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In this report, we have addressed the mechanism of reduction of sulfided c-Al2O3 supported MoS2 cata-
lytic nanoparticles by dihydrogen gas, starting from the state 100% sulfur covered and ending in 50% sul-
fur covered Mo-edges, with the production of gaseous hydrogen sulfide. We have prepared and
characterized a consistent set of oxidic catalysts precursors with variable loadings in Mo, presulfided
these catalysts under high chemical potential of sulfur, ensuring prevalence of 100%S covered Mo-edges
(triangular nanoparticles), and finally acquired temperature-programed reduction (TPR) spectra. We have
performed DFT calculations of the free-energy barriers along the reduction pathway, elaborated analyt-
ical models of TPR spectra with free-energy activation barriers and some measurable catalysts character-
istics as inputs, and discriminated among various sticking coefficient models with respect to the
experimental data. We find that the rate-determining step for the onset of reduction is the dissociative
chemisorption of H2 on two adjacent capping S2 dimers yielding mono-sulfhydrilated S2 pairs in mutual
hydrogen bonding situations, with a free-energy barrier of 1.5 eV. The observed decrease of TPR spectra
peak temperatures with increasing Mo content results from an increase in the ratio of the area available
for reactive adsorption over the total surface area as the loss of dispersion is overcompensated by the
increasing active Mo-edge area.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

In view of the accumulated amount of experimental and theo-
retical research devoted to these intriguing and strategic materials,
in particular over the past thirty years [1,2], hydrotreatment cata-
lysts are today probably the best described among heterogeneous
catalysts used by the oil refining industry. Indeed, subject to a
strong competitive pressure, these rather mature commodities
have followed a kind of evolutionary process leading to a situation
in which whatever the manufacturer, a robot portrait can be drawn
of all catalysts in the market. In the optimal activated state, they
work as nanoparticles (average main diameter 2–4 nm) of lamellar
chalcogenides (MoS2, WS2), often dispersed as singled S–M–S
sheets, but on average stacked by 1–2, in loose interaction with
the supporting ultrapure c-alumina nanoplatelets. Active sites are
located at nanosulfide particle edges [3–5], and activities may be
enhanced by a factor of order 1000 by Ni or Co. As clearly shown re-
cently by first principles computer simulations [6,7], and STM
ll rights reserved.
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experiments [4,8–10], these ‘‘promoters” preferably sit at edges,
substituting in the formal +2 oxidation state to Mo4+ or W4+ edge
ions. According to EXAFS and STM experiments [4,11–13], and re-
cent computer simulations [14,15], edge cations coordination num-
bers by S2� anions at equilibrium depend primarily on the local
chemical potential of sulfur and cation nature. Symmetry imposes
that nanosized MoS2 or WS2 crystallites exhibit, besides the major-
ity basal planes, two type of edges, generally denoted as Mo-edge
(10 �10) and S-edge (�1010), the ratio of which, and hence the nano-
particle aspect ratio, is also controlled by chemical potential of sul-
fur and nature of promoters. The so-called ‘‘synergetic” effect of
promoters (Ni,Co) on base transition elements (Mo,W) in these pe-
culiar systems is now well understood in terms of periodic trends in
the hydrodesulfurization (HDS) activity of transition metal sulfides
(TMS) [16,17]: in accordance with the principle of Sabatier [18], an
optimal metal–sulfur bond strength (EMS) exists which maximizes
activity in given operating conditions [19].

Such a wealth of details and answers calls for many new ques-
tions, fundamental and of broad range for heterogeneous catalysis.
Among them is that of the precise mechanism of dihydrogen acti-
vation by TMS in general, and nanosized MoS2-based catalysts in

http://dx.doi.org/10.1016/j.jcat.2009.07.017
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Table 1
Support characteristics (GFSC from Rhône-Poulenc).

Shape 1.2 mm extrudates
Specific surface 227 m2/g
Grain density 0.95 g/cm3

Structural density 3.31 g/cm3

Porous volume 0.75 cm3/g
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particular. DFT based ‘‘Ab Initio Atomistic Thermodynamics”
(AIAT) [20–22] predicts, for comparison to experiment, equilib-
rium speciations and conformations at a finite temperature, as
functions of chemical potentials of elements involved. Assuming
that the working catalyst’s surface remains close enough to equi-
librium, its best atomistic model, as a starting point, is provided
by AIAT, which is, however, unable to provide the dynamic picture.
Potential energy profiles along reaction coordinates for given ele-
mentary molecular reactions at model surfaces can be established
using DFT. Local minima and saddle points can be localized on such
surfaces, corresponding to chemisorbed reactants and products
connected by transition states, allowing reaction energies and bar-
riers to be evaluated as differences in energy levels.

In this report we present a combined experimental and first
principles theoretical study of MoS2 Mo-edge activation by dihy-
drogen. On the experimental side, c-alumina supported catalysts
with Mo loading varying in the range 4–22 wt% are presulfided
in conditions leading to dispersed triangular nanocrystallites pre-
senting only S2 dimers capped Mo-edges (100% initial coverage
by S). These catalysts are then subjected to temperature-pro-
gramed reduction (TPR) by dihydrogen in a differential isothermal
fixed bed, while monitoring H2 consumption and H2S production.
TPR spectra (i.e. consumption/production rates versus tempera-
ture) present a narrow low temperature peak, culminating in the
range 520–560 K, depending on Mo loading, and a broad peak in
the range 700–1000 K. We concentrate on the interpretation of
the first narrow peak, through a modified Redhead model.

The paper is organized as follows: the ‘‘Methods” section is sub-
divided into ‘‘Experimental” and ‘‘Theoretical” methods. Experi-
mental methods comprise the description of catalysts
preparation, characterization, presulfidation, and TPR. Theoretical
methods comprise descriptions of:

– The models used to compute rates of elementary events, with
special emphasis on different descriptions of dissociative
adsorption that can be considered.

– The set of approximations and choice of parameters adopted for
DFT calculations of energy barriers.

– The basic assumptions and related formulas for our modified
version of the Redhead model of temperature-programed reduc-
tion spectra.

In the ‘‘Results” section, we present first catalyst characteriza-
tion results, then experimental TPR spectra followed by DFT results
for the free-energy profile along the S2 dimers reduction pathway.
This is followed by the comparison, with respect to the experimen-
tal results, of kinetic models that could be implemented in the
modified Redhead analysis, allowing to select the most consistent
model for dissociative adsorption of H2.

The discussion is focussed on the consistency between experi-
ment and DFT-based modified Redhead analysis, including possible
error sources in experiments and modeling and the merits of alter-
native interpretations. From this discussion we draw conclusions
concerning H2 activation by MoS2-based catalysts.
2. Methods

2.1. Experiments

2.1.1. Catalysts preparation
Seven catalysts with varying Mo contents were prepared

according to the Incipient Wetness Impregnation method using
solutions of ammonium heptamolybdate (Merck ultrapure) in dis-
tilled water, and ultrapure c-alumina extrudates (GFSC Rhone-
Poulenc) as pre-formed catalyst support. The characteristics of
the latter are given in Table 1. The impregnated extrudates were al-
lowed to maturate 3 h under water saturated atmosphere at ambi-
ent temperature, then gently dried overnight at 400 K. Dried
samples were finally calcined under flowing dry air for 2 h at
773 K leading to catalyst precursors under the oxidic form. In the
case of Mo contents larger than 10 wt% on the final catalysts, about
5 vol.% of H2O2 from a 30 vol.% aqueous solution was added to
impregnation solutions in order to increase heptamolybdate solu-
bility. Moreover, for Mo contents over 14%, the impregnation was
conducted in two stages with an intermediate calcination under
flowing dry air for 2 h at 623 K.

2.1.2. Catalysts characterization
Surface areas were measured by N2 adsorption at 77 K, accord-

ing to the B.E.T. method. Grain densities and total pore volumes
were measured by Helium picnometry. Total Mo contents in the fi-
nal oxidic catalyst precursors were determined by X-Ray Fluores-
cence (XRF) with a Philips PW 1404 (tungsten anticathode) or a
Philips 1480 (scandium/molybdenum anticathode) apparatus. In
order to assess the homogeneity of preparations, radial distribution
of Mo across extrudates cross-sections was determined with a
CAMECA Castaing microprobe. To verify the absence of crystallized
MoO3, indicative of poor Mo dispersion, X-ray diffraction experi-
ments were performed on mortar gently ground oxidic catalysts
precursors with a Philips PW 1820 X-ray diffractometer, equipped
with a cobalt anode and a graphite rear monochromator. Transmis-
sion Electron Microscopy (TEM) analysis of sulfided catalysts were
performed with a JEOL 2010 (point resolution 0.2 nm) and a JEOL
120CX (point resolution 0.3 nm) in order to evaluate MoS2 nano-
particles distribution of sizes and stacking degrees. To this end,
fields of size 100 � 100 nm were randomly selected across the
preparations and electron micrographs recorded in order to maxi-
mize contrast revealing MoS2 slabs as dark fringes (absorbing Mo
(001) planes). Circa 300 slabs per sample were identified in order
to construct histograms of length and stacking degree (see Supple-
mentary material). X-ray Photoelectron Spectroscopy (XPS) studies
were performed with a Kratos XSAM 800 spectrometer, on both the
oxidic precursors and sulfided catalysts, in order to evaluate the
distribution of surface Mo species according to their oxidation
state. The Al Ka line at 1486.7 eV was used as X-ray source. Binding
energies were referred to Al 2p at 74.6 eV. Sulfided catalysts were
prepared in a glove box under flowing Helium. Sulfided samples
were ground under He in a porcelain mortar, then a thin layer of
the resulting powder was pressed on a sample holder and was cov-
ered with an Indium sheet. Prepared sulfided samples were then
transferred without any air exposure into the analysis chamber
where analysis was performed under secondary vacuum.

2.1.3. Temperature-programed reduction
Temperature-programed reduction experiments were per-

formed dynamically in a vertical downflow isothermal differential
quartz reactor, with a modified multifunctions vsorb apparatus li-
censed to GIRA by IFP. H2 content in inlet and outlet gas was mea-
sured with a Thermal Conductivity Detector (TCD) and H2S content
with a Flame Photometry Detector (FPD). A standard protocol was
applied to all catalysts, involving first an in situ sulfidation of oxi-
dic dry precursors, under 20 cm3STP min�1 of a (H2 + 15%molH2S)
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mixture: starting from ambient, the temperature program started
by a ramp of linearly increasing temperature by 5 �C min�1 up to
400 �C, followed by 2 h at 400 �C, followed by 45 min under
20 cm3STP min�1 of a (N2 + 15%mol H2S) mixture, and finally, cool-
ing under the same flowing mixture down to 50 �C. The final step
of this sulfiding procedure ensured theoretically the preparation
of supported triangular MoS2 nanocrystallites expressing only
100%S covered Mo-edges [15,49,50].

The TPR experiment followed, starting by flushing the reactor
and lines with 25 cm3STP min�1 pure Argon for 20 min, then with
25 cm3STP min�1 (Ar + 5%mol H2) for 40 min, followed by linear
temperature increase at 10 �C min�1 up to 900 �C under the same
gas flow, while monitoring continuously H2 consumption and
H2S production across the catalyst bed by coupled TCD–FPD. After
this TPR stage, the catalyst was maintained 1 h at 900 �C under the
flowing reducing mixture, then cooled down to ambient
temperature.

2.2. Simulations

2.2.1. Representation of elementary steps
Catalytic systems under consideration involve solid surfaces de-

scribed by an array of ‘‘sites”, and exposed to a gas mixture com-
posed of different species i with masses mi. In what follows, gas
phase is assumed ideal and fully described with partial pressures
Pi and temperature T. Relevant processes occurring on these sur-
faces are adsorptions, desorptions, diffusions, and chemical
reactions.

Adsorption may be considered as proceeding in two consecutive
steps, (i) unactivated physisorption and (ii) activated chemisorp-
tion. The corresponding consecutive reverse steps will lead to
desorption. In what follows, subscript letters g, /, and v denote,
respectively, the gaseous, physisorbed, and chemisorbed states.
When connected by an arrow, e.g. g ? /, pairs of such letters refer
to a process connecting two states, e.g. physisorption. The physi-
sorption rate kKTG

g!/ depends on the kinetic impingement described
by the kinetic theory of gases (KTGs). It can be written through
Eq. (1), [23], with units of s�1, where fad(T) 6 1 stands for the stick-
ing probability upon impingement, in general temperature depen-
dent. It is approximated to unity in what follows. For one
impinging particle, of mass m coming from a gas phase at pressure
P, a total area of Auc is available for physisorption (of the order of
10�19 in m2 site�1). kB is the Boltzmann constant (J K�1).

Considering the subsequent activated chemisorption step, let
DG–

/!v denote the free-energy barrier to overcome on going from
the free-energy minimum corresponding to the molecularly phys-
isorbed state toward that corresponding to the chemisorbed, even-
tually dissociated state, passing by the saddle point corresponding
to a transition state (TS). The enthalpic and entropic contributions
DH–

/!v and DS–
/!v to DG–

/!v are distinguished in Eq. (2). These com-
ponents can be computed from first principles for relevant atomis-
tic models of the /, v, and TS states: let E/, Ev, and E–

/!v denote,
respectively, the total electronic energies of these models at 0 K,
and let and m/,k, mv,l, and m–

/!v;j the corresponding sets of normal
modes real frequencies computed in the harmonic or anharmonic
approximations from the hessian matrices. We use the classical
statistical mechanics formulae (see for instance [24]) to compute
the vibrational, translational, and rotational components of entro-
pies and enthalpies for any state, according to Eqs. (SI1)–(SI6).

kKTG
g!/ðT; PÞ ¼ fadðTÞ

PAucffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � p �m � kB � T

p ð1Þ

DG–
/!v ¼ DH–

/!v � TDS–
/!v ð2Þ

Considering the dissociative adsorption of a small molecule like H2

our H2S, we assume that the rotational and translational compo-
nents of entropy can be neglected for the transition state, but not
for the physisorbed state. Eq. (3), fitted from the results of a DFT cal-
culation of thermodynamic functions for H2, provides the value of
the sum of these components for dihydrogen in ideal gas phase at
a function of temperature. For want of an adequate theoretical mod-
el for the physisorbed state, specifying exactly the loss of degrees of
freedom on quasi 1 D Mo-edge surfaces, we assume that the trans-
lational-rotational entropy of physisorbed dihydrogen on the 100%
S covered Mo-edge is a fraction f of that of the gaseous state at the
same temperature. Recent experiments for the physisorption of dia-
tomic gases on titanium silicate sorbents [25] indicate f is in those
cases in the range 0.5–0.7 for O2, N2 or CH4 at 273 K, and hardly
changing with increasing temperature, but more sensitive to sur-
face modifications (e.g. nature of cation exchanges in surface). In
what follows, we assume f to be a function of temperature and S
coverage hS, as expressed formally by Eq. (4).

SH2 ;g
traþrotðTÞ ¼ 26:19þ 0:016T Cal:mol�1

:K�1 ð3Þ
SH2 ;/

traþrotðTÞ ¼ f ½T; hS�SH2 ;g
traþrotðTÞ 0 6 f 6 1 Cal:mol�1

:K�1 ð4Þ

According to Eyring, Evans and Polanyi [26–28] transition state the-
ory (TST), the chemisorption rate k/?v is given by Eq. (5), with units
of [s�1]. The rate of the reverse process kv?/ follows Eq. (6).

k/!v ¼
kBT
h

exp
DS–

/!v

kB

 !
exp �

DH–
/!v

kBT

 !
ð5Þ

kv!/ ¼
kBT
h

exp
DS–

v!/

kB

 !
exp �

DH–
v!/

kBT

 !
ð6Þ

The desorption rate from the physisorbed state k/?g, is linked to the
physisorption rate according to the detailed balance equation
(microscopic reversibility) Eq. (7), with DGg?/ the free-energy var-
iation associated to the physisorption process. For dihydrogen,
using our approximation in Eq. (4), the latter quantity can be
approximated by Eq. (8) where Eb is the physisorption energy.

k/!gðT; PÞ ¼ kKTG
g!/ exp

DGg!/ðT; PÞ
kbT

� �
ð7Þ

DGg!/ðT; PÞ ¼ Eb � Tð1� f ÞSH2;g
traþrotðTÞ ð8Þ

The forward and backward barriers for the process leading to
chemisorption from the physisorbed state, as used in Eqs. (5) and
(6), are related by the free-energy change associated with this pro-
cess, DG/?v, according to Eq. (9):

DG/!v ¼ DG–
/!v � DG–

v!/ ð9Þ

At this point, it is worth considering the various models proposed in
the literature to describe dissociative adsorption: for this event,
which is not elementary, one wants to express the local forward
rate kda as function of the previously defined rates of elementary
processes kKTG

g!/ and k/?v. We have considered five different models,
denoted in what follows H1, H1bis, H2, H3, and H4.

In general, the temperature dependent sticking coefficient St(T)
is defined as the ratio kda to kKTG

g!/, Eq. (10).

kda ¼ StðTÞkKTG
g!/ ð10Þ

In all cases, the ratio of the area available for reactive adsorption to
the total area available for adsorption Ast/Auc comes as an adimen-
sional prefactor in kda. In the case of supported MoS2 nanoparticles,
we assimilate the total (macroscopic) area available (Auc) for phys-
isorption to the total specific area SA (m2 g�1) of the supported cat-
alyst. The total area available for dissociative adsorption (Ast) is
directly linked to the site area as (m2) times the site density. The lat-
ter is the number of sites per gram of catalyst, or density of Mo edge
sites hMoe (g�1). Introducing the ratio a of Mo edge sites to Mo atoms
involved in MoS2 nanoparticles, the latter being approximated by
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the Mo+4 (wt%) content as determined by XPS, a times Mo4+ is the
number of Mo on MoS2-edges. Using NAv, the Avogadro number
and MMo, the atomic weight of Molybdenum, one gets finally Eq.
(11):

Ast

Auc

� �
¼ aM4þ

o NAvas

MMoSA
ð11Þ

Assimilating one site to a pair of capping S2 dimers at the 100%S
Mo-edge surface (since as shown below two dimers are involved
in the dissociative adsorption of one H2), the site area as is evaluated
at 9 � 10�20 m2. The surface area of the sulfided catalyst can be rea-
sonably approximated by the surface area of support introduced in
the experiment per gram of oxidic precursor, according to Eq. (12),
where SSA is the support specific area and Mo is the measured
molybdenum content in the oxidic precursor in weight percent,
assuming a stoichiometry close to MoO3.

SA ¼ SSA
100� ð1:5MoÞ

100

� �
ð12Þ

Within model H1, one expresses the sticking coefficient St(T) as pro-
portional to the Boltzmann probability to overcome the activation
barrier between the physisorbed and the chemisorbed state. In
the crudest approximation, neglecting differences between the par-
tition functions in the transition state and physisorbed states, the
free energy of activation is merely approximated by the electronic
energy barrier, and kda is expressed by Eq. (13), with kKTG

g!/ following
Eq. (1).

An improved formula makes use of Eq. (2) and we will refer in
that case to model H1bis, Eq. (14).

kda ¼ kKTG
g!/

Ast

Auc

� �
exp �E�/!v=kBT

� �
H1 ð13Þ

kda ¼ kKTG
g!/

Ast

Auc

� �
exp

DS–
/!v

kB

 !
exp �

DH–
/!v

kBT

 !
H1bis ð14Þ

With the assumption of stationary surface coverage by the physi-
sorbed mobile molecular hydrogen (see [24] Fig. 6.1 and Eqs. (6)–
(20), p. 219), any impinging molecule may either desorb or dissoci-
ate so that the probability to stick at a given site is expressed by Eq.
(15), where k/?g follows Eq. (7), and finally kda follows Eq. (16), de-
noted model H2:

StðTÞ
Ast
Auc

� � ¼ k/!v

k/!v þ k/!g
H2 ð15Þ

kda ¼
Ast

Auc

� �
k/!v

k/!v þ k/!g
kKTG

g!/ H2 ð16Þ

Another approach assumes the validity of the steady-state approx-
imation, i.e. a dynamical system minimizing entropy production
through serial steps satisfying microscopic reversibility (see [24]
Eq. (2.47), p. 30). The equivalent forward microscopic rate constant
for adsorption from gas phase to the chemisorbed state is identified
to the harmonic mean of kKTG

g!/ and k/?v, so that kda is now ex-
pressed by Eq. (17). We denote this model as H3.

kda ¼
Ast

Auc

� �
k/!v

k/!v þ kKTG
g!/

kKTG
g!/ H3 ð17Þ

Finally, it is possible to assume that thermodynamical equilibrium
is always reached between gas phase and the physisorbed state,
so that the surface coverage hH2

of the available 100%S Mo-edge ini-
tial surface follows the Langmuir isotherm, Eq. (18), where PH2 is
the partial pressure of dihydrogen in gas phase, and kKTG

g!/ and k/

?g follow Eqs. (1) and (7), respectively. The probability kda that a
dissociative chemisorption event happens at any site within one
second will then be merely the composition of spatial and temporal
independent probabilities, namely the product of site occupation
hH2

(adimensional) and rate k/?v (s�1). We denote further this mod-
el as H4, Eq. (19).

hH2 ¼
kKTG

g!/=k/!g

� �
1þ kKTG

g!u=k/!g

� � ð18Þ

kda ¼
Ast

Auc

� �
hH2k/!v H4 ð19Þ

Notice that for kKTG
g!/ small compared to k/?g, and k/?g large com-

pared to k/?v, models H2 and H4 converge.
The order of magnitudes of kKTG

g!/, k/?g and k/?v prevailing for
dihydrogen in our case in the temperature range considered,
namely, in s�1, are, respectively [106–108], [106–1013] and
[2 � 10�6–4 � 103]. Therefore H2 dissociation appears as a very
rare event compared to both physisorption and its reverse process.
In results section, we try to discriminate between models H1 to H4,
looking for both physical consistency and the ability of these mod-
els to reproduce TPR experiments, provided that dissociative
adsorption emerges as the rate-limiting step (rls). If not, equations
analogous to 7 and 8, following TST, can be used in the TPR simu-
lation, provided the enthalpic and entropic barrier for the actual rls
elementary process can be determined from first principles.

2.2.2. First principles calculations of configuration energies and
activation barriers

All first principles calculations were based on the density func-
tional theory. To solve the Kohn–Sham equations [29] the Vienna
Ab Initio Simulation Package (VASP) [30,31] is used. Exchange cor-
relation energy is approximated within the Generalized Gradient
Approximation (GGA), with the Perdew–Wang 91 [32] functional.
Electron–ion interactions are described with the PAW method
[33]. A plane wave basis set is used to develop the monoelectronic
wavefunctions, truncated with a 337.0 eV cutoff. The Brillouin zone
is sampled with a 4 � 3 � 1 k-point meshing. The geometry opti-
mization is completed when the convergence criteria on forces be-
come smaller than 0.05 eV/Å. Barriers have been computed with
the Nudged Elastic Band (NEB) method [34,35], as implemented
in VASP. The Transition States (TS) have been confirmed as exhib-
iting a single imaginary vibrational frequency, according to fre-
quency calculations based on numerical differentiation of force
matrices, including optimized degrees of freedom. In order to re-
duce the computation cost of frequency calculations, the latter
were performed with a reduced number of relaxing atoms: hydro-
gen atoms, sulfur atoms from dimers involved in the H2 dissocia-
tive adsorption, and molybdenum atoms carrying the sulfur
dimers and the sulfur atoms in between.

The atomistic modeling of MoS2-based hydrotreating catalysts
has seen several proposals [36–41] before the model proposed by
Raybaud et al. [5] was acknowledged as a good reference starting
point. From both ab initio molecular dynamics and DFT calcula-
tions, these authors have shown that a cleavage along the crystal-
lographically well-defined planes (10 �10) and (�1010) of 2H-MoS2

is stable and undergoes only small relaxations even at a tempera-
ture of 700 K [42]. The three-dimensional periodic slab model pro-
posed contains three layers of Mo atoms in the x direction, four
layers in the y direction, and two layers in the z direction. It also
contains a 12.8 Å vacuum layer along the y direction to isolate
the edges from the neighboring slabs. The two inner layers are
fixed to simulate the bulk MoS2 constrain, while the upper and
lower layers are allowed to relax. This model leads to a good agree-
ment between computed and experimental interatomic distances.
Therefore we based our DFT model on this work. In a first approx-
imation we can consider that the single layers are chemically iso-
lated and easily exfoliated. For this reason we considered single
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layers of Mo-edge and S-edge separately; moreover we extended
the layer in the x direction. Fig. 1 represents the cell used, with 4
Mo atoms in the x direction, 4 Mo atoms in the y direction, and 1
Mo atom in the z direction. Furthermore, according to the initial
conditions of TPR experiments (starting after sulfidation under
pure H2S diluted in dinitrogen), the thermodynamically stable
Mo-edge is covered by S2 dimers, as explained in [14].

2.2.3. Analytical modelization of TPR experiments
Temperature-programed reduction (TPR) experiments are used

to explore the reactivity of a solid with respect to a gas. Basically a
substrate is dynamically equilibrated with a flowing gas mixture at
a given initial temperature, determining an initial coverage of the
surface by sorbates. The system is then heated according to some
temperature program, and the change in gas phase composition
is determined continuously during the heating sequence, yielding
information about the change in solid composition.

According to the Redhead model [43], whenever desorption oc-
curs only in the temperature-programed desorption case (TPD), the
macroscopic desorption rate (or flux) rdes may be directly linked to
the instantaneous residual coverage by adsorbates, hads, according
to an empirical n-order relationship, Eq. (20):

rdesðtÞ ¼ kdesðtÞhn
adsðtÞ ¼ �

dhadsðtÞ
dt

ð20Þ

where n is the order of the desorption process with respect to cov-
erage, and t is the time. While kdes increases with an increasing tem-
perature, hads decreases; as a consequence rdes goes through a
maximum. TPD spectra are dependent on the initial coverage h0

and on the heating program. With a linear temperature program
(T = T0 + bt), one fixes the heating rate b (K s�1) and the initial tem-
perature T0 to determine the change of temperature T with elapsed
time t.

Here we generalize the Redhead model to TPR, by considering
the rate rrls(t) (in mol g�1 s�1) of the kinetically limiting step to
reduction, and the associated microscopic rate krls.
Fig. 1. A typical periodic slab model for MoS2 Mo-edge, showing coverage of three
top sites by S2 dimers and one by a dimer hydrogenated into two geminal sulfhydril
groups. Legend: black spheres (turquoise): molybdenum atoms, gray spheres
(yellow): sulfur atoms, white spheres: hydrogen atoms. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
Eq. (20) can be transposed into Eq. (21), replacing kdes by krls,
and assuming that the rate-limiting step is first order with respect
to density of unreacted sites h*:

rrlsðtÞ ¼ krlsðtÞh�ðtÞ ¼ �
dh�ðtÞ

dt
ð21Þ

Integration of Eq. (21) determines h*, Eq. (22), with hMoe the initial
density of unreacted sites.

h�ðtÞ ¼ hMoe exp
Z t

o
krlsðxÞdx

� �
ð22Þ

In a typical experiment, which involves a flow of reducing mixture
(e.g. H2 diluted in an inert gas) across a thin layer of powdered cat-
alyst, forming a pseudo-steady state isothermal differential reactor,
the gas phase composition is monitored at both inlet and outlet,
allowing to record either the instantaneous molar H2 consumption
or H2S production, and to deduce from a mass balance the change of
composition of the solid. Since one H2 is consumed to reduce each
S2 dimer initially on top of an edge Mo into one bridging S and one
desorbing H2S, the integral quantity Qcons_H2(t) given by Eq. (23)
represents the hydrogen consumed (i.e. H2S production), in mol g�1

at time t:

Qcons H2
ðtÞ ¼ hMoe

Z t

0
krlsðyÞ exp

Z y

0
krlsðxÞdx

� �
dy ð23Þ

Qcons H2
ðTÞ ¼ hMoe

Z T

Tmin

krlsðyÞ exp 1=b
Z y

ymin

krlsðxÞdx

 !
dy ð24Þ

hðTÞ ¼ 1� h�Mo

hMoe

� �
¼
Z T

Tmin

krlsðyÞ exp 1=b
Z yx

ymin

krlsðxÞdx

 !
dy ð25Þ

The TPR profile can be alternatively expressed as a function of tem-
perature, Eq. (24), and in terms of fractional degree of reduction, Eq.
(25).
3. Results

3.1. Experimental results

3.1.1. Catalysts characterization
3.1.1.1. Textural properties, elemental XRF, and surface XPS analy-
sis. The catalysts main characteristics are presented in Table 2.

Inspection of Table 2 reveals that up to Mo-12, the catalysts
show a high and homogeneous dispersion of Mo in their oxidic pre-
cursor states. The surface area referred to the amount of support
involved is unchanged within error margin of the BET method
(SA of initial c-alumina: 227 cm2/g). For Mo contents above
16 wt%, however, poorly crystallized phases appear in minor
amounts, MoO3 first, then Al2(MoO4)3, known to sulfide poorly.

For oxidic precursors, XPS spectra in the Mo binding energy
range show only two broad lines centered at 232.8 eV (Mo 3d5/2)
and 235.9 eV (Mo 3d3/2) corresponding to the presence of species
involving only Mo+6 [44–46].

Catalysts sulfided in conditions similar to that in TPR experi-
ments (Atmospheric pressure, 70 cm3STP min�1 of flowing (15%
vol H2S + H2) mixture, 2 h at 350 �C then cooling under flowing
mixture) were analyzed by XPS for surface compositions in
Mo4+(3d5/2, 228.2 eV), Mo5+(3d5/2, 230.4 eV) and Mo6+(3d5/2,
232.8 eV) and S (2s, 226.2 eV). For this purpose, the Mo3d–S2s
envelope was deconvoluted as mixtures of lorentzians (82%) and
gaussians (18%), allowing unconstrained heights H for the main
3d5/2 or 2s lines, while other parameters were fixed: mid-height
width (MHW) of 2.7, 2.7 1.5 and 2.3 eV, respectively, and coupled
characteristics position/MHW/H to secondary Mo 3d3/2 lines,
respectively, +3.2 eV/�1.3/�0.65, +3.2 eV/�1.3/�0.65 and +3.2



Table 2
Textural, chemical, and structural properties of studied catalysts (oxidic precursors). Microprobe column: RD stands for radial distribution, H stands for homogeneous.

Ref. Mo XRF
(wt%)

Pore volume
(cm3 g�1)

BET surface
area (m2 g�1)

Surface area per g
of c-Al2O3 (m2 g�1)

Surface area per g oxidic precursor
(SA from Eq. (20)) (m2 g�1)

XRD of Mo phases Microprobe

A:% amorphous, B:%MoO3,
C:%Al2(MoO4)3

RD of Mo

Mo-4 4.2 0.71 225 236 213 A: 100 H
Mo-6 6.8 0.65 219 244 204 A: 100 H
Mo-9 9.8 0.55 208 244 193.5 A: 100 H
Mo-12 11.9 0.57 197 240 186 A: 100 H
Mo-17 16.1 0.52 178 235 172 B: 11; C: 0 H
Mo-20 18.2 0.50 167 229 164.8 B: 10; C: 0.5 H
Mo-22 22.5 0.56 168 253 150.1 B: 18; C: 15.5 H
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eV/�1.0/�0.65. Table 3 collects XPS deconvolution results for sul-
fided catalysts.

Table 3 shows that above 16 wt% Mo, the degree of sulfidation is
poorer, as could be expected from the occurrence of XRD detect-
able MoO3 and Al2(MoO4)3 phases.
3.1.1.2. TEM. Table 4 presents the results of TEM high resolution
micrographs ‘‘manual” statistical analysis of MoS2 nanoparticles
‘‘fingerprints” [47]. Representative histograms of slab lengths can
be found as Supplementary material.

Table 4 reveals that while the average stacking number is fairly
constant whatever the Mo content, the average particle width in-
creases regularly with Mo content. Assuming that MoS2 nanoparti-
cles are related to the Mo4+ content, this trend would correspond to
a fairly constant (within 30%) areal density of such nanoparticles of
about 2 per 100 nm2 of c-Al2O3 support in sulfided catalysts, what-
ever the Mo content.
Table 4
3.1.2. Temperature-programed reduction
TPR spectra obtained for catalysts Mo-4, Mo-9, Mo-12, Mo-20,

Mo-22 and c-alumina (blank) are presented in Fig. 2. Although
TPR experiments were continued up to 1173 K, we focus here on
the first ‘‘narrow” H2 consumption/H2S production peak observed
below 600 K in all cases. Between 600 and 1173 K ‘‘broad” peaks
were also observed, with an increasing integral area with Mo con-
tent. According to the energy required for removing one S atom
from the Mo-edge with 50% coverage [6,15], we can only attribute
these broad peaks to the further stages of reduction of the sup-
ported MoS2 nanocrystallites, including S depletion first from
Mo-edges from 50% to 0% coverage, then from the most stable ba-
sal planes. The onsets of these further stages appear in Fig. 2 be-
tween 600 and 680 K. Their analysis is, however, beyond the
scope of the present report. The raw data obtained for catalysts
have been corrected by substraction of the minor but non-zero rate
of H2 consumed by c-alumina. Fig. 3 presents the TPR spectra cor-
rected for the baseline drift corresponding to the onset of the high-
er temperature peak(s). For the purpose of this correction, instead
of attempting a more sophisticated deconvolution, an amount
increasing linearly with temperature and proportional to the dif-
Table 3
XPS deconvolution analysis results for the sulfided catalysts.

Ref. Mo4+

(%)
Mo5+

(%)
Mo6+ (%) (S/Mo4+)at (S/Motot)at

XPS
(S/Motot)at

XRF (bulk)

Mo-4 84 9 7 2.1 1.8 1.8
Mo-6 85 8 6 2.1 1.8 1.8
Mo-9 92 4 4 1.9 1.8 1.8
Mo-12 93 0 7 1.8 1.7 1.7
Mo-17 94 0 6 1.7 1.6 1.6
Mo-20 93 1 5 1.6 1.5 1.5
Mo-22 93 0 7 1.5 1.4 1.4
ference between consumption at 590 K and 350 K was arbitrarily
substracted to spectra in Fig. 3.

In Table 5 the corresponding peak temperatures, integral
amounts of H2 consumed at 600 K, and the resulting ratio S/Mo4+

eliminated by this first TPR peak, which we can identify with the
ratio a of Mo edge sites to Mo involved in MoS2 nanoparticles
are presented. From Fig. 3 and Table 5, it can be concluded that
while the TPR peak temperature increases with decreasing Mo4+

content, the edge to basal area ratio a of MoS2 nanoparticles de-
creases with increasing Mo4+ content, as could be expected from
the nearly constant MoS2 area density revealed by the TEM results
interpretation given in Table 4.

Knowing the Hydrogen partial pressure imposed during TPR
experiments (5% H2 in Ar at atmospheric pressure, therefore
PH2

= 5000 Pa), the mass of H2, the heating rate b (10 K min�1),
the area of one Mo edge site (�9 � 10�20 m2), the remaining un-
knowns in Eq. (24) are the barriers and energy differences inter-
vening in krls. The results presented in the next section provide
the desired input from first principles simulations.

3.2. Simulation results

3.2.1. DFT study of the Mo-edge reduction pathway from 100% to 50%S
coverage

In order to address correctly the modeling of TPR experiments,
we studied by DFT the reaction pathway corresponding to the
reduction by H2 of S2 surface dimers on a fully sulfur covered
(100%S) Mo-edge into bridging S adatoms, producing H2S. As seen
above, this state corresponds indeed to the one predicted by theory
and confirmed by STM experiments in the conditions of high
chemical potential of sulfur prevailing at the end of the presulfida-
tion stage in our TPR experiments. Furthermore, detailed DFT cal-
culations recently extended this conclusion to the case of c-Al2O3

supported nanocrystallites, showing that a high chemical potential
of sulfur and whatever their size, they lie with their basal planes
parallel to the support surface, exchanging van der Waals interac-
tion with the latter, without residual Mo–O bonds [49,50]. It
TEM analysis of MoS2 nanoparticles in the sulfided catalysts. N stands for the number
of particles observed for each sample; hLi is the average diameter (MoS2 nanoparticles
are detected when parallel to the electron beam, therefore L is an average length of
dark fringe); hni is the average number of stacked MoS2 nanoparticles. GM refers to
the geometrical model of [3], and a is the ratio of Mo atoms at the edge Moe over the
total number of Mo atoms per nanoparticle.

Ref. Mo XRF
(wt%)

Mo4+XPS
(%)

N hLi
(nm)

hni MoS2 area density
(nm�2 � 100)

a (Moe/Mo) GM
(at.at�1)

Mo-4 4.2 84 280 2.1 1.3 1.76 0.57
Mo-9 9.8 92 302 2.6 1.4 2.46 0.54
Mo-12 11.9 93 335 2.9 1.5 2.15 0.50
Mo-20 18.2 93 290 3.3 1.4 2.44 0.47
Mo-22 22.5 93 285 3.7 1.6 1.95 0.44
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Fig. 2. Experimental TPR spectra for catalysts Mo-22, Mo-20, Mo-12, Mo-9, Mo-4,
and c-Al2O3 (from left to right, alternatively thick and thin black lines, c-Al2O3 in
thick gray line).

Table 5
First peak temperatures and edge to basal area ratios a deduced from TPR
experiments.

Ref. Mo4+

(wt%)
T peak
(K)

H2 consumed below
600 K (lmol g�1)

a = S/Mo4+

Mo-4 3.53 552 128 0.348
Mo-9 9.02 533.5 223 0.237
Mo-12 11.07 530.4 248 0.215
Mo-20 16.93 527.4 273 0.153
Mo-22 20.92 521.2 289 0.133
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turned out that this pathway is rather complex with three consec-
utive sequences. First H2 physisorbs without barrier and dissocia-
tively adsorbs on neighboring sulfur dimers, with one hydrogen
by sulfur dimer, forming two adjacent S–Mo–SH surface groups
in mutual interaction via S� � �H–S hydrogen bonds. Then one H
atom hops from one S–Mo–SH group to the other forming a SH–
Mo–SH group and leaving a restored dimer. This SH–Mo–SH group
is in a trans-configuration with an internal H–S� � �H–S hydrogen
bond. From this state, either a SH rotates around the Mo–S bond
and stabilizes the system in a cis-SH–Mo–SH group, or H2S associa-
tively desorbs. The results are schematized in Fig. 4. Along this
non-intuitive pathway, the crucial role of S� � �H–S hydrogen bonds
favoring hydrogen transfers is worth being highlighted.

The activation of the H-hopping step via TS2 requires an energy
of 0.80 eV, the SH-rotation step via TS4 has a 0.39 eV barrier, and
the associative H2S desorption step via TS3 a 0.73 eV barrier. In re-
gard to these values, the dissociative chemisorption of H2 via TS1
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Fig. 3. Corrected TPR spectra for catalysts Mo-22, Mo-20, Mo-12, Mo-9, and Mo-4
(from left to right, alternatively thick and thin lines).
can be considered as the rate-limiting step for the hydrogenation
of the surface, with a 0.95 eV barrier. In what follows, we consider
therefore the rate-limiting step of TPR to be the dissociative
adsorption of H2, so that kda expressed according to any model
H1 to H4 replaces krls in Eqs. (21)–(25).

Table 6 presents the calculated normal mode frequencies, for
the vibrations associated to configurations involved in the disso-
ciative H2 adsorption: physisorbed state, TS1, and the two S–Mo–
SH groups in mutual interaction via hydrogen bonds. These
frequencies permitted to determine the corresponding vibrational
entropy and energy changes as a function of temperature accord-
ing to Eqs. (SI1) and (SI2) reported in Supplementary material.

3.2.2. Analytical modelization of TPR experiments
In this section we try to discriminate between models H1 to H4

for the description of H2 dissociative adsorption.
In the cases where the entropy change in the H2 dissociation

process from the physisorbed state to the transition state DS–
/!v

is taken into account (models H1bis to H4), the theoretical peak
temperatures and shapes of TPR spectra turn out to be very sensi-
tive to this quantity, and its variation with temperature. On the one
hand, we have no theoretical input for f, the fraction of transla-
tional–rotational entropy of gaseous H2 retained upon physisorp-
tion (Eq. (4)). On the other hand, we found that good fits in both
peak temperature and shapes were obtained only for entropy vari-
ations DS–

/!v increasing with increasing temperature (DS–
/!v

becoming less negative, and lower in absolute value, so that the en-
tropy loss upon the activation of the dissociation process decreases
as temperature increases). Theory from Eqs. (SI1)–(SI6) reported in
Supplementary material, and (3) and (4) predicts a slight, almost
linear decrease with increasing temperature assuming constant f,
and the set of vibration frequencies computed with the particular
models chosen. Therefore, the inverse tendency is possible only
if, as the reduction proceeds and the initially 100%S Mo-edge gets
progressively depleted in S2 dimers, f decreases, i.e. less transla-
tional-rotational entropy is carried by dihydrogen from gas phase
to the physisorbed state.

Therefore, taking 375 K for the common onset of S-edge deple-
tion in our TPR experiments, we have assumed that f[T,hS(T)] varies
linearly with T during the TPR experiment, according to Eq. (26),
where a is a positive constant:

f ðTÞ ¼ f ð375KÞ � aT ð26Þ

Parameters a and f(375 K) are allowed to vary freely so as to mini-
mize the root mean square deviation between theoretical predic-
tion and experimental data points for one catalyst (arbitrarily
chosen as M22). A consistency criterion is provided by a simple
physical constraint on f (375 K) and a: the adimensional fraction
f(T) should be always higher than or equal to zero, and lower than
or equal to one. In practice, we impose the restraint f(600 K) P 0,
since all TPR peaks are back to the baseline above 600 K, implying
that Mo-edges are now at 50%S coverage.

According to this fitting procedure, the theoretical predictions
following H1 to H4, with input from our DFT calculations, are
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Table 6
Normal modes frequencies in units of cm�1 for the H2 dissociative adsorption process.
From the local minimum of the physisorbed state (H2_Phys), the system is passing by
the transition state TS1 exhibiting one negative frequency, then relaxes to another
local minimum with dissociated hydrogen shared between two S–Mo–SH groups.

H2_Phys 4274 596 595 390 378 349 329 328 320 305
274 271 243 226 210 199 178 175 169 156
155 147 135 129 125 85 70 66 64 57

TS1 3492 804 787 756 549 547 385 373 368 340
322 313 304 279 265 259 231 219 197 190
178 172 163 143 137 117 111 99 66 �182

2 S–Mo–
SH

2157 2143 893 869 624 609 511 506 390 378
345 331 322 307 285 276 235 232 219 196
185 182 166 154 130 125 112 102 75 65
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compared to experiment M22 in Fig. 5a–d, and the corresponding
fitting parameters and figures of merits are presented in Table 7.

Model H1 (Fig. 5a) is obviously in large error, failing to predict
both the peak temperature and the peak shape (root mean square
relative deviation, rmsrd = 54.7%). However, the peak temperature
being very sensitive to the value of the chemisorption energy bar-
rier, it is well predicted if the DFT number is corrected by only
�0.05 eV (Fig. 5b), while the peak shape remains poorly predicted
(rmsrd = 94%).

Model H1bis (Fig. 5c) may achieve an excellent fit of the exper-
imental results (rmrsd = 11.6%), but with unphysical parameters:
f(375 K) = �0.23 and a = 1.97 � 10�3 K�1 determining f < 0 for all
temperatures, therefore an inconsistency since more transla-
tional–rotational entropy would appear in the physisorbed state
than in the gas state.

No constrained solution could be found for models H2 and H4:
we can therefore rule them out. Indeed, Eq. (8), which ensures
microscopic reversibility in coherence with Eq. (4), determines
much too low sticking coefficient or coverages in the temperature
range 375–600 K of experimental TPR peaks to allow significant
dissociation rates.

Finally, model H3 achieves an excellent fit (Fig. 5d)
(rmsrd = 11.7%), with on average f(375 K) = 0.514 and a = 2.08 �
10�3 K�1, allowing all constraints to be satisfied.

For model H3, f(375 K) and a values are quite similar for all cat-
alysts (standard deviations 0.04 and 1.6 � 10�4 K�1, respectively),
and we notice no systematic trend with varying Mo content in cat-
alyst. Since experimentally determined parameters influence the
prediction through Eqs. (11) and (12), the slight spread may come
from cumulated slight random experimental errors.

On the basis of these results, we retain H3 as the best descrip-
tion of dissociative adsorption in our experimental conditions:
the comparison between experimental results and predictions of
this analytical model for all catalysts are presented in Fig. 6.
4. Discussion

The most salient finding we report, is the high sensitivity of TPR
experiments performed with sulfided MoS2-based supported cata-
lysts, in terms of initial peak temperature and shape, on the load-
ing, dispersion, and sulfidation state of MoS2 nanoparticles. We
show that these peak profiles and positions can be interpreted the-
oretically very accurately, but this interpretation is extremely sen-
sitive to the temperature dependence of the free-energy change
associated to the rate-limiting step barrier. As long as suitable
atomistic models can be elaborated, first principles calculations
do provide reliable estimates of the energetic and vibrational com-
ponents of this critical function, but so far, the translational–rota-
tional part remains elusive for want of reliable theoretical models
for the physisorbed and transition states. Therefore, instead of a
full first principles theoretical representation of TPR spectra, we
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Table 7
Comparison of the performances of models H1 to H3 used in the expression of
dissociative adsorption rates, when comparing theoretical and experimental TPR
spectra. Models H1bis and H3 provide excellent fits as indicated by the lower mean
square deviations (rmsd in %), but only for H3 are the fitting parameters f(375 K) and
a physically meaningful. No constrained solutions could be found for models H2 and
H4. (1) Squared coefficient of correlation between predicted and experimental peak
temperature; (2) slope of the linear regression Tpeak(Pred.) = m Tpeak (Exp); (3) fraction
f (Eq. (4)) of translational–rotational entropy of gas phase H2 retained in the
physisorbed state on the 100%S Mo-edge surface, determined as the first free
parameter in the fitting of model to experimental TPR spectrum. (4) slope a of the
assumed linear relationship between f(T) and temperature T, determined as the
second free parameter in the fitting procedure (K�1).

Model H1 H1corr H1bis H3

kda (s�1) Eq. (13) Eq. (13) Eq. (14) Eq. (17)
E– (eV) 0.95 0.8767 0.95 0.95
rmsrd (%) 54.52 140.59 10.3 10.1
T peak R2 (1) 0.2848 0.1793 0.9866 0.9917
T peak m(2) 1.0599 0.9798 1.0013 1.0009
f(375 K) Mo-22(3) – – –0.220 0.482
f(375 K) Mo-20(3) – – –0.236 0.520
f(375 K) Mo-12(3) – – –0.270 0.485
f(375 K) Mo-9(3) – – –0.249 0.508
f(375 K) Mo-4(3) – – –0.180 0.574
Average f(375 K) – – �0.231 0.514
Std. dev. f(375 K) – – 0.068 0.037
a Mo-22(4) – – 0.00234 0.00214
a Mo-20(4) – – 0.00199 0.00218
a Mo-12(4) – – 0.00175 0.00192
a Mo-9(4) – – 0.00171 0.00190
a Mo-4(4) – – 0.00205 0.00225
Average a – – 0.00197 0.00208
Std. dev. a – – 0.00025 0.00016

N. Dinter et al. / Journal of Catalysis 267 (2009) 67–77 75
have proposed a fitting strategy leaving two parameters free, but
subject to a physical constraint of consistency.

Following this fitting strategy, we have selected the H3 model as
yielding the most consistent theoretical description of TPR spectra.
This model relies on the hypothesis of minimum entropy produc-
tion along processes occurring in series, which is actually the basis
of the rate limiting step assumption commonly used in microkinetic
models. We describe therefore dissociative adsorption of H2 as
physisorption and activated dissociation in series, forming the
overall rate-limiting step. We believe this description is very appro-
priate for TPR experiments performed as in our case in a dynamical
fashion, with a differential crossed fixed-bed at fixed flow rate of
reducing gas.

We must concede that the exclusion, according to our strategy,
of models H2/H4 and H1bis, holds under the assumption that num-
bers provided by DFT are accurate enough. Although the energy
barrier (0.95 eV) can be considered as accurate within 0.02 eV,
the frequencies of the soft normal modes might be in systematic
error since they were computed assuming harmonic potentials.
Anharmonic corrections generally decrease raw DFT frequencies
by a few% (see, for instance [48]). However, allowing as another
free parameter in the fit a correction applied to all frequencies, al-
lows finding physically acceptable solutions: an optimum is found
for +65 cm�1 for models H2 and H4, but with very poor fits
(rmrsd = 84% and 122%, respectively). Such a correction amounts,
however, to more than 50% of the softer modes frequencies which
dominate the vibrational entropy change. Similar results are ob-
tained when all frequencies are corrected by a constant factor k.
We find optimally for H2, k = 1.77, rmrsd = 37%, for H4, k = 1.36,
rmrsd = 27% and for H1bis, k = 1.52, rmrsd = 10.8%. Such correc-
tions are, however, quite large, and clearly not compatible with
the accepted accuracy of DFT.

Finally, our analysis relies on the assumption that the reduction
pathway illustrated in Fig. 4 remains unaffected either by the prox-
imity of surface atoms belonging to the c-Al2O3 support, or by the
–SH groups or vacancies being proximal to S2 dimers on the Mo-
edges, as the extent of reduction proceeds. Since at least 0.3 nm
separates the outmost O atoms of the support from the closest S
of each edge capping dimer in the ‘‘flat lying” MoS2 slab [49, see
Figs. 4a and 6a], the first effect is unlikely. It is, however, likely that
barriers to S2 dimers reduction are affected by the close vicinity of
already reduced sites: although we believe that the introduction of
Eq. (26) accounts partly and empirically for this depletion effect,
additional DFT calculations of the energy profile along the reduc-
tion pathway, starting with initial configurations modeling inter-
mediate coverages between 100%S and 50%S, should shed light
on this point. We hope to report the results of such very extensive
calculations in the near future. It can be expected, however, that
such effects would be all the more manifest as the edges coverage
by sulfur approaches 50%, or in other terms capping S2 dimers be-
come more dilute and the probability that they are surrounded by
Mo–SH or Mo–S–Mo groups is higher. This might explain in partic-
ular the systematic discrepancy between predicted and
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experimental TPR spectra tails, which is apparent in Fig. 6 beyond
560 K, i.e. as the fraction of residual S2 dimers falls below 20%. This
discrepancy on the high temperature side is indicative of a slower
process on average, or higher barrier for the rls, with respect to the
predicted value. It can be foreseen that as reduction proceeds, the
pattern of competing elementary events becomes more complex,
and less amenable to a simple description by one single rate-limit-
ing step. We are currently developing kinetic Monte Carlo simula-
tions of these phenomena, the results of which will be reported
later, and which should help overcome the current shortcomings
in our analysis.
5. Conclusions

In this report, we have specifically addressed the mechanism
of reduction of sulfided c-Al2O3 supported MoS2 catalytic
nanoparticles by dihydrogen gas, starting from the state 100% sul-
fur covered, and ending in 50% sulfur covered Mo-edges, with the
production of gaseous hydrogen sulfide. This reaction corresponds
to the first stage of hydrotreating catalysts activation, following
presulfidation under high chemical potential of sulfur. Our inves-
tigation comprises an experimental part, with the preparation
and characterization of a consistent set of oxidic catalysts precur-
sors with variable loadings in Mo, presulfidation of these catalysts
under high chemical potential of sulfur ensuring prevalence of
100%S covered Mo-edges (triangular nanoparticles), and finally
the acquisition of temperature-programed reduction spectra.
The theoretical part involves DFT calculations of the free-energy
barriers along the reduction pathway, and elaboration of an ana-
lytical model of TPR spectra with first principles barriers and
some measurable catalysts characteristics as inputs.

Our conclusions are the following:

1. Experimental TPR spectra present a distinct narrow first peak,
which we attribute to the reductive transition from 100%S cov-
ered Mo-edges to 50%S covered Mo-edges.

2. The peak temperatures are in the range 520–560 K for catalysts
of content in Mo varying between 4 and 22 wt%, and these
increase as Mo content decreases.

3. The peak integrals convey a direct information on the sulfided
catalyst’s dispersion (ratio a = Mo-edge/Mo_total).

4. The reduction pathway starts with the physisorption of dihy-
drogen between two capping S2 pairs, proceeds to a rate-limit-
ing dissociation via a transition state into adjacent
mono-sulfhydrilated S2 pairs in mutual hydrogen bonding situ-
ations, followed by a H transfer to one S2 in the pair, resulting in
a chemisorbed H2S2 species, followed by an activated transfer of
one H to one S in the pair, leading to H2S and S bonded to the
same Mo edge atom, and finally followed by the activated
desorption of H2S and bridging of the remaining S ad-atom
between adjacent Mo edge atoms.

5. The rate-limiting hydrogen dissociation total energy barrier is
0.95 eV, while the free-energy barrier is of the order of 1.5 eV.

6. Within the level of theory implemented, and the limitations of
atomistic models used to represent initial and transition states,
since translational–rotational entropy contributions in physi-
sorbed and transition states are not well described theoreti-
cally, fully first principles predictions of the entropic barriers
and their temperature dependence were not possible, although
critically determining both peak TPR temperatures and TPR
spectra profiles.

7. We have, however, developed a fitting scheme with a consis-
tency criterion allowing reasonable arguments for clear dis-
crimination between models.

8. According to this scheme, the most consistent model for disso-
ciative adsorption from gas phase, corresponds to the pseudo-
steady state approximation for physisorption and homolytic
chemisorptive dissociation in series (H3).

9. The decrease in TPR spectra peak temperatures with increasing
Mo content is very well explained by our model and simula-
tions, as resulting mostly from an increase in the ratio Ast/Auc

of the area available for reactive adsorption over the total sur-
face area. The loss of dispersion (decreasing a) with increasing
Mo content is overcompensated by the increasing active Mo-
edge area.
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