2 binding energies of 161.7
and 163.1 eV, respectively. We stress that the shifts in the
spectra of Figure 2 have nothing to do with differential charging

but are entirely caused by chemical changes in the samples.

Using the S 2p XPS data of various M& compounds as
reference$® we assign the peak at 163.1 eV to bridging
disulfide ($?7) ligands and the 161.8 eV peak to terminal
disulfide and/or sulfide ($7) ligands. Note that terminal
disulfide ($27) ligands can not be distinguished from sulfide
($*) ligands (as, for example, present in Mp$n the basis
of XPS, although the formal oxidation state of sulfur is different.
Figure 3 shows the contribution of the different molybdenum

Figure 4. Infrared emission (IRE) spectra of crystalline Mpgilfided

at the indicated temperatures. Arrows indicate the position where
contributions from terminal MeO; groups (approximately 950 cr

and $% ligands are expected.

0 o
00| 00| 0
o< —Mo o< —Mo ov\n ‘
O:Mo\!\" M o\!\"‘ A Oi
0 ‘ 0o NG
N\ OO\\
o Q—[—Mo Q—|—Mo 0---
1 |0=—=Mo " \.Ao l\f\ \ 0L~
3 ! \O l \O ! \O

and sulfur states to the XPS spectra. The observation of signals

due to reduced metal centers (Mpand oxidized sulfur ligands
(S%7) in the XPS spectra after sulfidation at low temperatures
points to metatligand redox reactions as one of the first
elementary reaction steps during sulfidation.

Infrared Emission Spectroscopy of MoQ and Its Sulfi-
dation Products. The IRE spectrum of crystalline MaQOn
Figure 4 shows several bands due/{Mo—0) andé(Mo—0)
vibrations!516 The band at 985 cm, indicated by an arrow
in Figure 4, reflects the(Mo—O) stretch vibration of terminal
—Mov'=0; groups. The broad vibrational features between 800
and 900 cm! (i.e. 815, 850, and 895 cm) are due tavs(Mo—

0) vibrations ofuz andu, bonded oxygen within the (a,b) and
(b,c) planes of the Mo®lattice (see Figure 5 for the structure

a

Figure 5. Structure of crystalline Mo® Layers are stacked along
the a-axis.

of MoO3). These Me-O bonds possess bond orders varying
between 1.7 and 03,and hence the correspondingly varying
force constants give rise to a broad band with unresolved
contributions. The bands below 700 chare due ta,dMo—

0O) andd(Mo—0) vibrations.

The upper three traces of Figure 4 are the IRE spectra of
MoOs after sulfidation in HS/H,. Thev(Mo—S) andv(S—S)
vibrations come between 200 and 550 ¢pbut the bands are
relatively weak and they overlap with MdD deformation
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Figure 6. Absorption IR spectrum of (NP.M0O,S, (a) and emission IR spectra at 200 (b) and 40C°C (c, d, e).

TABLE 2: Bands in the IR Spectra of (NH4),M00,S,'” and

modes. As a result, thgMo—O0O) vibrations between 750 and {M0OS;} (See Figure 6a,b)

1000 cn1? give the most conclusive information on the change

of the Mo—O coordination during sulfidation. (NH2)2M00,S; [cm™]  {MoOS} [cm™] assignment

If we compare the spectra of the sulfided samples with that 950 v(Mo=0y)
of MoQg, two points can be noted. First, the signal characteristic 833 850 z(('\:ﬂoo__cg)
of terminal Mo=C at 985 cn1! increases upon sulfidation at 805 szo—O)a
50°C and decreases but remains detectable after sulfidation at 798 v{M0—0)
higher temperatures, accompanied by a small shift to lower 770 r(Mo—O)?
frequencies. Secondly, the broad band duev(to—O0) 710 v(Mo—O)*
vibrations ofu, andus bonded oxygen disappears before the ggg V(S:S)‘”

. S . v(S—S)

Mo=0; signal, indicating that the MoOframework in the 482 vadM0—S)
surface region largely collapses at temperatures belowC00 472 »(Mo—S)y
The characteristic bands due to the stretch vibrations of terminal 386 »(Mo—Sy
and bridging $groups come at 510 and 530 cthnrespectively, 334 v(MoS)y )
and have been indicated by arrows in Figure 4. Indeed, some 305 334 g%mg(_):))_wlo)
emission is noticeable in this range, but the signal is weak as 200 5(MoS,)

expected. Their presence is in agreement with the XPS spectra
discussed above, which contain clear evidence for bridgifig S
groups in partially sulfided samples.

Assignment of bands below 500 cfnis not warranted,  \ye expect to be generally characteristic for molybdenum
because)(Mo—0) andv(Mo—S) vibrations overlap. Spectra oxysulfide structures.

of samples after sulfidation at temperatures above°Thave The infrared absorption spectrum of ()pMoO,S; in Figure
been recorded but show weak features only and are notg shows the characteristic bands of the MBO anion (see
discussed. The spectrum of the fully sulfided sample is the 15p)e 2), as reported by Schmidt ef:&l The{MoOS;} phase
same as that of the Mg$hase formed by thermal decomposi- s known to form after heating to 20TC; the corresponding
tion of (NH4),M00,S; (Figure 6e), which we briefly discuss  infrared spectrum, measured in emission mode, is shown in
below. The important information from the infrared spectra is Figure 6b. It contains several bands due toM®and Mo-S
that additional terminat-Mo=0 groups form during sulfidation yiprations (detailed assignments in Table 2). In short, the bands
of MoO;z and that these are also the MO entities that remain  gpove 600 cmt correspond to MeO vibrations, and they
present in the oxysulfide stage, while configurations of the type jngjcate that oxygen is present in similar types of coordination
Mo—O—Mo convert in earlier stages of the sulfidation. as in MoQ. We assign the band at 950 chto thev(Mo—O)
Infrared Spectra of (NH4):M00,S, and Its Thermal vibrations of termina-Mo=0; groups. The frequency of the
Decomposition Products. Interpretation of the infrared and  v(Mo=0y) vibration is shifted 35 cm' to lower wavenumbers
XPS spectra of the partially sulfided samples is hindered by compared to its value in crystalline M@Qdue to the presence
the unknown structure and poor definition of these oxysulfide of reduced Mo centers and sulfur as a ligand.
phases. To obtain better interpretable data, which may serve The broad band around 800 chris attributed tov(Mo—0O)
as a reference case for the structures encountered in partiallyibrations of u, and u3 bonded oxygen of MeO—Mo and
sulfided MoQ-based catalysts, we have studied the complex Mo,—O—Mo fragments. The large half-width of this band
(NH4)2M00;S,. Upon heating, this compound decomposes via (~200 cntl) shows that the MeO coordination includes a
an oxysulfide phase of stoichiomeffiMoOS;} to the thermo- high degree of nonuniformity. In the case of simple dinuclear
dynamically stable sulfide MgS The infrared spectrum of transition metal oxygen complexes, thg and v,dM—O)
the intermediat§ MoOS;} phase reveals structural features that vibration of M—O—M bridges cover a range of more than 300

29(Mo—O) vibrations of Mg—O—Mo (x = 1, 2) functions® »(Mo—
S) vibrations of Me-(S)—Mo (x = 1, 2) functions.
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cm depending on the bonding angfe We therefore conclude
that the{MoOS;} phase exhibits a significant dispersion of

Mo—O—Mo bond angles, which leads to a range of splittings
between the symmetric and antisymmetric stretching modes.

The band at 523 cmt and its shoulder at 548 crhin the
spectrum of MoO$ in Figure 6b are due to the(S—S)
vibrations of terminal and bridging,% ligands® respectively.

Weber et al.

(1) The initial sulfidation of MoQ@ results in the reduction
of Mo®" to Mo®" and the oxidation of sulfide ligands to bridging
S,%~ ones (Figures 2 and 3).

(2) Bridging Mo—O—Mo configurations of the Mo@lattice
disappear between 50 and 100 while additional terminal
—Mo=0; groups appear (Figure 4), indicating that the Mo
O—Mo structures break up to form terminaMo=0; entities.

The presence of the latter shows that Mo centers are connected (3) The rapid disappearance of the terminal#@ groups
not only via oxygen but also via sulfur. The less characteristic during heating of th MoOS;} model oxysulfide in th@absence

bands at 472, 386, and 334 chare assigned to(Mo—S)
vibrations of Mo-S—Mo and Mo—(S;)—Mo?° units, while the
band at 334 cm! should also contain significant contributions
of 6(Mo—0) deformation modes.

The occurrence of the,5 ligands implies that at least some
of the initial $~ ligands in the Mo@S,>~ anion have been
oxidized during thermal decomposition @S— S22~ + 2e).
As a consequence, Mo centers must be present itMl®© S}
phase in a formal oxidation state less thah. 6XPS spectra
(not shown) indeed confirmed that the Mosgdoeak has a
binding energy 23 eV lower than that of Mog) indicative of

of H,S while bridging Me-O—Mo configurations disappear at
a significantly lower rate (Figure 6b) indicates that terminal
Mo=0; are the most reactive oxygen-containing entities in
oxysulfides.

In this section we combine the above findings with literature
data on reactions of various molybdenum compounds to propose
a molecular mechanism for the sulfidation of MoOThe XPS
spectra and their decomposition in Figure 3 indicate that major
changes in composition occur after sulfidation at temperatures
above 200°C, where the spectra become very much like those
of MoS,. Hence, the range between ambient temperature and

a 5+ or 4+ state. We note, however, that the XPS measure- somewhere between 200 and 250 is where oxysulfides

ments of the MoOgphase seriously suffered from inhomoge-

prevail in sulfided MoQ. Therefore, we first address the early

neous charging and sample decomposition during measurementstage in which Mo@is transformed into oxysulfides. Next we
As a result, an accurate analysis of the peaks is not possible.discuss structural properties of the model oxysul{it#oOS}

Upon heating to 400C, the{MoOS;} phase reacts further
to microcrystalline Mog Figure 6¢-e shows emission infrared
spectra after 30, 60, and 90 min at 40Q, respectively.
Significant spectral changes within the region due to-Nb
vibrations (606-1000 cn1?) reveal that the terminal MeO;
groups at 950 cmt are the first to disappear under these
conditions. Obviously, M&O; fragments form the most labile
part of the{MoOS;} phase. They are likely to convert by
reductive elimination of @ such as

2 — Mo™=0,—2— Mo V" + O,

—Mo™(=0), — —Mo""?* + 0, (5)

Simultaneously with the release of,@he intensity of the band
at 330 cnt?, which containgy(Mo—O0) contributions, decreases.
In addition, the maximum of the broad band due to#ffdo—

O) vibration of Mg—O—Mo (x = 1, 2) bridges shifts down to
680 cnT! (Figure 6b). This may be due to an increasing
coupling ofv(Mo—0) andv(Mo—S) vibrations. After 90 min

and finally the conversion of the oxysulfide phase into MoS
The Reaction of MoO; with H,S to Oxysulfides (Room

Temperature to 200 °C). The relative instability of the

terminal Mc=0O; groups suggests that these entities play a

dominant role in the uptake of sulfur. In fact, the exchange of

oxygen for sulfur in terminal MeO; has known occurrence in

the solution chemistry, e.g. the reaction of molybdate witB H

in NH4OH to tetrathiomolybdate (Mog&~ + 4H,S — MoS;2~

+ 4H,0). Depending on the concentration of the J}HH

solution, the reaction may proceed via3Hor SH™ (formed in

situ by deprotonation of §8) as the reactive ageris?3 In the

case of the sulfidation reaction such a deprotonation is not

possible and b5 must be considered as the reactive component:

S S Q0
HH H A HoH
0 0 0 S
NUV\ +H,S E [vi Y % v
-0 —> »—MO‘ _—> __MO; —> - MO (6)

the decomposition reaction is completed and a microcrystalline This particular type of interaction between,$ and the
Mo$S; phase has been formed. Its spectrum (Figure 6e) contains—Mo=0; fragment leads formally to a protonation of thé O

weak bands only. For reference, bands ofite,,) andv(Eyy)
phonons of crystalline MoSwhich come at 470 and 384 cth
at room temperature, have been indic#edhe approximately
20 cn1? shift of thev(Ay,) vibration to lower wavenumbers in

ligand, which weakens the MeO as well as the SH bonds;
H,0 is already preformed in the transition state. Due to rotation
of the{ OH,S} arrangement, }O is released and arfSligand
remains at the M8 center without a change of the coordination

the MoS spectrum of Figure 6e can largely be attributed to the number during the whole reaction sequence. Terminal oxygen

higher temperature of 400C at which the emission spectrum

ligands located on the (a,b) and (a,c) planes of the Mo¢stal

was takert? However, the presence of the rather broad band (see Figure 5) are accessible for this reaction. The thermody-

around 320 cm! implies that the Mog phase still includes

imperfections regarding the arrangement of the sulfur planes.

We address this point in the Discussion section.

namical driving force for reaction 6 is the formation of®l
The reduction of M&"™ to Mo®" and the oxidation of &
from HS to bridging $*~ groups in the partially sulfided Mo

The point to note is that during thermal decomposition of has been observed before in Si€upported Mo@ model

the compound (NB:MoO,S, to oxysulfides,—Mo=0; frag-

catalyst§ and has been explained by the following two

ments (like in MoQ) are formed at intermediate temperatures elementary reaction steps:

(200 °C). These groups disappear in the conversion of the

intermediate to Mogbefore the other MeO configurations
do, indicating the relatively high reactivity of these ¥
fragments.

Discussion

The most important results from this work can be summarized

as follows.

0 S S
lvi Jv& +H,S flvi i
__Mo__,___Mo_ 2 _Mo___y___Mo__
X e T TS @
S S
R WS, .
-7 iool/— <z > -7 \OO// <z ()
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The first is reaction 6 on two adjacent sites. The second step H

involves a metatligand redox reaction in which two2S S\S\ /Sg;H

ligands, bonded to adjacent Mocenters, are oxidized (2S ‘mo_/_,,EVOH o ém{;\%og S

— S2- + 2e) while the metal centers are reduced (Mo \OO// &

2e— 2MoV). The occurrence of the overall reaction of 7 and

8 is strongly supported by the XPS data of Figures 2 and 3 and v Sy

is in agreement with the infrared spectra of Figure 4, where —,7M°<'o>/‘M°=: (11

characteristic emission from disulfide species can be recognized.
The exchange of terminal oxygen ligands for the larger sulfur The first step is a reaction of the 8ntity with H, to form two

in the MoG; lattice is expected to have sterical consequences, transient SH fragments. Stabilization of the SHigands is

especially within the (a,b) plane. Structural reorganization of unlikely, it would require a rigid stereochemistry brought about

the surface accompanies the redox process 8, as reduction oby bulky ligands and sufficient electron density on the metal

the metal centers lead to stronger metaletal interactions, i.e.  centers. For example, the SH™ ligands in the M& complex

to shorter Me-Mo distances. Taking the [M&;,]2~ anion MeCp{Mo" (1257 )2(u2SH™)M0'V} CpMe (MeCp= CH3CsH,)®

(d(Mo—Mo) = 282 pn?¥) as a model for a{MoV—MoV} could be prepared from bridging &ntities by reaction with

fragment, we expect the MeMo distance (after reduction) to  H at room temperature. In the present case, however, there

be between 282 and 300 pm, the latter being the distance ofare no bulky ligands available for kinetic stabilization. Fur-

the relevant Mo centers within the (a,b) plane in Md® The thermore, the relatively low electron density weakens th&lS

shortening of the Me-Mo distance places the metals closer to bond and increases the acidity of the Slijand. Stabilization

the center of the [Mog) octahedra, and the three M@3O is readily achieved by proton transfer, forming agBHtomplex,

bonds become more equivalent. The positions of the sulfur which decomposes immediately, similarly as described by

atoms change as well: The-S vector of the formed Sunit Mdller and Diemanii. At higher temperatures (40TC) both

is nearly perpendicular to the MdVlo vector? Due to the sulfur atoms of the Sentity react under formation of coordi-

structure of the Mo@(see Figure 5), the redox reaction 5 can natively unsaturated Mo centéts.

only take place within the (a,b) plane and not within the (a,c)  The release of sulfur from ;Sunits reduces the sterical

plane, where the MeMo distance is as large as 396 p#ihis hindrance on the surface of the crystal and gives space for the
explains the presence of both bridging#Sand terminal % formation of new $ groups according to (7) and (8), which is
ligands and their relative intensities after sulfidation at’6Q reflected in a higher S/Mo ratio in the XPS spectrum of the
as obtained from the XPS spectra (see Figure 3). sample sulfided at 150C (Table 1). The low intensity of the

After sulfidation at 100 and 150C small amounts of Mt band due to the(Mo=0) vibration in the corresponding IRE
were formed. Although a direct reaction between termirfal O spectrum implies that most of the available #40; functions

ligands and H, formally according to have reacted at 150C. The sulfur content increases further
after sulfidation at 200C, which is close to the temperature
_|\/|0V'=ot +H,— MoV + H,O (9) up to which oxysulfides prevail.

Structural Properties of the {MoOS;} Oxysulfide. The

cannot be excluded, we consider that in view of the relatively thermal decomposition of (NjEMoO,S; at 200°C in inert gas
low temperature of 106150 °C more likely an exchange and leads to the formation of an amorphous phase of stoichiometry

subsequent redox reaction occur at edge metal centers, withM0OS2 (reaction 2).  Some of the steps in the decomposition
(formally) two terminal G~ ligands: bear resemblance to the formation of Md®m (NH.)2M0S,,

which we published recentfy. The first elementary reaction
0o o s s S—s step in (2) is a proton transfer from the two bitHtations to an
N wans W Mo, 0?" ligand of the MoQS;?~ anion, producing Nkland a neutral
TN Taee 0T > s (10) {S:MoOH,0} intermediate. The latter is not stable and
aggregates. The IR emission spectrum of Figure 6b reveals that
Direct reduction, i.e. reaction 9, is expected to become relevantthis { MoOS;} phase possesses M&O—Mo (x = 1, 2), Mo—
at higher temperatures, with a considerably higher yield of'Mo  (S;)—Mo, and very likely also Me-S—Mo linkages. Corre-
This has, in fact, been shown in the TPS measurements bysponding vibrational features were present in the infrared spectra
Moulijn and co-workers on crystalline Mag which show of partially sulfided MoQ as well. The most remarkable and
intense H consumption and O production peaks at ca. 350 important characteristic of the amorpho{i®100S;} phase,
°C, i.e. about 200C higher than where the first Mo arises in however, is that it contains a significant amount of oxygen in
the XPS spectra (Figures 2 and 3). We therefore propose thatterminal positions, M&Q;, as indicated by the strong band at
at 100-150 °C small amounts of M&™ may form through 950 cnttin Figure 6b. Such groups are not present in the initial
reaction 10, with the simultaneous formation of terminal S (NH4):M00,S,. Since the{MoOS;} phase has been formed
groups, which are indeed visible in the corresponding IRE within a simple thermal decomposition where no special reaction
spectra of Figure 4 (band at 510 cth conditions have been applied, we infer that the presencéof O
An interesting feature of the sample after sulfidation at 100 ligands in bridging and terminal positions is a common structural
°C is that while the XPS S/Mo ratio (0.38) is the same as after property of oxysulfides. Again, the terminafOare the most
sulfidation at 50°C (0.37), the relative amount of the respective reactive ones within this phase; if the temperature is increased,
sulfur ligands changed. Visual inspection of the 2@S 2p they are the first to convert (Figure 6€e). Apparently, the
spectrum in Figure 2 and the corresponding compositions in Mo=0; functions are essential for coordinative saturation of
Figure 3 shows that the fraction of'S(and/or terminal $-) metal centers in the oxysulfide, but they are released if the
ligands increased at the expense of the bridgigfg $gands. temperature is high enough to form the stable Me®ucture
At the same time, the proportion of Mo in the-State increased,  in inert gas atmosphere. TH&o0OS;} phase is not expected
as opposed to the contribution of bridging-SJigands. This to be stable in the ¥H,S mixture, because the MeD; functions
suggests that between 50 and FP@sulfur has been released would immediately react after they have been formed.
from the $ bridges, for which we propose the following reaction The structure of the oxysulfides formed during sulfidation
sequence: of MoOg3 at 150-200°C is far from thermodynamical equilib-
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rium, for several reasons. The saturation of the surface with mechanism of molybdenum oxides, which is an essential step
sulfur and the generation of reduced metal centers distorts thein the activation of hydrotreating catalysts. Because there are

structure, especially in the surfaebulk interface area. While
MoS; is already the equilibrium solid state structure for the
surface region in this stage, it is still M@@or the bulk. This,
together with the increased mobility at 200, may well cause

the oxysulfide structure to break up, whereby new termirfal O
ligands form out of Mg—O—Mo (x = 1, 2) bridges (two of
the Mo—O bonds in each [Mog) octahedra are extremely
weak). Immediately after their formation, the F®; groups

will react as described above (reactions 7 and 8 and also 9). In
this stage there is still an approximate correlation between the
amount of M&* centers and bridging,% ligands.

Reaction of Oxysulfides with H,S to M0oS; (200—400°C).
Sulfidation of MoG; at temperatures above 200 results in a
major change in composition as compared to that of the
oxysulfides formed at lower temperatures. ¥and M&* have
largely reduced to M, and the contribution of bridging,5
to the S 2p spectra has virtually disappeared (Figure 3). The
formation of Md*"* is, in agreement with TPS data of Moulijn
and co-workerd, mainly attributed to a reaction of Mo=0
with H, according to (9), and the subsequent uptake of sulfur
from the sulfiding atmosphere, until eventually Moférms.
Reductive elimination of terminal ;%3 ligands (formation
according to reaction 10) together with subsequent reduction
of bridging $2~ to & ligands as discussed by Muijsers efal.
is unlikely here. This type of reaction typically decreases the
S/Mo ratio at higher temperatures, which is not observed here
(Table 1).

The infrared emission spectra of Mpghases obtained either
by sulfidation of MoQ at 400 °C or by decomposition of
(NH4)2M00,S,; (see Figure 6e) give evidence for imperfections
in the arrangement of the sulfur planes of MoS he spectra
contain a broad band around 320 @mwhich is absent in the
spectrum of crystalline MoS® In a phase containing Mo
and $~ such bands around 320 cfare usually assigned to
v(Mo—S) vibrations ofu; S*~ ligands, in Me-S—Mo configu-
rations?’:28 The presence of this band suggests that some of
the $~ ligands are disordered and not (yet) part of the MoS
lattice. It is conceivable that during structural reorganization
or aggregation small regions of Mg&re formed, which are
interconnected by MeS—Mo bridges, as, for example, in
structurel.

This type of defect goes along with a deficiency of sulfur and
leads to a bending of the Mg%ayer, which in fact has been
observed with transmission electron microscégy.Also the
decomposition of Mogas followed in situ in the TEM, leads
to the formation of bent MoSayers3® Formation of a perfect
MoS; lattice would require much higher temperatures of about
800 °C3! Hence, the sulfidation of Moat temperatures
typically employed in catalyst pretreatments (about 4Q)
leads to a microcrystalline Me®hase, relatively rich in defects.

Concluding Remarks

The aim of this study was to study the sulfidation of
crystalline MoQ to get a better understanding of the sulfidation

significant differences between the structure and the properties
of highly dispersed oxidic precursors in catalysts and crystalline
MoQs, particularly with respect to the extent of (de)hydration,
the present work on the sulfidation of crystalline, dehydrated
MoOs provides a useful reference case for understanding the
sulfidation reaction in the more complex systems such as
supported catalysts, which we discuss in a forthcoming paper
on MoGs/Si0O,/Si(100) model catalysts.
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