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Abstract 

The constant improvement of hydrotreating (HDT) catalysts, driven by industrial and 

environmental needs, requires a better understanding of the interactions between the oxide 

support (mostly alumina) and the MoS2 active phase. Hence, this work addresses the support-

dependent genesis of MoS2 on four planar, single crystal -Al2O3 surfaces with different 

crystal orientations (C (0001), R       , M        and A       ). In contrast to classical 

surface science techniques, which often rely on UHV-type deposition methods, the Mo is 

introduced by impregnation from an aqueous solution, in order to mimic the standard 

incipient wetness impregnation. Comparison between different preparation routes, 

impregnation vs. equilibrium adsorption (selective adsorption), is also considered. AFM, 

XAS, TEM and XPS show that the -Al2O3 orientation has a clear impact on the strength of 

metal-support interactions at the oxide state with consequences on the sulfidation, size, 

stacking and orientation of MoS2 slabs. Aggregation of molybdenum oxide particles is 

observed on the C (0001) plane suggesting weak metal-support interactions leading to high 

sulfidation degree with large slabs. Conversely, the presence of well-dispersed individual 

oxide particles on the R        plane implies stronger metal-support interactions leading to a 

low sulfidation degree and shorter MoS2 slabs. Both A        and M        facets, of similar 

crystallographic structure, display an intermediate behaviors in terms of sulfidation rate and 

MoS2 size in line with intermediary metal-support interactions. Polarization-dependent 

Grazing-Incidence-EXAFS experiments as well as HR HAADF-STEM analysis allow us to 

demonstrate a surface-dependent orientation of MoS2 slabs. A predominant basal bonding is 

suggested on the C (0001) plane in agreement with the existence of weak metal-support 

interactions. Conversely, a random orientation (edge and basal-bonding) is observed for the 

other planes. Generalization of these conclusions to industrial catalysts is proposed based on 

the comparison of the surface structure of the various model -Al2O3 orientations used in this 

work and the predominantly exposed -Al2O3 surfaces ((110), (100) and (111)).  
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Introduction 

Heterogeneous catalysts based on Transition Metal Sulfides (TMS) have long been used to 

eliminate heteroatoms (S, O, N) and metals from crude oil or petroleum fraction for 

environmental reasons (to decrease polluting gas emission during oil combustion) but also for 

industrial concerns in order to protect catalysts used downstream in the refinery [1]. Among 

all impurities, sulfur represents a major problem since it leads to sulfur dioxide emission, 

responsible of acid rain and catalytic converter poisoning [2]. Therefore, legislation on the 

maximum tolerated sulfur content in fuels is more and more stringent which implies a 

constant improvement of hydrotreating catalysts. More recently, TMS-based catalysts have 

also attracted a great interest for biomass processing as hydrogenation/decarboxylation 

catalysts for renewable lipids and hydrodeoxygenation of pyrolysis oils from 2
nd

 generation 

lignocellulosic biomass [3]. 

TMS-based heterogeneous catalysts are classically described as made of molybdenum or 

tungsten sulfide slabs (Mo(W)S2) promoted at the edge by Co or Ni atoms,dispersed over a 

porous polycrystalline oxide support of high surface area, mostly -alumina [1,4–6]. One 

important and still largely debated question concentrates on the role of the oxide support on 

the sulfide active phase in terms of size, morphology, orientation or sulfidation degree. Even 

subtle differences, such as alumina polymorphism, have been shown to be a decisive factor. 

As a matter of fact, it has been demonstrated that promoted CoMoS catalysts supported on -

Al2O3 show a higher intrinsic activity (per Mo atoms) than the same system supported on -

Al2O3 [7]. These differences were explained in terms of better dispersion for the MoS2 active 

phase and weaker metal-support interactions on -Al2O3. However, a rational understanding 

of these differences is excluded in industrial catalysts due to the use of high surface area, 

polycrystalline oxide particles that expose a variety of crystallographic planes with numerous 

defects and a multiplicity of surface hydroxyl groups. Yet, a molecular-scale understanding of 

the support influence is obviously a pre-requisite for a scientific design of industrial 

hydrotreating catalysts. 

 

Surface-science type studies can help resolving this issue by using planar surfaces with well-

controlled surface structure [8]. Specific reactivity of various surface orientations can thus be 

studied and compared to polycrystalline industrial materials. Specifically, Sakashita and 

Yoneda [9,10] studied non-promoted sulfided Mo catalysts on oriented Al2O3 thin films 
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prepared by electron beam evaporation of -Al2O3 onto MgAl2O4 wafers. These authors 

claimed that MoS2 slabs are oriented parallel to the support on the most predominant -Al2O3 

(110) surface and show the highest sulfidation degree with respect to the other (100) and 

(111) orientations. However, the use of thin films epitaxially grown on an oriented substrate 

as models for -Al2O3 has been questioned [8]. More recently, we showed that -alumina 

single crystals can be used as a suitable model for -Al2O3 since there are many analogies 

between the surface structure of -Al2O3, the metastable polycrystalline industrial support, 

and -Al2O3, the thermodynamically stable alumina polymorph from which single crystal 

wafers can be grown [8,11]. 

We have recently followed this surface-science approach using well defined -alumina single 

crystal wafers of different orientations (i.e A       , C (0001), M        and R        

planes) combined with an aqueous-phase deposition method of Mo denoted equilibrium 

adsorption (or selective adsorption). The deposition from aqueous phase is closer to industrial 

procedures of catalysts preparation than more classical UHV surface science deposition 

methods [11]. It was shown that the surface speciation of alumina hydroxyls controls the Mo 

adsorption at the oxide/water interface and in turn the strength of metal-support interactions 

leading to various sulfidation degrees depending on the surface orientation. Structural 

analogies between  and  alumina allow the following extrapolation to polycrystalline 

supports: we can expect a heterogeneous Mo distribution over industrial -Al2O3 supported 

catalysts, with a strong metal-support interaction and low sulfidation degree on the 

predominant (110) surface, and lower metal-support interactions, but higher sulfidation 

degrees on the (111) and (100) planes.  

To step forward in understanding industrial catalysts, the present contribution broadens the 

previous approach by using an alternative aqueous-phase deposition method, i.e. a simple 

impregnation (without filtration and washing steps), which mimics the classical incipient 

wetness impregnation (also known as dry impregnation) used with shaped oxide supports. 

This method has two advantages with respect to equilibrium/selective adsorption: first weakly 

reactive surfaces (such as the C (0001) plane in the present case) [11] can be used since 

weakly interacting Mo species will not be washed out with a rinsing step and second, the 

amount of deposited Mo can be easily controlled so that various orientations with identical 

Mo surface density can be prepared. Hence, model catalysts have been prepared on various 

-alumina single crystal wafers (A       , C (0001), M        and R        planes) and 
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sulfided at different temperatures to study the role of each -alumina surface on the nature of 

the active phase: sulfidation degree, MoS2 nanoparticle size and metal-support interaction 

with XPS, AFM and TEM. The orientation of the active phase has also been investigated by 

surface EXAFS spectroscopy and high resolution scanning transmission electron microscopy 

in high angle annular dark field mode (HR HAADF-STEM). The role of the synthesis route 

toward Mo adsorption and sulfidation is finally discussed with respect to the surface hydroxyl 

speciation. 

Materials and Methods 

Preparation of model catalysts (MoOx/-Al2O3) 

1 cm
2
 single crystal -alumina wafers were purchased from Mateck for the A (11 0), 

C (0001) and R        planes and from SurfaceNet for the M        orientation. The wafers 

were first chemically cleaned with successive washing steps in water, HNO3 and NH3 

following a procedure already reported in ref [11]. A final calcination step was performed in 

air in a muffle furnace overnight at 700 °C. Mo impregnation was carried out through 

deposition of a 100 µL droplet of an aqueous solution of ammonium heptamolybdate 

tetrahydrate, (NH4)6Mo7O24.4H2O (Merck, > 99% purity) at the natural pH (5.2) of the 

solution. Two different Mo surface loadings were considered: 3.5 at.nm
-2

 ([Mo] = 5.8.10
-

6 
mol.L

-1
) and 0.9 at.nm

-2
 ([Mo] = 1,5.10

-6 
mol.L

-1
) in order to be close to the surface 

saturation of the A (11 0) and M        planes (about 4 at.nm
-2

) or the R        plane (1 

at.nm
-2

) as shown in ref [11]. Most of the results presented in the paper focus on the highest 

surface concentration (3.5 at.nm
-2

). After Mo deposition, the model catalysts were dried 1 h at 

room temperature under primary vacuum to remove the solvent. It was also noticed that this 

step favored a homogeneous spreading of the 100 µL droplet over the wafer. After drying, 

samples were calcined 2 h at 450 °C in air in a muffle furnace. 

 

Sulfidation of model catalysts (MoS2/-Al2O3) 

Conventional gas phase sulfidation was performed in a glass reactor under a flow of 2 L.h
-1

 of 

15 mol% H2S/H2 at atmospheric pressure and constant temperature (100, 200, 300, 400 or 

450 °C) for 2 h. The reactor was then cooled down to 80 or 150 °C (depending on sulfidation 

temperature) for 1 h under argon (2 L.h
-1

) to remove any excess of sulfur. Catalysts were then 

kept under argon at room-temperature before analysis.  
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Characterization 

XPS: XPS spectra were recorded with an Omicron (ESCA+) instrument using a 

monochromatic Al X-ray source (h = 1486.6 eV) with an accelerating voltage of 14 kV and 

a current intensity of 20 mA (overall energy resolution was about 0.8 eV). Spectra were 

collected at a takeoff angle of 90° under a pressure lower than10
-9 

mbar. More information 

can be found in ref [11]. XPS was used to quantify the sulfidation degree through the 

methodology developed by Gandubert et al. [12] by integrating the contributions of MoS2, 

MoOxSy and MoO3. The sulfidation degree (% MoS2) was calculated as the ratio of the 

contribution of MoS2 over the total contribution of Mo (MoS2 + MoOxSy + MoO3). Sulfided 

samples were rapidly transferred (less than 1 min.) from the sulfidation reactor to the XPS 

analysis chamber and it was checked that this fast transfer prevents any reoxidation of MoS2. 

 

TEM: Conventional TEM images were collected with a JEOL 2010 microscope operating at 

200 kV for determining the average size (length of a fringe) and stacking (number of fringes) 

of MoS2 particles using ImageJ 1.45 software [13]. TEM samples were obtained by scratching 

the surface with a razor blade in order to concentrate the clusters of active phase into an 

ethanol drop before spreading this drop on a carbon-coated copper grid.  

High-resolution high angle annular dark field scanning transmission electron microscopy (HR 

HAADF-STEM) analyses were performed using a JEOL 2100 F FEG TEM/STEM instrument 

operating at 200 kV, equipped with a Cs aberration probe corrector. For HAADF acquisition, 

the camera length was 10 cm corresponding to inner and outer diameters of annular detector 

of about 60 and 160 mrad. Model catalysts (MoS2/-Al2O3wafers) were scratched with a 

diamond tip scriber. The as obtained alumina fragments were suspended in ethanol and 

sonicated. A drop of the suspension was deposited on a Cu grid covered with a holey carbon 

membrane. 

 

AFM: Topographic AFM images on MoS2/-Al2O3 samples were obtained on a Nanoscope 

VIII Multimode AFM from Bruker Nano Inc. (Nano Surfaces Division, Santa Barbara, CA) 

equipped with a 150 x 150 x 5 µm
3
 scanner (J-scanner). AFM analyses were performed using 

the peak force tapping mode (PFT), recently developed [14] with silicon tip on Si3N4 

cantilevers. It was checked that no significant evolution of morphology occured during AFM 

imaging. The root mean square surface roughness (Rrms) is expressed by the square root of the 

sum of the squares of the individual heights and depths from the mean line. 
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X-ray absorption: Surface EXAFS in Grazing-Incidence geometry (Grazing-Incidence X-ray 

Absorption Spectroscopy or GI-XAS) was conducted on the SAMBA beamline at the 

SOLEIL synchrotron facility (Saint-Aubin, France) [15]. Spectra were collected in the 

fluorescence mode with a Canberra 36 pixels solid-state Ge detector at the Mo K edge 

(20 keV). The orientation of the wafers was varied with respect to the polarization of the 

synchrotron beam. These orientations will be denoted parallel and perpendicular throughout 

the text when the electric-field vector of the synchrotron beam is respectively parallel and 

perpendicular to the surface of the wafer. 

For sulfide samples, planar catalysts were transferred from the sulfidation reactor to the 

EXAFS sample holder in a glove box and then fixed with carbon tape on a goniometer head in 

a sealed plastic box filled with argon in order to prevent any oxidation. Reference compounds 

were collected in transmission mode by diluting the samples in cellulose. XAS data analysis 

was carried out with the Demeter package [16].  

It has to be noted that coordination numbers reported in this paper are effective coordination 

numbers as defined by Equ. 1 [17] that depend on the polarization of the synchrotron beam. 

For example, the effective coordination numbers (Neffective) will be three times higher than the 

actual number of neighbors (Nreal) when the chemical bond (directed along   

   

 
r ) is parallel to the 

electric field vector   

   

 
e   cos θ =   .  

 

Equ. 1    

 

Results and Discussion 

1. Molybdenum oxide dispersion: AFM 

AFM images were recorded after aqueous-phase impregnation of Mo (high loading 3.5 at.nm-

2) on A       , C (0001), M        and R        planes and subsequent calcination at 450°C 

in order to investigate the Mo dispersion at the oxide state. Surface roughness analysis, before 

Mo deposition, shows a relatively smooth surface for all orientations (i.e. Rrms of 0.10-0.15 ± 

0.01 nm). However, succeeding impregnation and calcination lead to three different behaviors 

depending on the surface orientation (Figure 1). 
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Figure 1: Representative AFM images (5 x 5 µm
2
, Peak Force Tapping mode, z-scale 4 nm) of planar 

Mo/α-Al2O3 model catalysts with a Mo surface loading of 3.5 at.nm
-2 

after impregnation and 

calcination at 450 °C for 2 h for various alumina orientations: C (0001), A       , M        and 

R        planes. 

On the C (0001) plane, a large part of the Mo oxide particles are aggregated forming large 

clusters with a width of 600 to 900 nm. These clusters are composed of a collection of 

individual particles about 7 to 22 nm wide and 1 to 4 nm high. The remaining alumina surface 

is mostly free of Mo even if few individual nanoparticles are still discernable. Only a slight 

increase of the surface roughness is observed up to 0.40 ± 0.01 nm since large parts of the 

wafer are uncovered leading to a heterogeneous distribution of Mo on the C (0001) surface. 

On A        and M        planes, a drastic increase of the surface roughness is observed up 

to 4.0 ± 0.01 nm due to the presence of two sets of nanoparticles: aggregates (average height 

of 20-70 nm and width of 100-500 nm) and individual particles (average height of 1-9 nm and 

width of 5-30 nm). The M        plane slightly differs from the A        plane by the 

presence of steps (0.2 to 0.3 nm high). This faceting behavior has already been observed by 

others after high temperature treatment [18–20] but Mo oxide nanoparticles are not 

specifically located along these steps. On the R        plane, no aggregation is observed and 

small Mo oxide nanoparticles (average height of 1-4 nm and width of 2-11 nm) are 

homogeneously distributed on the surface. Hence, the surface roughness increases only 

slightly (0.30 ± 0.01 nm) with respect to the bare surface (0.15± 0.01 nm). 

The aggregation of molybdenum oxide nanoparticles observed with AFM can be taken as a 

good indication of the strength of metal-support interactions at the oxide state [21–23]. The 

homogeneous distribution of small nanoparticles on the R        plane reveals strong metal-

support interactions responsible of nanoparticle stabilization. Conversely, low metal-support 

interactions on the C (0001) plane leads to a large aggregation of particles [24]. A        and 

C plane A plane M plane R plane

0 5 µm 0 5 µm0 5 µm0 5 µm
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M        orientations exhibit an intermediate behavior with stabilization of one group of 

oxide particles and sintering of the other group. These results are in full agreement with our 

previous work on A       , M        and R        planes after selective adsorption of Mo 

but it completes the conclusions to the C (0001) plane which was not adsorbing Mo through 

equilibrium adsorption [11]. 

2. Molecular structure of the oxide phase: GI-XAS 

The structure of Mo oxide nanoparticles obtained after calcination (high loading 3.5 at.nm-2) 

was investigated using grazing-incidence X-ray absorption specroscopy (GI-XAS) by varying 

the orientation of the wafers with respect to the polarization of the synchrotron beam (parallel 

vs perpendicular). First, Mo coordination was determined by comparing the XANES region of 

the model catalysts with Mo reference compounds where Mo is 6-fold coordinated 

(ammonium heptamolybdate, noted AHM and molybdenum trioxide, noted MoO3) or 4-fold 

coordinated (sodium molybdate, Na2MoO4). Octahedral or tetrahedral coordinations show 

distinct features in the pre-edge region (1s to 4d transition at 20 000-20 010 eV, Figure 2) 

with enhanced intensity for four-fold coordination [25]. 

Figure 2 clearly shows that for all model catalysts, the pre-edge XANES feature is similar to 

the reference compounds where Mo is in octaedral coordination (i.e AHM and MoO3) which 

rules out a tetrahedral symmetry for Mo. A closer look at the edge region also shows that 

model catalysts show three successive maxima at 20 023, 20 037 and 20 053 eV (Figure 2) 

whose positions and relative intensities are in good agreement with AHM features. Thus, it 

can be concluded that the speciation of molybdenum in the oxide state is relatively similar on 

A       , C (0001), M        and R        planes which can be explained by the presence of 

polymolybdate-like species with Mo located in edge-shared octahedral [25,26]. 
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Figure 2: Mo K-edge XANES spectra of reference compounds and model Mo catalysts in parallel 

(black curve) and perpendicular (red curve) orientations with respect to the electric-field vector of the 

synchrotron beam. Model catalysts are supported on the C (0001), A       , M        and R        

planes of -Al2O3. Samples were prepared by Mo impregnation (high loading 3.5 at.nm-2) and 

calcination at 450°C for 2h. (Norm µ(E): normalized absorption). 

More specific information on a potential surface-dependent orientation of supported 

polymolybdate species can be obtained by comparing the spectra when the electric field 

vector of the synchrotron beam is set parallel or perpendicular to the surface of the single 

crystal wafer. In the case of an oriented adsorption of polymolybdate on the surface, the 

XANES region should exhibit dissimilarities between both polarizations [27–29] since Mo 

atoms are non equivalent in polyoxomolybdate species and each of them contributes directly 

to the relative intensity of the different maxima [25]. 

For the C (0001), A        and M        planes, no or very minor changes are discernible in 

the global XANES shape when the polarization is changed (Figure 2) suggesting that 

molybdates species are not specifically oriented on these three facets. One weak maximum is 

observed at 20 023 eV for the M        plane in parallel polarization along with a slight shift 

of the pre-edge maximum. However, these small differences should not be overinterpreted 

since this spectrum is contaminated with numerous diffraction peaks from the alumina 

substrate throughout the energy range that modify the overall shape of the spectrum. 

Parallel

Perpendicular
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Conversely, on the R        plane, modest but discernable changes can be observed 

throughout the XANES region for the parallel and perpendicular polarizations: width of the 

pre-edge region and relative intensity between 20 020 and 20 040 eV. These differences 

suggest that molybdates species are specifically oriented on this surface in agreement with a 

previous work from Tougerti et al. [27] for Ni adsorption on the same surface. 

This polarization dependence is further demonstrated by examination of both the EXAFS part 

(Figure 3a) and the Fourier-Transform of the EXAFS region for the R        surface for both 

polarizations (Figure 3b). In Figure 3b (Fourier Transforms), the relative intensity of the first 

peak at 1.2 Å corresponding to the Mo-O shell is more intense for the perpendicular 

polarization. Furthermore, the second shell (Mo-Mo) is only visible in this perpendicular 

polarization. For the sake of comparison, the FT of AHM has been reported and the second 

coordination shell (Mo-Mo) displays also two maxima at slightly lower Mo-Mo distances (i.e 

2.7 and 3.2 Å) with a shoulder on the first peak. This pattern has been explained in the 

literature by the presence of three different types of Mo atoms in AHM with four different 

Mo-Mo distances from 3.19 to 3.43 Å [30,31]. 
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Figure 3: a) k
3
-weighted Mo K-edge EXAFS spectra for Mo/-Al2O3on the R        plane calcined at 

450°C for 2 h in parallel (black curve) and perpendicular (red curve) polarizations as well as for 

Ammonium Heptamolybdate (AHM, green curve), b) Corresponding Fourier transforms (Δk = 4-10 Å
-

1
) uncorrected for phase shift and c) the real part of the Fourier-filtered FT (ΔR = 1.0-3.6 Å) of the 

model catalyst in perpendicular polarization (red curve) and best fit (blue curve). 

Table 1: EXAFS fitting results of the Fourier filtered (Δk = 4-10 Å
-1

, ΔR = 1.0-3.6 Å) EXAFS signal 

for the parallel and perpendicular polarizations of the model catalyst Mo/-Al2O3 on the R        

plane. N are effective coordination numbers. Only one σ
2 

are fitted for the two Mo-Mo shells in 

perpendicular polarization and a single ΔE0 value for all shells. Standard errors in EXAFS are N ± 

20%, R ± 0.04 Å, 
2
 ± 20% and  ± 10%. 

 

Polarization Shell N σ
2
 (Å

2
) R (Å) ΔE0 (eV) R-factor 

Parallel Mo-O 2.0 0.003 1.77  -2.2 2.10
-2

 

Parallel

Perpendicular

k3
.χ

(k
)

k (Å-1)

AHM

R plane

4,7 Å-1

7,5 Å-15,5 Å-1

a)

R (Å)

FT
 [

k3
.χ

(k
)]

Mo-O

Mo-Mo

AHM

R plane

b)

R
e

[.
χ

(q
)]

 (
Å

-3
)

c)

Model system: Perpendicular polarization

Fit

k (Å-1)
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Perpendicular 

Mo-O 

Mo-Mo1 

Mo-Mo2 

3.6 

0.6 

0.6 

0.003 

0.002 

0.002 

1.77  

3.21  

3.41  

-1.1 

-1.1 

-1.1 

 

2.10
-2 

 

Qantitative analysis of the EXAFS results was performed by fitting the spectra obtained on 

the R        surface in the range of R = 1.0-3.6 Å (Table 1). The Mo-O shell can been fitted 

with one O contribution at 1.77 Å with coordination numbers of 2.0 (parallel) and 3.6 

(perpendicular) depending on the polarization. In fact, the variety of Mo-O distances in 

polymolybdates is responsible of constructive and destructive interferences in the EXAFS 

signal leading to a challenging determination of the number of oxygens neighbors [32–34]. 

Nevertheless, the clear difference shown for the two polarizations strongly suggests that the 

polymolybdate-like species are more extended in the perpendicular direction.   

 

Scheme 1: “Edge-on” orientation of an heptamolybdate-like species on the R        plane of -Al2O3. 

    is the wave vector and     is the electric field vector of the synchrotron beam. Parallel and 

perpendicular polarizations refer to the orientation of     with respect to the surface of the wafer. 

The second shell can be fitted with two Mo contributions at 3.21 and 3.41 Å with similar 

coordination numbers of 0.6 (Figure 3c, Table 1). These results are in good agreement with 

those obtained for Mo catalysts supported on alumina powders [31]. The presence of Mo-Mo 

contributions only on the FT in perpendicular polarization is also in favor of a specific 

orientation of the polymolybdates. If one takes into account the structure of heptamolybdate, 

Mo-Mo bonds at 3.2 and 3.4 Å are indeed present (scheme 1). Of course, pure 

heptamolybdate species do no exist anymore as such on the surface after calcination but 

Mo Mo

Mo

Mo

Mo

Mo

Mo

O

3,2 Å4,2 Å

3,4 Å (1)

Parallel polarization
Perpendicular
polarization

-Al2O3

Ek

Mo

Mo

Mo

Mo Mo

Mo

MoO

3,4 Å (1)

3,2Å 
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XANES analysis showed that polymolybdate-like species are predominant and 

heptamolybdate can be taken as a simplified model of these surface polymolybdates. If one 

considers an orientation “edge-on” of the polymolybdate on the surface  i.e. adsorption via the 

smaller edge of the polyoxo compound), Mo-Mo bonds at 3.2 and 3.4 Å will be parallel to the 

electric field vector in perpendicular polarization (right on scheme 1) which will explain a 

strong enhancement of their contribution in the EXAFS signal [28]. Conversely, extinction of 

these Mo-Mo contributions will occur in parallel polarization since Mo-Mo bonds at 3.2 and 

3.4 Å will be perpendicular to the electric field vector (left on scheme 1).  

The EXAFS analysis points to a structuring effect of the R        plane on Mo surface 

species at the oxide state. On this surface, enhanced contributions of the Mo-O and Mo-Mo 

shells in perpendicular polarization suggest that molybdenum polyoxo clusters are more 

extended in the perpendicular direction as schematically represented on Scheme 1. This effect 

can be related to the conclusions drawn from AFM measurements (vide supra) that 

demonstrated the strongest metal-support interactions on the R        plane.  

In the following sections, the influence of the oxide support on the genesis and orientation of 

the active phase (i.e molybdenum sulfide) will be discussed. 

3. Genesis of the molybdenum sulfide active phase 

Sulfidation is a crucial step in the catalyst synthesis route since it transforms the catalytically 

inactive molybdenum oxide phase into the active sulfide phase (i.e MoS2). Metal-support 

interactions play a key role at this step which requires sulfidation of Mo-O-Al linkages (if 

anay) to substitute oxygen atoms by sulfur atoms [10,35–37]. Hence, different metal-support 

interactions should eventually lead to different sulfidation degrees. 

Calcined model catalysts supported on A       , C (0001), M        and R        planes 

with a Mo loading of 3.5 at.nm
-2 

were sulfided in gas phase (15 % H2S/H2) at several 

temperatures from 100 to 450 °C. Quantification of the sulfidation degree was performed by 

XPS spectroscopy based on the decomposition of Mo3d, S2s and S2p peaks taking into 

account the occurrence of three different Mo species: molybdenum oxide (MoO3), 

molybdenum oxysulfide (MoOxSy) and molybdenum sulfide (MoS2) [38,39]. An example of 

the decomposition of XPS spectra is shown in Figure 4 for a model catalyst sulfided at 450 °C 

and supported on the M        plane. The S2p peak can be decomposed in two contributions 



 15 

at 161.8 and 163.3 ± 0.1 eV assigned to S
2-

 species involved in the MoS2 phase and S2
2-

 

species related to oxysulfide compounds respectively [39]. The 220-230 eV region is 

composed of five contributions. Three of them at 228.9, 230.3 and 232.8 ± 0.1 eV are 

assigned to Mo3d for MoS2, MoOxSy and MoO3 respectively in good agreement with 

literature data [38,39]. The two other contributions at lower binding energy (i.e 226.0 and 

227.5 ± 0.1 eV) are ascribed to S2s contributions (S
2-

 and S2
2-

 respectively) in agreement with 

the S2p photopeak. 

 

Figure 4: Decomposition of S2p, Mo3d and S2s XPS peaks for a model Mo/-Al2O3 catalyst 

supported on the M        plane (3.5 atMo/nm²) and sulfided at 45  °C for 2 h. 

Following this general procedure, the sulfidation degree (i.e. relative contribution of MoS2 to 

the total contribution of Mo) has been determined for each model catalyst at different 

sulfidation temperatures (Figure 5). For all catalysts, sulfidation starts at low temperature 

(100 °C) and reaches about 90 % at 450 °C in good agreement with conventional supported 

catalysts [12]. One main difference among all model catalysts comes from a much higher 

sulfidation degree (53 %) at 100 °C on the C (0001) surface as compared to the other 

orientations (15-30 %) and to conventional catalysts [12]. Similarly, a maximum sulfidation 

degree of 90 % is reached as soon as 300°C on the C (0001) plane whereas the same ratio is 

only achieved at 450 °C for the other facets. 

These results can be connected to different strengths of metal-support interactions as 

explained above. Namely, weak metal-support interactions at the oxide state on the C (0001) 

plane can explain extensive sulfidation at low temperature. These results are in line with the 

AFM results and also with the negligible reactivity of the C (0001) plane toward Mo or Ni 
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adsorption previously reported [11,27]. Al6c-µ2-OH surface hydroxyls wich are the only 

adsorption sites present on the C (0001) plane [11] form weak bonds with the polyoxo clusters 

which explains a full sulfidation at much lower temperature than the other alumina 

orientations.  

 

Figure 5: Sulfidation degree for model Mo/-Al2O3 catalysts supported on C (0001), A       , 

M        and R        planes as a function of sulfidation temperature with a Mo surface loading of 

3.5 at.nm
-2

. 

A        and M        planes display similar sulfidation degree (except at 100 °C where a 

difference is observed). Moreover, as a general trend, these two surfaces show a slightly 

higher sulfidation degree as compared to the R        plane while these differences level off 

at 450°C. This conclusion is also in agreement with AFM results that showed stronger metal-

support interactions at the oxide state for the R        plane. This is also in line with the 

structuring effect of this latter surface for Mo oxide species observed with EXAFS. Moreover, 

these results derived from catalysts prepared by impregnation are also in full agreement with 

our previous results obtained for catalysts prepared by selective adsorption [11].  

Stronger metal-support interactions on the R        plane were explained by the speciation of 

surface hydroxyls, Al4c-µ1-OH, that will favor stronger bonds with the oxide phase leading to 

smaller oxide particles well dispersed and anchored to the surface and hardly sulfidable. 
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Figure 6: Representative AFM images (2.0 × 2.0 µm
2
, peak force tapping mode in air, z-scale 8.0 nm) 

obtained on model Mo/-Al2O3 catalysts supported on C (0001), R       , A        and M        

planes and sulfided at 450 °C (Mo surface loading is 3.5 at.nm
-2

). Cross sections were taken at the 

position indicated by the white dashed lines on the images. 

AFM images (Figure 6) obtained on sulfided samples at 450°C show a homogeneous 

dispersion of MoS2 nanoparticles for A       , M        and R        planes whereas large 

aggregates are observed on the C (0001) plane in agreement with the large clusters previously 

detected on this surface at the oxide state (Figure 1). Examination of cross section profiles 

confirms a similar and homogeneous particle density on A       , M        and R        

orientations with an average particle height of 1-1.5 nm while a highly heterogeneous 

distribution is observed on the C (0001) plane with larger particles in height (2-8 nm).  

It has also to be noted that comparison of Figure 1 (oxide state) and Figure 6 (sulfide state) 

shows a spreading of Mo particles during sulfidation for A        and M        planes. 

Aggregates observed at the oxide state, are no longer present after sulfidation. This behavior 

may be related to intermediate metal-support interactions as suggested by the different results 

reported above. Following recent in-situ TEM results [40], we may infer that small particles 

are probably sulfided first and then grow by adding Mo from larger particles (layer-by-layer 

growth). 

TEM analysis was performed to confirm the influence of the support orientation on the size 

(length of the fringes) and stacking of MoS2 slabs. Model catalysts were sulfided at 300 °C 

only, since XPS results (Figure 5) showed that differences among the various orientations in 
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term of sulfidation degree are smoothed at higher temperatures. Size distributions determined 

from TEM images (Figure 7) are presented on Figure 8. The trends are following those 

observed for the sulfidation degree: the highest average size (5,1 ± 0.1 nm) is obtained for the 

C (0001) plane with an important proportion of MoS2 slabs (34 %) having a length above 

5 nm, the lowest size (3,7 ± 0.1 nm) for the R        plane and intermediate but similar sizes 

(4.1-4.2 ± 0.1 nm) are obtained for the A        and M        surfaces. Hence, both AFM 

and TEM reveal larger MoS2 particles on the C (0001) plane. 

 

Figure 7: Typical TEM images of model Mo/-Al2O3 catalysts supported on A        and C (0001) 

planes sulfided at 300°C in H2S/H2 (Mo surface loading is 3.5 at.nm
-2

). 

The stacking distribution (Figure 8) does not change drastically between the four 

crystallographic orientations. However, it can be noticed that the C (0001) plane displays a 

slightly higher stacking degree which is also visible in Figure 7. This result is in agreement 

with Sakashita [10] who showed that aggregates at the oxide state lead to highly stacked slabs 

after sulfidation. AFM data indicate also a larger height for MoS2 clusters on the C (0001) 

plane, which means higher stacking if one considers a basal bonding of MoS2 nanoparticles. 
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Figure 8: MoS2 size and stacking distribution for model Mo/-Al2O3catalysts supported on C (0001), 

R       , A        and M        planes sulfided at 300°C in H2S/H2 (Mo surface loading is 3.5 at.nm
-

2
). 

AFM and GI-XAS for the oxide state as well as XPS, AFM and TEM for the sulfide state 

have shown that the structure, dispersion, size and sulfidation degree of model Mo/-Al2O3 

catalysts are highly depending on the alumina support orientation which is governing the 

strength of metal-support interactions.Weak metal-support interactions on the C (0001) plane 

lead to the formation of Mo oxide aggregates which are easily sulfidable into larger and 

stacked MoS2 slabs. Intermediate metal-support interactions (A        and M        planes) 

induce a better dispersion of the oxide phase which will spread after sulfidation into smaller 

MoS2 nanoparticles. Finally, strong metal-support interactions on the R        plane generate 

a well-dispersed and oriented Mo oxide phase which is harder to sulfide and provide the 

smallest MoS2 slabs. These differences can be related to the hydroxyl speciation on each 

surface which plays a key role on metal-support interactions as shown before [11]. The 

C (0001) plane exposes only Al6c-µ2-OH, A        and M        planes display three types 

of hydroxyl groups (i.e. Al6c-µ1,2,3-OH) while the R        surface exhibit Al4c-µ1-OH surface 

sites only. 

In order to obtain information on the orientation of MoS2 slabs, model catalysts have been 

further investigated at the sulfide state by GI-XAS and HAADF-STEM. 
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4. Support effect on the orientation of MoS2 slabs 

As for TEM analysis, model catalysts were sulfided at 300 °C under H2S(15%)/H2 before 

GI-EXAFS experiments and analyzed using two polarizations (i.e parallel and perpendicular) 

as discussed previously for the oxide phase.  

Mo K-edge XANES spectra of sulfided model catalysts are compared to bulk MoS2 in 

Figure 9. The spectrum of the latter reference compound (blue curve, Figure 9) shows a 

shoulder at 20 014 eV and a single broad band at 20 032 eV in agreement with literature data 

[41]. The global shape of the XANES spectra of Mo/-Al2O3 model catalysts exhibit similar 

features confirming sulfidation as shown above with XPS (Figure 5) [32,42,43]. Partial 

erosion of the shoulder at 20 014 eV also confirms that a full sulfidation has not been reached 

for all model catalysts as expected from the sulfidation temperature (i.e 300 °C) [44]. 

Very small polarization effects can be distinguished for the A       , M        and R        

orientations (Figure 9) which implies that there is no or little preferential orientation of the 

MoS2 phase on these surfaces. Conversely, a more pronounced polarization effect appears for 

the C (0001) plane with an erosion of the shoulder at 20 014 eV and a more intense broad 

band at 20 032 eV for the perpendicular polarization. It is interesting to note at this point that 

there is no direct and simple relation for the orientation of Mo clusters between the oxide and 

sulfide state. In fact, GI-XAS experiments at the oxide state showed a preferential orientation 

of polyoxomolybdate on the R        plane and random orientation on the C (0001) plane 

while the situation is exactly reversed after sulfidation. 
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Figure 9: Mo-K edge XANES spectra of bulk MoS2 (blue curve) and sulfided model Mo/-Al2O3 

catalysts in parallel (black curve) and perpendicular (red curve) polarizations supported on the 

C (0001), A       , M        and R        planes. Samples were prepared by Mo impregnation with 

a Mo surface loading of 3.5 at.nm
-2

, calcination at 450°C for 2h and sulfidation at 300 °C under 

H2S/H2 (Norm µ(E): normalized absorption). 

The EXAFS spectrum as well as the corresponding Fourier Transform (FT) for the model 

catalyst supported on the R        plane are shown as an example in Figure 10 and compared 

to those for MoS2. The EXAFS signal (Figure 10a) of the model catalyst is qualitatively in 

agreement with that of MoS2 but obviously less structured (lack of shoulders at 5.0, 6.7 and 

7.3 Å
-1

) in agreement with a partial sulfidation at 300°C and weaker crystallinity. The 

corresponding FT for both samples (Figure 10b) shows a first shell at about 2 Å due to the 

first S neighbors (Mo-S single scattering path, 6 sulfur neighbors for bulk MoS2) and a second 

shell at about 2.8 Å assigned to second Mo neighbors (Mo-Mo single scattering path, 6 Mo 

neighbors for bulk MoS2). The FT of the model catalyst shows a weak second shell in 
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agreement with reported data for supported MoS2 due to the small size and low crystallinity of 

these particles [41,45]. More quantitative information was obtained by fitting the 

experimental spectra for the model catalysts (see supporting information). All model catalysts 

can be fitted with a first shell at 2.36 Å with a coordination number between 2.4 and 5.3 and a 

second shell at 3.16 Å with a coordination number between 0.8 and 2.1. These data are in line 

with results reported for conventional catalysts supported on -alumina [46–50]. 

 

Figure 10: a) k
3
-weighted Mo K-edge EXAFS spectra of bulk MoS2 (blue curve) and sulfided model 

Mo/-Al2O3 catalysts (Mo surface loading is 3.5 at.nm
-2

) supported on the C (0001) and R        

planes in parallel (black curve) and perpendicular (red curve) polarizations, b) Corresponding Fourier 

Transforms (Δk = 4-9.5 Å
-1

) uncorrected for phase shift. 

The size of MoS2 slabs can be potentially determined based on the coordination number of 

Mo second neighbors [45,51]. In fact, a coordination number of 1-2 as found above for model 

catalysts should correspond to a slab size of about 1-2 nm following the model of Shido and 

Prins [51]. This size is clearly underestimated with respect to TEM analysis (Fig. 8) and this 

discrepancy has been largely debated in the literature and explained by several effects 

including a high degree of disorder and/or existence of TEM-invisible small MoS2 particles 

[45,51]. 

The EXAFS signal was very weakly affected by changing the polarization for the A       , 

M        and R        planes as already observed for the XANES region, meaning that MoS2 

slabs are not specifically oriented on these surfaces. Conversely, a more noticeable 

polarization effect is observed for the C (0001) plane in line with XANES results. The FT 

(Figure 10) shows that the intensity of the second shell (Mo neighbors) is higher for the 
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parallel polarization. Quantitative fitting yields a coordination number of 1.8 Mo in parallel 

polarization and 0.8 Mo in perpendicular polarization. 

This difference can be explained by a preferential orientation of MoS2 slabs parallel to the 

surface. One hypothesis could involve a basal bonding of MoS2 slabs on the support 

(Scheme 2). In this case, Mo-Mo bonds are parallel to the electric field vector in parallel 

polarization leading to an enhancement of the Mo-Mo contribution. In perpendicular 

polarization, Mo-Mo linkages are perpendicular to the electric field vector which explains a 

decrease of the Mo-Mo contribution. However, if all MoS2 slabs were basal bonded, the Mo-

Mo contribution should completely vanish in perpendicular polarization. Since the second Mo 

shell is present for both polarizations, it is more likely that only part of MoS2 slabs are basal 

bonded while another part is randomly oriented. It can be inferred that basal bonded slabs are 

the largest ones while the smallest ones are randomly oriented. Another alternative hypothesis 

would involve a tilted geometry for 100% of MoS2 slabs with respect to the surface. However, 

this hypothesis appears much less plausible since AFM (Figure 6) showed a rather 

heterogeneous distribution of MoS2 on the surface which is not in agreement with a unique 

orientation of MoS2 clusters. 

 

Scheme 2: Basal orientation of MoS2 slabs on the C (0001) plane of -Al2O3 and change of 

polarization with respect to the synchrotron beam: parallel on the left and perpendicular on the right.     

is the wave vector and     is the electric field vector. ( 
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discussed above since it has been shown by DFT calculations that the absence of specific 

interactions between the active phase and the support will favor a basal orientation of MoS2 

[52,53]. 

Sulfide model catalysts have also been analyzed by HR HAADF-STEM in order to confirm 

the orientation of MoS2 slabs determined by GI-EXAFS. In fact, with STEM in the HAADF 

detection mode, intensity is proportional to the squared atomic number (Z²) of the observed 

atoms [54,55], making feasible the detection of MoS2 slabs oriented perpendicular to the 

incident electron beam and thus parallel to the surface and possibly the determination of the 

associated 2D morphology [56–59]. The analysis was also performed on samples sulfided at 

300 °C to compare HAADF-STEM images to GI-EXAFS results. 

  

Figure 11: Typical HR HAADF-STEM images of sulfided model Mo/-Al2O3 catalysts (Mo surface 

loading is 3.5 at.nm
-2

) supported on the C (0001), M        and R        orientations of -Al2O3. 

Samples were prepared by Mo impregnation, calcination at 450°C for 2h and sulfidation at 300°C 

under H2S/H2. 

On the C (0001) plane, a preferential basal orientation of MoS2 slabs was observed (Figure 

11) in full agreement with XAS results. The average slab size is also larger (with a 

distribution in the 2-6 nm range) with respect to the other orientations as shown previously by 

TEM (Figure 8). On the M        plane, STEM images show a random orientation with a 

similar ratio of edge and basal bonded MoS2 slabs (Figure 11) wich confirms the absence of 

polarization effect in XAS. One-layer thick MoS2 slabs are predominant on this surface as 

reported by TEM. Finally, on the R        surface, STEM results are less straightforward 

than with TEM and AFM. One-layer thick MoS2 slabs are observed which are mostly basal 

bonded with a size distribution in the range of 1-4 nm in good agreement with TEM analysis. 
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However, there is also another group of edge-bonded MoS2 clusters with a higher stacking 

degree (up to 6) and larger average size around 8 nm suggesting that this sample is probably 

more heterogeneous than the one observed with conventional TEM. 

Nevertheless, HAADF-STEM observations are qualitatively in line with GI-EXAFS and 

confirm the support effect on the orientation of the active phase: predominant basal 

orientation on the C (0001) plane and random (basal and edge bonding) on the M        and 

R        planes. 

5. Influence of synthesis route: equilibrium adsorption vs impregnation 

The results reported in the present contribution are related to model catalysts prepared by a 

simple impregnation of Mo in order to mimic the classical incipient wetness impregnation 

used for industrial catalysts. These results, especially sulfidation degree, can be compared to 

our previous study on the same type of model systems but prepared by equilibrium adsorption 

(selective adorption) [11]. The latter technique is more selective since only specifically 

adsorbed species remain on the surface thanks to a washing step which removes weakly 

bound Mo species.  

This comparison will be focused on the A        and R        orientations since i) the 

C (0001) plane is not adsorbing Mo through equilibrium adsorption [11] and ii) the A        

and M        planes show a similar behavior due to the same type of surface hydroxyls [8]. 

The Mo loading investigated is different for the two surfaces considered since the nature and 

number of each surface adsorption sites are different and hence, the maximum Mo surface 

density that can be reached by equilibrium adsorption is also different (i.e about 3.5 at.nm
-2

 

for the A        plane and 1.0 at.nm
-2

 for the R        plane). 

Figure 12 compares the sulfidation degree for both orientations and for both deposition 

methods. On both planes, the sulfidation degree is always lower for equilibrium adsorption for 

all sulfidation temperatures: about 10 to 20 % lower for the A        plane and 20 to 30 % for 

the R        plane. These differences are the highest for the surface showing the strongest 

metal-support interactions.  

These differences may be explained by a more homogeneous spreading of polyoxo Mo 

species on the surface through equilibrium adsorption due to the deposition procedure: large 
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volume of solution, long equilibration time (5 h). Moreover, the washing step removes non-

chemically adsorbed Mo species that would be easier to sulfide. Hence, all other things being 

equal, equilibrium adsorption will lead to more evenly spread molybdates in stronger 

interaction with the surface, probably via Al-O-Mo chemical bonds and consequently to a 

lower sulfidation degree as compared to impregnation. 

 

Figure 12: Comparison of sulfidation degree as a function of sulfidation temperature for model Mo/-

Al2O3 catalysts prepared by impregnation (red triangles) and by equilibrium adsorption (blue circles)   

on the A        plane (Mo loading of 3.5 at.nm
-2

) and on the R        plane (Mo loading of 1.0 at.nm
-

2
). 

6. From model systems to industrial catalysts 

We have shown previously [8,11] that the different -Al2O3 orientations investigated in the 

present work can be taken as reasonable models for the various surfaces exhibited by -Al2O3, 

the conventional support for HDS catalysis. Detailed analysis of the surface hydroxyl groups 

exposed by the  and -Al2O3 polymorphs has enabled the following analogies: [8,11] the 

predominant (110) -Al2O3 surface can be (at least partially) modeled by the R        plane 

(both expose Al4c-µ1-OH surface sites); the (100) -Al2O3 surface can be modeled by the 

A        and M        orientations (both expose Al6c-µ1-OH and Al6c-µ3-OH surface sites) 

and finally the speciation of surface OH on the (111) -Al2O3 surface (singly, doubly and 

triply coordinated surface OH) is a combination of that on the A       , C (0001) and 

M        surfaces. The proposed surface relationship between  and -Al2O3 orientations is 

represented schematically in Scheme 3. Following this approach, the results reported in the 

present work allow us to propose a comprehensive picture of the Mo speciation at the oxide 

A plane R plane
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and sulfide states on the various  orientations and to extend these results to -Al2O3 

(Scheme 3). 

 

Scheme 3: Surface-dependent speciation of Mo species  at the oxide and sulfide state  on α-Al2O3 

surfaces based on the results described in this work and proposed relationship with γ-Al2O3 by taking 

into account the speciation of surface OH
14 

and the morphology of γ-Al2O3 particles as shown in 

Digne et al.[60] M/S stands for Metal/Support.  

Weak metal-support interactions are assumed on the C (0001) plane leading to the formation 

of Mo oxide aggregates after calcination that will be easily sulfided and will eventually form 

large and stacked MoS2 slabs predominantly basal bonded as shown by GI-EXAFS and 

HAADF-STEM. These results are in full agreement with the proposal of Sakashita [10] based 

on results obtained on thin (111) -Al2O3 films implying the formation of stacked MoS2 slabs 

basal bonded to the support. Using the concept of type I/type II active phase [61,62], MoS2 

slabs could be associated to type II on the C (0001) plane, i.e. weaker metal-support 

interactions and higher activity than type I. However, this analogy has to be restrained since i) 

type II structures do not necessarily involve multi-stacked slabs [61,62] and ii) the size of the 

slabs are another key parameter since large particles (as on the C (0001) plane) will have a 

reduced number of edge sites leading to lower catalytic activity. 
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On A        and M        planes, stronger metal-support interactions are postulated leading 

to shorter and less stacked MoS2 slabs and to lower sulfidation degree with respect to the 

C (0001) facet. As a consequence the nature of the active phase is different on the 

A       /M        planes and on the C (0001) plane. Hence, this dissimilarity is in 

disagreement with our previous assumption [11] that the sulfide phase was of type II on 

A       /M       planes and therefore on the (100) plane of -Al2O3. The situation is 

probably more complex with an intermediate case between type I and type II structures. 

Furthermore, it has to be noted that our results are at variance with the work of Sakashita [10] 

who suggested a perpendicular orientation of MoS2 slabs on the (100) -Al2O3 surface while 

our GI-EXAFS and HAADF-STEM results reveal a random orientation of MoS2 slabs (i.e 

basal and edge bonding). 

Finally, the strongest metal/support interactions are observed on the R        plane with a 

homogeneous dispersion (AFM) and specific orientation (GI-EXAFS) of Mo oxide 

nanoparticles. Conversely, no specific orientation of MoS2 slabs has been found from GI-

EXAFS analysis suggesting that restructuring of the supported Mo phase occurs during 

sulfidation. Low sulfidation degree along with small and weakly stacked MoS2 slabs could be 

associated to type I structures on this surface and the associated (110) -Al2O3 surface. 

Conclusions 

A model approach has been followed in order to gain a molecular-scale insight into the Mo 

speciation at the oxide and sulfide states in alumina-supported hydrotreating catalysts. Several 

-Al2O3 surfaces with different orientations (A       , C (0001), M        and R       ) 

were used as surrogates for -Al2O3. The surface relationship between  and -Al2O3 

polymorphs is summarized in Scheme 3. 

Mo deposition was performed by impregnation to mimic industrial catalyst synthesis 

procedure and to get a proper control of the molybdenum surface density which facilitates 

comparison between model surfaces. 

AFM characterization of the calcined catalysts reveals different dispersions for Mo oxide 

nanoparticles which can be related to the strength of metal-support interactions. Three 

differents behaviors have been documented: i) weak metal-support interactions on the 

C (0001) plane, ii) intermediate on A        and M        planes and iii) strong on the 
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R        plane that can be related to speciation of surface hydroxyls. A specific orientation of 

Mo oxide species has also been pointed out by GI-XAS spectroscopy on the R        plane 

revealing a structuring effect of the facet in agreement with the high strength of metal-support 

interactions. 

The Mo sulfidation capacity on each model surface is a direct consequence of the previous 

findings. A maximum sulfidation degree (90 %) at low temperature (300°C) was observed for 

the C (0001) plane with a larger MoS2 slab size and stacking as compared to A       , 

M        and R        facets. A predominant basal orientation of MoS2 slabs on the C (0001) 

plane was also pointed out by GI-EXAFS in agreement with the absence of specific metal-

support interactions while a random orientation was observed for the other surfaces. A       , 

and M        surfaces present an intermediate sulfidation degree while the R        plane 

shows the weakest sulfidation degree and MoS2 slab size.  

Comparison among preparation routes (i.e equilibrium adsorption vs. impregnation) indicates 

that equilibrium adsorption leads to the weakest sulfidation degree which can be explained by 

Mo species in stronger interaction with the surface due to a more efficient spreading during 

deposition. 

Extension of these results to  alumina suggests a surface-dependent Mo sulfidation and 

orientation on industrial hydrotreating catalysts. They confirm that the precise control of the 

alumina morphology might lead to more active catalyst. 

Supporting Information 

Supplementary data associated with this article can be found: quantitative EXAFS analysis of 

sulfided model Mo/-Al2O3 catalysts. 
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