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ABSTRACT: Cobalt-promoted and nonpromoted MoS2 nanolayers
supported on alumina are prepared and activated under various
sulfidation (temperature/pressure (T, P)) conditions which induce the
formation of nanolayers with two-dimensional (2D) morphology of
MoS2 tuned by the presence of the promoter and by the sulfidation
conditions. An unprecedented high selectivity is found for the CoMoS
nanolayers. The origin of this selectivity is explained by 2D morphology
effects quantified by high-resolution scanning transmission electron
microscopy in high-angle annular dark field mode (HR HAADF-
STEM) and density functional theory (DFT) calculations. A
quantitative structure−selectivity relationship is identified between the
2D shape index of CoMoS nanolayers and their selectivity perform-
ances. This 2D shape index is determined by statistical analysis of the
CoMoS nanolayers identified after principal component analysis processing of HR HAADF-STEM images. It is shown that this
shape index, reflecting the isotropic/anisotropic degree of the nanolayers’ morphology, is directly linked to the nature of active
M- and S-edges exposed by the CoMoS nanolayers, as proposed by DFT calculations. This 2D shape index may thus serve as a
key descriptor for the selectivity of the CoMoS nanolayers. The correlation is rationalized by a simple kinetic modeling where
hydrodesulfurization (HDS) and hydrogenation (HYD) rate constants are parametrized as a function of the S-edge/M-edge sites
by using DFT-calculated descriptors. HR HAADF-STEM also highlights the existence of nonequilibrium CoMoS layers with
more irregular 2D shapes, which can also be correlated to selectivity through a specific shape descriptor. More generally, this
study reveals that the HDS/HYD selectivity can be controlled by the 2D shape driven by the activation−sulfidation steps of the
catalyst. It provides a new approach for establishing a reliable methodology for the rational design of highly selective
nanocatalysts.

KEYWORDS: hydrodesulfurization, hydrogenation, CoMoS, HAADF-STEM, image processing, density functional theory (DFT),
2D morphology, selectivity

■ INTRODUCTION

Tightening of environmental constraints induces the produc-
tion of cleaner fuels with low sulfur concentrations, whereas
current petroleum resources are increasingly heavier and
generally contain higher impurity concentrations (sulfur,
nitrogen, oxygen, metals).1 Thus, continuous improvement of
hydrotreating process is necessary, requiring the use of more-
efficient hydrodesulfurization (HDS) transition-metal sulfide
catalysts. In particular, to produce high-quality gasoline, MoS2

nanolayers promoted by cobalt (the so-called “CoMoS active
phase”)2 and supported on alumina are known to be not only
active but also selective in the HDS of thiophenic molecules,
with respect to the hydrogenation (HYD) of olefinic ones.3

The HYD properties of MoS2-based catalysts have been
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revealed by H2−D2 scrambling experiments.4 However, the key
industrial challenge is to significantly increase the HDS/HYD
selectivity of these catalysts.
For that purpose, future progress is expected to be brought

by the nanoscale design of the CoMoS active phase, allowing a
better control of the turnover frequencies of HDS and HYD
pathways independently. While nanoscale structures of MoS2
layers have been highlighted by surface science techniques,5 the
effect of the nanoscale features of MoS2 layers (size and layers
stacking) has been shown to impact the catalytic properties in
the Hydrogen Evolution Reaction (HER)6,7 and the optical
properties for device applications.8 The CoMoS active phase is
composed of MoS2 nanolayers with promoter Co atoms
decorating the edges of the MoS2 nanolayers.9−11 Scanning
tunneling microscopy (STM) experiments and density func-
tional theory (DFT) calculations have shown that the two-
dimensional (2D) morphology of the MoS2 nanolayers is
modified by the presence of the promoter, which induces the
formation of a hexagonal shape, compared to the truncated
triangles that are observed on nonpromoted MoS2.

10,11 In such
cobalt-promoted catalysts, some Mo atoms from the nanolayers
edges are substituted by Co atoms, which provides synergy
effects and high HDS activity. At the core of the challenging
nanoscale design of CoMoS active phases, the structural and
electronic properties of the active edge sites involved in HYD
and HDS reactions are known to be dependent on the 2D
morphology of the CoMoS nanocrystallites.12−14 Structure−
activity relationships (volcano curves) have been found to
correlate thiophene HDS and olefin HYD activities with the
sulfur−metal bond energy descriptor.15,16 Based on the DFT
calculations of thiophenic and olefinic molecules, a previous
study has predicted that the HDS/HYD selectivity should be
enhanced on the cobalt-promoted S-edge, with respect to the
M-edge and thus be dependent on the 2D morphology.17

Other DFT calculations reported the mechanism of thiophene
HDS on the same edge18 but no DFT studies have investigated
the HDS of thiophene on the cobalt-promoted M-edge.
Even if recent experimental analysis attempted to identify the

morphology−activity relationship for nonpromoted MoS2
systems,19 there is still a lack of experimental evidence that
activity and, more particularly, HDS/HYD selectivity can be
quantitatively linked to 2D morphology effects. This difficulty
probably originates from the lack of quantified characterization
of 2D morphologies by cutting-edge characterization techni-
ques.
Thus, controlling the impact of the cobalt promoter

simultaneously on the MoS2 nanolayers 2D morphology and
on the selectivity remains a scientific challenge. Addressing this
question is the major goal of the present study. For that
purpose, a rational methodology must be established to
quantify 2D morphology of the alumina-supported CoMoS
catalysts, as used industrially.
High-resolution transmission electron microscopy

(HRTEM) is a key technique. Because MoS2 nanoparticles
constitute monolayers 0.61 nm thick, it is not possible to
observe MoS2 on their (001) basal plane via bright-field
transmission electron microscopy (BF-TEM) or HRTEM in
the industrial alumina-supported catalysts. To overcome this
difficulty, scanning transmission electron microscopy (STEM)
can be a better alternative. The sample is scanned by a focused
electron probe, and the detection of high-angle scattered
electrons is ensured by an annular dark-field (HAADF)
detector. The HAADF-STEM detection mode, in which the

image intensity is proportional to Z1.7,20 is favorable for
observing particles with high atomic number (such as Mo)
deposited on the alumina support with lower Z. With a Cs-
corrected STEM, the probe has a small size (0.11 nm) and a
courant density sufficient to obtain atom-resolved images.
Aberration-corrected HAADF-STEM analysis has been applied
to analyze Mo(W)S2-based model catalysts such as Co-doped
Mo(W)S2 nanowires,21,22 WS2 nanoribbons,23 MoS2 hetero-
structures,24 and MoS2 single layers deposited on graphite.25

For the first time, this technique was applied on industrial-like
hydrotreating catalysts, composed of WS2 supported on
amorphous silica−alumina (ASA) by some of us.26,27 In the
present study, MoS2 has a smaller Z than WS2 and the contrast
with alumina support is expected to be less important,
compared to WS2 on ASA. So it remains highly challenging
to quantify such morphology effects, particularly on MoS2 and
CoMoS systems in order to provide a more rational
interpretation of the catalytic performances.
One major objective of the present work is thus to

understand if a quantitative selectivity−morphology relation-
ships can be identified for CoMoS catalysts. For that purpose,
we established a methodology to quantify, from HR HAADF-
STEM images and DFT calculations, the 2D morphology of
MoS2 and CoMoS nanolayers. Finally, a striking correlation
between 2D morphology and catalytic selectivity will be
discussed.

■ EXPERIMENTAL METHODS
Catalyst Preparation. The catalyst support is a δ-alumina,

presenting a surface area of 140 m2/g. The catalysts were
prepared via the incipient wetness impregnation method with
an aqueous solution of ammonium heptamolybdate for
nonpromoted catalysts. Cobalt co-impregnation with cobalt
nitrate was performed for promoted catalysts. The concen-
tration of Mo in oxide catalyst is 8 wt % MoO3 (measured by X-
ray fluorescence (XRF)), which corresponds to a surface
density of 2.34 Mo atoms per square nanometer of support. For
promoted catalysts, a Co/Mo ratio of 0.4 was chosen, which
corresponds to 1.3 wt % CoO.
After impregnation, the catalysts were matured for 24 h at

room temperature, dried at 120 °C during 24 h, and calcined
under air flow at 450 °C during 2 h.
According to DFT calculations, 2D morphologies are

influenced by temperature, sulfo-reductive conditions, and the
addition of a promoter.13 Thus, the catalysts were prepared
under widely variable conditions, in order to provide significant
variations of morphology. In particular, sulfidation was
performed under different conditions: either under a pure
H2S flow (1 L/h/g) for 2 h at various temperatures (250−700
°C) or under a H2/15% H2S flow (1 L/h/g) for 2 h at 550 °C.

Catalyst Characterization. All XPS and HRTEM
characterization are presented in the Supporting Information
(Tables S1, S2, S3, and S4 and Figures S1 and S2). High-
resolution high-angle annular dark-field scanning transmission
electron microscopy (HR HAADF-STEM) analyses were
performed using a FEG TEM/STEM system (JEOL, Model
2100 F) that was operated at 200 kV and equipped with a
probe Cs corrector. For HAADF acquisition, the camera length
was 10 cm, corresponding to the inner and outer diameters of
annular detector of ∼60 and 160 mrad. The samples were
prepared in the same way as for HRTEM analysis (see the
Supporting Information). Seven selected catalysts have been
investigated using this technique.
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Catalytic Tests. Selectivity and activity of the catalysts were
evaluated with a HDS catalytic test, using a FCC gasoline
model feedstock composed of 2,3-dimetylbutyl-2-ene (23DMB,
10 wt %) and 3-methylthiophene (3MT, 0.3 wt %) in n-
heptane. Tests were performed in a batch reactor at 35 bar of
H2 and 250 °C, involving 4 g of catalyst. Hydrogenation of
23DMB and HDS of 3MT are measured by regular samplings
and analyses by gas chromatography (GC). We define, as
conversion, the first-order HDS rate constant of the sulfided
phase (only) as kHDS (h

−1),

− =
t

k
d[3MT]

d
(3MT)HDS (1)

and the first-order HYD rate constant as kHYD (h−1),

− =
t

k
d[23DMB]

d
(23DMB)HYD (2)

The selectivity (S) is then defined as kHDS/kHYD.
In addition, as detailed in the results, we have also

normalized the rate constants by edge sites (called kHDS′ and
kHYD′ ), according to the TEM sizes and HR HAADF-STEM
morphologies.

■ RESULTS AND DISCUSSION
HR HAADF STEM Characterization. The HR HAADF-

STEM mode was used to analyze the 2D morphology of MoS2
and CoMoS nanolayers supported on the industrial-type
alumina support. To make this analysis, we consider three
types of MoS2/alumina samples and four types of CoMoS/
alumina, sulfided at high temperatures (400, 550, and 700 °C),
which facilitates the STEM analysis, because of the formation of
better crystallized sulfide slabs.
In Figure 1, the alumina-supported MoS2 nanolayers sulfided

under pure H2S at 550 and 700 °C is characterized by a good
contrast. This confirms that this mode is very appropriate to
reveal the 2D morphology of slabs on industrial-type alumina
supports, as previously shown for the WS2-based catalysts.26,27

Some studies report the possible damage effect, associated
with heating and knock-on effects, caused by the incident
electron beam on MoS2 nanolayers. Garcia et al.28 observed
MoS2 sheets by aberration-corrected STEM at different
acceleration voltages, and they concluded that at 120 kV and
200 kV, surface sputtering occurs and the edge defects are
created, whereas, at 80 kV, no irradiation damage was observed.
For a more reliable edge structural characterization at atomic
scale of MoS2 nanolayers, Hansen et al.25 acquired HR-STEM
images at low beam energy (60 keV). If atomic resolution on
the edges is not required, the observations can be better

performed at 200 kV. In this context, HAADF-STEM
observations of 2D morphologies of WS2 and MoS2 slabs
supported on graphite are reported in refs 29−31, whereas
atom-resolved HAADF-STEM images of MoS2 nanowires are
described in refs 21 and 22. In our study, the 2D morphology of
MoS2 slabs is sought, but not the atom-resolved edge structure.
It was shown by imaging the same slab at different
magnifications and by varying the time of irradiation that the
2D morphology is not significantly changed during observa-
tions. Therefore, it was concluded that operating with an
acceleration voltage of 200 kV is compatible with the objective
of our morphological study.
Figure 1 highlights various sizes and shapes of MoS2

nanolayers. The sizes of MoS2 particles are between 1.5 and
5 nm in the catalyst sulfided at 550 °C and between 3 and 10
nm in the catalyst sulfided at 700 °C. This is consistent with
HRTEM size analysis (see Figure S1). As expected, the
observed shapes are much more irregular than the ones
observed previously by STM for MoS2 supported on
Au(111).32 This shape heterogeneity is intrinsically linked to
the nonideal alumina support and the preparation method used
here, highlighting the complexity of the industrial catalysts.
Larger slabs present a triangular or truncated triangular shape
closer to the model systems. These larger nanolayers are well-
crystallized (as confirmed by the FFT image in the inset of
Figure 1c). Increasing the sulfidation temperature at 700 °C
leads to the formation of more numerous, symmetrical, and
larger slabs, compared to that observed at a temperature of 550
°C. For this former temperature, smaller slabs are less
symmetrical, their edges are less faceted, and their morphol-
ogies differ from the expected six-edge shapes. In the MoS2
catalyst sulfided at 550 °C, some clusters (<1 nm) are also
observed.
Now considering the MoS2/alumina catalyst sulfided under a

H2/15% H2S mixture at 550 °C (Figure 2), the MoS2
nanolayers sizes are 2−5 nm (in agreement with HRTEM
analysis; see Figure S1(e)). The spatial distribution of slabs on
the support is not homogeneous since few slabs form
aggregates, laying superposed or in a joined configuration.
Here again, the external shape is not as symmetrical as observed
for the model systems. Nanolayers are faceted but not
necessary perfect hexagons. Some small clusters containing
molybdenum are also observed. However, it is interesting to
observe that the hexagonal-type of morphology revealed under
H2/15% H2S is in good qualitative agreement with DFT
prediction.12

Cobalt-promoted MoS2 catalysts sulfided under pure H2S at
400, 550, and 700 °C and under a mixture of H2/15% H2S at

Figure 1. HR HAADF-STEM images of MoS2/alumina catalysts sulfided at (a) 550 °C; (b) 700 °C under pure H2S; and (c) atom-resolved MoS2
nanolayers with truncated triangle morphology obtained under sulfidation at 700 °C and pure H2S. Inset corresponds to the fast Fourier transform
(FFT), revealing its high crystallinity.
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550 °C have also been studied by HR HAADF-STEM. For
sulfidation under pure H2S at 400 °C (Figure 3a) and 550 °C
(Figure 3b), the CoMoS slabs are rather symmetrical and have
an almost hexagonal shape, as expected from previous STM
analysis on CoMoS/Au(111) systems11 and DFT calcula-
tions.13 Slabs are slightly stacked or mixed up, forming strings.
Their sizes range between 3 nm and 8 nm (in agreement with
HRTEM). A great number of small clusters (∼1 nm) are also
observed.
In the case of CoMoS sulfided at 700 °C under pure H2S, the

observed morphologies are quite different (Figure 3c). Indeed,
multifaceted CoMoS particles are revealed with more than six
edges, as observed for hexagonal shapes. Therefore, we suspect
that a supplementary effect occurs at high sulfidation
temperature.
Atom-resolved images (Figure 3d and 3e) show that these

nanoparticles are MoS2-based nanolayers: from the FFT
analysis, distances of 0.27 and 0.16 nm corresponding,
respectively, to (100) and (110) MoS2 lattice planes have
been measured. No clusters are observed for CoMoS catalyst
sulfided at 700 °C. The sizes measured by HAADF-STEM are
also consistent with HRTEM analyses (see Figure S2) and

indicate a strong increase in the size of the CoMoS slabs at 700
°C.
HAADF-STEM provides a Z contrast. Theoretically, it

should be possible to detect the presence of cobalt. In our
case, it is not possible for two main reasons, related to the fact
that we are working on real catalyst samples, supported on
alumina (one of the interests of this paper is to work on real
catalysts). First, the images contain the contributions of both
nanoparticle and industrial support. Therefore, the Z contrast is
created by both atomic number contrast and mass−thickness
contrast. Second, we worked with a TEM system at 200 kV. At
that acceleration voltage, the edge atoms are able to move.
Thus, imagingspecifically of cobaltis not possible. As
studied samples are supported on alumina (rather thick support
compared to carbon), working with a lower acceleration voltage
would not provide enough signal.

Two-Dimensional (2D) Morphology Quantification.
For all catalysts analyzed by HAADF-STEM, various 2D
morphologies for the MoS2 and CoMoS slabs are observed,
depending on the sulfidation conditions (either pure H2S or a
mixture H2−H2S), the temperature, and the presence of a
cobalt promoter. These differences have been pointed out
qualitatively in the previous paragraphs. In what follows, we
propose a quantification of the morphologies.
In the spirit of previous DFT calculations,12,13 the key

parameter to quantify 2D morphology of MoS2 and CoMoS
nanolayers is the M-edge/S-edge ratio (see Figure 4). For
“ideal” particles, it is known from DFT studies12,13 that this
ratio may change as a function of the sulfidation conditions and
the promoter content.
Based on the earlier Gibbs−Curie concepts, the nano-

particle’s equilibrium shape minimizes the contribution of the
surface area to its free energy and is deduced from the ratio of
edge free energies, based on the Wulff theorem,33−35 according
to eq 3. This is represented in Figure 4 in the case of a CoMoS
nanolayer.

Figure 2. HR HAADF-STEM images of MoS2/alumina catalyst
sulfided at 550 °C under H2/15% H2S mixture: (a) standard
magnification and (b) atom-resolved structure.

Figure 3. HR HAADF-STEM images of CoMoS/alumina catalyst sulfided under pure H2S at (a) 400 °C, (b) 550 °C, and (c) 700 °C; atom-resolved
image of CoMoS/alumina catalyst sulfided under pure H2S at (d) 550 °C and (e) 700 °C.
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wherer γX denotes the free energy of the X-edge (where X = S
or M) and hX‑edge and LX‑edge are the distances represented in
Figure 4.
In the previous works, the surface energies calculated by

DFT and the Gibbs−Curie−Wulff construction have been
combined to determine the equilibrium morphology of MoS2

12

and CoMoS nanolayers.13,36 Note that atom-resolved STM
experiments on Au(111) support also allow to measure the
distribution of both edges.37,38

However, since we are dealing here with real catalysts, it is
much more difficult to directly solve the morphology, in terms
of S-edge/M-edge ratio, because of the heterogeneous shape
distribution, which may deviate from ideal hexagonal or
truncated triangles. In particular, STM experiments cannot be
performed on nonconductive industrial oxide supports. Hence,
we show how the 2D morphology and an approximate M-edge/
S-edge ratio can be deduced, based on a statistical treatment of
the particles shape, as revealed by HR HAADF-STEM images.
We developed two methods to calculate the M-edge

proportion by quantifying HR HAADF-STEM images.
The first method used for accessing particles shape (method

1) consists of a statistical analysis of the shape of the most
regular slabs (close to hexagons or truncated triangles)
observed on HR HAADF-STEM images. Between 5 and 15
slabs were measured on each STEM image. On these regular
slabs, we have drawn their contour by a simple shape model

(close to a hexagon or truncated triangles) with six straight
edges (Figure 1b and Figure 2a) and measured the
corresponding edge lengths. Numerical results are reported in
Table 1 and will be discussed together with the results obtained
by the second analysis method. However, HR HAADF-STEM
analysis does not allow one to identify the type of edge exposed
by the nanoparticles. Since the morphology of these slabs is in
good accordance with DFT prediction, we consider that they
are “equilibrium” nanoparticles. So we rely on our previous
DFT calculations12,13,36 to assign the chemical nature of the
edge. For instance, for MoS2/alumina sulfided in pure H2S, it is
known from DFT calculations12 that the particles should
exhibit a majority of M-edge. Thus, for all observed slabs, the
larger edge is assigned to M-edge. The further shape evolution
induced by the Co addition is interpreted with the help of DFT
calculations.
Since the morphologies of many observed slabs are rather

irregular and contain more than six-edge faceted contours, we
have established a second method (method 2) that is based on
a statistical analysis quantifying the wide shape distributions
more precisely. The isotropic character is expected to be the
highest in the case of CoMoS particles, as reported in Figure 3,
while triangular truncated MoS2 particles would exhibit high
anisotropy. Hexagonal particles should be qualified as having
intermediate anisotropy. As observed with the previous
method, we draw the contour of all nanosized objects (see
Figure 5). With this method, between 10 and 30 objects were
analyzed for each image.
A mathematical processing, described below, was thus

developed to quantify a “shape index” that is directly related
to the anisotropic feature. In the case of hexagonal and
truncated triangular particles, the “shape index” is linked to the
LM/LS ratio. For more-spherical morphologies (Figure 3e), the
presence of other edges also impact the shape index.
Generally, a shape index can be defined by a numerical value

characterizing the shape of an object. For example, the length of
a one-dimensional (1D) object, the 2D morphology (here), the
three-dimensional (3D) volume can be viewed as the shape
index. However, it is impossible to reconstruct a shape using a
single shape index.39 The usual way to overcome this difficulty
is to use a wealth of indices. In our study, we used 10 indices,
which are described in the following paragraph. These indices
characterizing an object O (see Table 2) are based on several
dimensional measurements, namely, area (A), diameter (L),
perimeter (P), minimum radius (rmin), maximum radius (rmax),
and average radius (rave). Radius is defined as distance between

Figure 4. (a) Gibbs−Curie−Wulff construction of a CoMoS nanolayer
(notation according to eq 3); (b) molecular view of a hexagonal
CoMoS nanolayer. [Blue balls represent Co atoms, green balls
represent Mo atoms, and yellow balls represent S atoms.]

Table 1. Fraction of M-edge (XM‑edge) Measured on the More Regular Slabs and Ratio of Edge Energies According to Methods 1
and 2 (See Text), and DFT Calculationsa

Method 1 Method 2 DFT Calculations

sulfidation conditions (ΔμS range) XM‑edge (std deviation) γS/γM shape index XM‑edge γS/γM γS/γM XM‑edge

MoS2, 550 °C, pure H2S (−0.3 ≤ ΔμS ≤ 0) 0.73 (0.05) 1.36 ± 0.10 0.42 0.74 1.36 1.26−1.77b 0.92−0.67b

MoS2, 700 °C, pure H2S (−0.3 ≤ ΔμS ≤ 0) 0.79 (0.06) 1.48 ± 0.12 0.45 0.77 1.42 1.26−1.77 0.92−0.67
MoS2, 550 °C, H2/15% H2S (−1.16 ≤ ΔμS ≤ −0.86) 0.54 (0.04) 1.05 ± 0.06 0.38 0.71 1.31 1.08−1.10 0.56−0.57
CoMoS, 400 °C, pure H2S (−0.3 ≤ ΔμS ≤ 0) 0.73 (0.06) 1.37 (0.11) 0.47 (0.15) 0.78 1.46 1.10−1.19 0.57−0.63
CoMoS, 550 °C, pure H2S (−0.3 ≤ ΔμS ≤ 0) 0.55 (0.05) 1.07 ± 0.08 0.44 0.75 1.39 1.10−1.19 0.57−0.63
CoMoS, 700 °C, pure H2S (−0.3 ≤ ΔμS ≤ 0) ≪0.50c NDc,d 0.26 0.58 1.13 1.10−1.19 0.57−0.63
CoMoS, 550 °C, H2/15% H2S (−1.16 ≤ ΔμS ≤ −0.86) 0.66 (0.05) 1.25 (0.08) 0.34 (0.12) 0.67 1.25 1.02−1.10 0.51−0.57

aData taken from refs 12 and 13. The M-edge/S-edge assignment is deduced from previous DFT calculations. Shape index calculated according to
method 2. bLower and upper values corresponding to ΔμS interval reported in the first column. cSince the shape of CoMoS slabs contains more than
six edges, it was not possible to calculate neither the percentage M-edge nor the ratio γS/γM via method 1. dNot determined.
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the center of mass (c) of O and its outer contour (p). Note
that, in the case of an hexagon or a truncated triangle, some of
these dimensional parameters are the same as those reported in
Figure 4 used for building the GCW construction: for instance,
rmin = hM (or hS), P = 3(LM + LS).
These measurements are invariant to translation and

rotation. In order to make them also scale-invariant, they are
transformed into 10 dimensionless parameters40,41 (see Table
3).
Regrouping these 10 numbers in a vector, a shape can be

described as a point in a 10-dimensional space and similar
points will indicate similar objects, leading to the idea that their
relative position can be an indication of their similarity. Usually,
one uses principal component analysis (PCA)42,43 to define
suitable similarities.
The way to perform this analysis is first to gather all the

examined slabs in a single database, then to calculate the
relevant indices, leading to represent our objects as a set of
points in the aforementioned space. The main “directions” of
these observations will be declared as the principal
components, and are calculated as a linear combination of
the initial indices.
Very often, a few components, much less than the initial

space dimension, are sufficient to capture most of the variability
of the dataset. In our case, only two components give a good

description of the collected observations, since they take ∼98%
of the total variance (Table S5). This is mainly due to the
intrinsic similarities of the slabs which can vary, roughly
speaking, from circles to triangles (see Figure 6). Ideal shapes
such as perfect triangles, rectangles, hexagons, or circles are
inserted in the database, to allow the interpretation according
to previous DFT and STM shape analysis.
All points are well-aligned along a straight line, with a

regression coefficient of R2 = 0.981. This means that, despite
the irregularity of the slabs shapes, there is a strong shape
similarity, compared to model morphologies, as predicted by
DFT. Indeed, they are all convex, rather symmetrical, changing
from almost round to more-faceted shapes. Thus, we can define
a shape index (I) as a function of the coordinate of the
examined object on this line, calculated through least-squares
minimization. According to our approach, on one side of the
linear correlation, we find the triangular shape (the most
anisotropic shape of our database), and on the opposite side,
we observe the more isotropic shapes, such as hexagons (or
circles, used as a virtual reference).
In order to quantify the shape, the previous analysis allows

one to further identify a shape index I that classifies all observed
morphologies. By convention, I is set to 0 for a circular shape (I
= 1 for a triangular shape). Since the disk circular morphology

Figure 5. Example of the processing of HR HAADF-STEM images of MoS2/alumina sulfides at 550 °C under pure H2S according to method 2: (a)
original image, (b) contour of slabs drawn freehand, and (c) image where the barycenter of each object is calculated and dimensional measurements
are performed.

Table 2. Definition and Formula of Dimensional Parameters
of an Object O

measurement estimate

A card(x) |x ∈ O
L max∥x1 − x2∥ |x1 ∈ p, x2 ∈ p, x1 ≠ x2
P ∑ ∈ V x V( ), local weighting functionx p (ref 44)

rmin min∥x − c∥ |x ∈ p
rmax max∥x − c∥ |x ∈ p
rave ∑ −∈ x c

p x p
1

card( )

Table 3. Definition and Formula of Dimensionless
Parameters and Corresponding Coefficients for the Final
Equation of the Shape Index

name formula coefficient

circularity
r
r
min

max
−0.3365

circularity (bis) P
A

2
0

compactness coefficient
(Gravelius) π

P
A2

2
−0.0236

circularity (ter)
−r r

r
max min

max
0.0267

deviation from inscribed disk πr
A

min
2

−0.3681

deviation from circumscribed disk πr
A

max
2

−0.2817

elongation
π
⎜ ⎟
⎛
⎝

⎞
⎠

A
r

4

ave
2 −0.3514

isoperimetric deficiency
πA
P

4
2 −0.3167

Morton spreading index
π ( )A

L
4

2 −0.2924

circular variance
∑ || − || −∈ x c r

Ar

( )x O ave
2

ave
2 1.2636

constant = 2.7434
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is taken as the origin in our space of shape indexes, we
introduce the intermediate variables x1 = C1 − C1,circle and x2 =
C2 − C2,circle, where C1 (C2) is the score or, equivalently, the
coordinate of the examined sample on the first (second)
component and C1,circle (C2,circle) the values for the circle. The
index I is then defined by eq 4:

=
+ −

+ −
I

x x

x x

R 1 R

R 1 R
1 2

2

1,triangle 2,triangle
2

(4)

where R is the regression coefficient of the regression line (see
Figure 6), and x1,triangle (or x2,triangle) is the intermediate variable
for the triangle shape.
Since this expression is linear with respect to x1 and x2, it is

also linear with respect to the original dimensionless variables.
The coefficients of the final equation of I are listed in Table 3.
Moreover, as the purpose of the shape quantification is to

provide an estimate of the proportion of M-edge (XM‑edge) and
S-edge (XS‑edge) in the slab, we also modeled several ideal
shapes of truncated triangles with a truncation ratio (XM‑edge =

LM/(LS + LM)) varying from 1 (equilateral triangle) to 0.5
(perfect hexagon). In the inset of Figure 6, we have represented
the relationship between the calculated shape index (I) and the
fraction of M-edge (XM‑edge) and deduced a polynomial
equation between these two relevant morphology parameters
(eq 5):

= − + + =‐X I I0.6934 1.4359 0.2591 (R 0.9839)M edge
2 2

(5)

As a summary, for each nanolayer analyzed, we calculated first
the shape index via the PCA method and then the estimated
truncation ratio by using eq 5, based on the assumption that
slabs can be all viewed as truncated triangles. Results are
presented in Table 1. Histograms of shape index distribution
are represented in Figure 7a) for MoS2 catalysts and Figure 7b
for CoMoS catalysts.
Let us first compare the trends revealed by this second

approach, considering all the types of slabs observed in the
HAADF-STEM images, relative to the previous one, based on
the analysis of the most regular ones. Method 2 analyzes a
wider shape distribution; therefore, the trends are less obvious
than those obtained via method 1. For the nonpromoted
catalyst sulfided in pure H2S, the difference between the two
methods is less important, as MoS2 slabs are rather large and
quite homogeneous. XM‑edge measured experimentally are
consistent with DFT predictions. If the sulfidation is performed
under a H2S/H2 mixture, the morphology is expected to exhibit
a smaller XM‑edge. Again, this trend is confirmed by the two
analysis methods but is toned down by the second one. If one
considers the promoted systems sulfided in pure H2S, it appears
that the truncation ratio is lower than that of the nonpromoted
system sulfided under the same conditions. This effect is again
enhanced by focusing on the more regular slabs (method 1).
These quantitative HR HAADF-STEM results can be

compared to previous DFT calculations of the 2D morphol-
ogies of MoS2 and CoMoS active phase.12,13,36 As explained in
ref 45, the sulfo-reductive conditions used during sulfidation
can be correlated to chemical potential of sulfur (ΔμS). The
relevant range of ΔμS values are also reported in Table 1. We
use an interval for ΔμS, instead of one single value in order to
take into account some possible fluctuations of partial pressures
of H2S/H2 in the gas phase surrounding the catalyst. In
particular, in the pure H2S regime of sulfidation, the calculated
ΔμS may vary from −0.3 V to 0 eV (assuming the uncertainty
on p(H2S)/p(H2) when comprised between 102 and 105). For

Figure 6. Principal component analysis (PCA) (regression coefficient:
R2 = 0.981). The points are colored accordingly to the shape index (I),
as explained in the text. Squares represent ideal reference shapes and
circles represent experimentally observed shapes. Inset shows the
relationship between XM‑edge (the truncation ratio of truncated
triangles) and the shape index I calculated via the PCA method.
Details of components 1 and 2 are given in the Supporting
Information.

Figure 7. Histograms of the shape index (calculated with method 2) distribution for (a) MoS2 catalysts and (b) CoMoS catalysts. Black shapes and
losanges are situated on the graph according to their shape index. Losanges correspond to the expected shape index for each catalyst, according to
DFT predictions.
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sulfidation in a H2S/H2 mixture, we also assume an interval of
variation of 0.3 eV for ΔμS. Regarding the temperature, two
opposite effects are expected, depending on the p(H2S)/p(H2)
pressure ratio comprised in this interval. For p(H2S)/p(H2) >
103, increasing the temperature T should increase ΔμS. By
contrast, for p(H2S)/p(H2) < 103, increasing T should diminish
ΔμS toward more negative values. Therefore, because of this
fluctuation of the chemical potential in this regime, it might be
difficult to predict how T precisely impacts the experimental
morphology.
Considering, first, the case of the nonpromoted MoS2 phase,

it indeed appears that the use of a H2S/H2 mixture enhances
the hexagonal morphology with XM‑edge closer to 0.5, as
quantified by HAADF-STEM observation. This comparison
holds true for the effect of the promoter, which also favors the
formation of particles with XM‑edge closer to 0.5, regardless of
the sulfidation conditions. Therefore, HAADF-STEM observa-
tions and morphology quantification highlight the effect of the
sulfo-reductive conditions and the presence of promoter on the
slabs morphology.
However, the shape variations are less pronounced with

method 2 that the one quantified by method 1, which is closer
to the DFT-calculated trends. Indeed, the heterogeneous
shapes analyzed with the second method is responsible for
the shape index leveling. Actually, method 1 analyzes selectively
the more regular slabs with roughly equilibrium morphologies
(hexagons or truncated triangles) being more consistent with
DFT calculations of Gibbs−Curie−Wulff morphologies. In
addition, HAADF-STEM observations reveal two types of
morphologies. First, we observe that the morphologies of
“equilibrium” slabs (quantified by method 1) are in good
accordance with DFT prediction. Effects of sulfidation
conditions and promotion are clearly evidenced. Second, we
observed more-irregular shapes, that can be assigned to “non-
equilibrium” slabs. Although it is beyond the scope of the
present work to explain this phenomenon, we suspect that
kinetic limitations occur during the sulfidation process such as
support effects, diffusion limitation, reduction steps. Apparently
for CoMoS, this kinetic effect is enhanced when sulfidation is

undertaken under pure H2S. To overcome this limitation, a
higher temperature is mandatory or a sulfidation under H2S/H2
mixture must be preferentially chosen.

Morphology−Selectivity Relationship. For nonpro-
moted MoS2 catalysts, activities in both HYD and HDS
reactions remain low (see Table S6 in the Supporting
Information), as previously investigated in more detail by
some of us.19 Thus, here, we will focus on the catalytic behavior
of CoMoS systems. As expected, CoMoS catalysts exhibit
significantly higher HYD and HDS activities (Table 4),
confirming the promoter role of cobalt for both reactions, as
reported in many previous studies.15−17 In addition, the HDS/
HYD selectivity is clearly >2 for all the CoMoS catalysts and it
increases as a function of the sulfidation temperature. In order
to analyze the trend at the level of active sites, we have
normalized rate constants per edge site (kHDS′ and kHYD′ ) by
taking into account the morphologies quantified by HAADF-
STEM and slab sizes quantified by HRTEM (methods 1 and
2). Hence, it appears that the HDS rate constant increases
rapidly while the HYD rate constant varies weakly for
sulfidation temperatures of >475 °C. For the specific case of
sulfidation at 700 °C, it appears that the HYD activity is the
lowest, while the HDS activity remains high.
Since the HDS/HYD selectivity increases as the stacking

number increases (Table S4), one may wonder if this trend is a
manifestation of hydrogenating “rim” and/or “brim” sites.
Indeed, according to refs 46 and 47, because of the location of
rim and brim sites, the hydrogenation pathway should be
decreased when the stacking increases. However, normalizing
the rate constant per edge site (without distinguishing rim,
brim, or edge types) shows that kHYD′ is weakly sensitive to the
stacking number, whereas kHDS′ strongly increases for T > 400
°C. Therefore, even if the stacking number increases by a factor
of ∼2.8 between T = 400 °C and T = 700 °C, kHYD′ decreases
only by a factor of 1.3 (see Table S4). From T = 400 °C to T =
550 °C, the trend is even opposite to the expected one: both
kHYD′ and stacking increase. Thus, the increasing HDS/HYD
selectivity is mainly due to the enhancement of the HDS TOF.
The explanation of this should thus be found in the intrinsic

Table 4. HYD and HDS Rate Constants (k and k′)a and Selectivity (S) for the CoMoS/Al2O3 Catalysts, as a Function of the
Sulfidation Conditionsb

aRate constant k is given in units of h−1 and rate constant k′ is given in terms of h−1 mmol−1; k′ is normalized by the number of edge sites (n edges,
expressed in mmol). bTerms shown with an asterisk (*) refer to two-dimensional (2D) morphologies and the corresponding number of S-, M-, and
total edge sites (in mmol), according to the HAADF-STEM analysis (method 1) and the mean slab size measured by HRTEM. Color legends for 2D
shapes: blue balls: bulk Mo atoms, violet balls: M-edge atoms, orange balls: S-edge balls, green balls: 6 corner atoms (equally shared between M-edge
and S-edge for the counting)
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nature of the promoted site located either on the S-edge or on
the M-edge.
Considering the HR HAADF-STEM results (Table 1), it

appears that the CoMoS catalysts sulfided under pure H2S
exhibit XM-edge decreasing with sulfidation temperature. One
may thus suspect that the selectivity is linked to the S-edge/M-
edge ratio. The combined DFT and kinetic study by Krebs et
al.17 has shown that the S-edge of a CoMoS particle is expected
to be more selective to HDS, with respect to the M-edge. The
origin of this trend was obtained by considering the relative
intrinsic activation energies and thermodynamic adsorption
parameters for HDS and HYD reactions. Generally, 23DMB
HYD is expected to be kinetically favored over 2MT HDS,
based on the lower activation energy for CC hydrogenation
than for C−S bond breaking. Therefore, the observed enhanced
HDS/HYD selectivity results from counterbalancing intrinsic
activation energies by thermodynamic contributions: the latter
are driven by the relative adsorption energies of the thiophenes
and olefins. The selectivity was thus predicted to be higher on
the S-edge than on the M-edge, because of the stronger
adsorption energies for the thiophenic molecules than for
olefins (see Figure 8).

Qualitatively, this theoretical prediction is consistent with the
HR HAADF-STEM analysis, particularly for the two samples
sulfided at 550 and 700 °C. For the highest sulfidation
temperature, the observed morphology exhibits a smaller M-
edge/S-edge ratio, which corresponds to an increased HDS/
HYD selectivity.
Assuming that the M-edge/S-edge ratio continuously

decreases as a function of sulfidation temperature between
400 °C and 700 °C, a more general quantitative morphology−
selectivity relationship can be proposed. For that, one must
express the selectivity as follows:

=
′
′

=
′ + ′
′ + ′

S X
k
k

X k X k

X k X k
( )S

HDS

HYD

S HDS,S M HDS,M

S HYD,S M HYD,M (6)

where XS = 1 − XM and Xedge represents the fraction of edge =
M or S with kreac,edge′ (reac = HDS or HYD and edge = M or S)
the rate constant for HDS or HYD on the M- or S-edge. The

rate-limiting step (i.e., first hydrogen transfer to the two
reactants from −SH groups) is assumed to be unchanged, as
discussed in previous works.15−17

′ = −
+ ⧧⎛

⎝
⎜⎜

⎞
⎠
⎟⎟k k

E E

RT
expreac,edge 0

ads,reac,edge reac,edge

(7)

where Eads,reac,edge represents the adsorption energy of 2MT or
23DMB (reac) on the M- and S-edge. Ereact,edge

⧧ represents the
corresponding activation energy for HDS or HYD on the same
edge.
We will use the numerical values for adsorption energies of

2MT and 23DMB molecules on the two edges (Figure 8), as
calculated by Krebs et al.17 Therefore, we can reasonably
assume that the position of the methyl group in 2MT vs 3MT
does not strongly affect the relative trends of adsorption
energies. In the absence of reliable values for the activation
energies Ereact,edge

⧧ for 3MT and 23DMB (not determined by
DFT calculations so far), we propose to parametrize these
kinetic data in order to fit, at best, the evolution of the
experimental selectivity and rate constants of HDS and HYD,
as shown in Figure 9.
We provide two optimized models that fit the experimental

data based on the equilibrium shapes analyzed by HAADF-
STEM, according to method 1. The case of method 2 will be
discussed in a second step. The two models (1 and 2) contain
slightly different kinetic parameters reported in the caption of
Figure 9. Activation energies found for HDS are in reasonable
agreement with those reported by Moses et al.18 on the cobalt-
promoted S-edge. Moreover, activation energies of HDS are
higher than those of HYD by values of ∼50 kJ mol−1 and ∼70
kJ mol−1, depending on the edge and model. These values also
agree well with a previous kinetic analysis.17 A more rapid
increase of kHDS′ is observed for model 1 than for model 2, as a
function of XS. In model 1, all activation energies are higher on
the M-edge, by ∼15−20 kJ mol−1. As previously underlined, the
fact that HYD activity remains almost constant cannot be
explained on the basis of either the “rim-edge”46 or the “brim”
site47 concept. However, this trend is recovered by model 1,
where the difference in activation energies of HYD (∼20 kJ
mol−1) on the two edges is compensated by the difference in
adsorption energies, leading to an almost-constant kHYD′ . In
model 2, the HYD activation energy is also higher on the M-
edge than on the S-edge, whereas it is the reverse for HDS
activation energy (contrasting with model 1). In that case, the
adsorption energy of olefin does not totally compensate for the
different activation energies and, thus, kHYD′ slightly decreases
with XS. According to our analysis, the model described by
method 2 fits the selectivity slightly better than the model
described by method 1. Nevertheless, both models can be
considered as relevant within the context of this study. Model 1
reveals that the activation energy for HDS is higher on the S-
edge than on the M-edge, whereas the reverse conditions are
observed in model 1. In both models, since these activation
energy values are rather similar, the selectivity is driven by the
thermodynamic adsorption of sulfur compounds (on the S-
edge, more specifically).
At this stage, one should recognize that some effects not

considered in the present kinetic modeling may be discussed.
First, the experimental kinetic model is based on an apparent
first-order reaction rate for HDS and HYD (which is commonly
admitted). This may explain some discrepancies observed
between experimental HDS rate constants and theoretical ones

Figure 8. Molecular structures of the adsorbed 2-methyl-thiophene
(panels a and c) and 2,3-dimethyl but-1-ene (panels b and d) on the S-
edge (panels a and b) and on the M-edge (panels c and d). The
numerical values of Eads are reported in terms of kJ mol−1 (see ref 17
for more details on Eads calculations). [Blue balls represent Co atoms,
green balls represent Mo atoms, yellow balls represent S atoms, black
balls represent C atoms, and white balls represent H atoms.]
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(see the inset of Figure 9). To improve this, we suggest that
future investigations should build a more complete model,
based on a Langmuir−Hinshelwood mechanism including
multisite effects (M-edge/S-edge) as well as inhibiting effects.
Then, one cannot exclude that the formation of −SH groups
involved in the rate-limiting step of HYD and HDS, may be
dependent on the existence of M-edge, where hydrogen
activation also may occur.48 If so, the HDS and HYD rates
may not keep their linear increase for XS, reaching a value of 1
and instead, one would expect a maximum in HDS, HYD, and
selectivity, not for high XS but rather for intermediate XS (or
XM). Therefore, this effect of hydrogen activation may render
the direct extrapolation of our current model to higher XS

values more complex. However, the selectivity−morphology
relationship found here, on the basis of the equilibrated shapes,
shows that the fraction of S-edge is certainly a key descriptor
for the selectivity of the particles with shapes close to
equilibrium, as determined by HAADF-STEM through method
1 and DFT calculations.

In addition, it is mandatory to further investigate the effect of
the particles with nonequilibrated shapes, as quantified by
HAADF-STEM according to method 2. We attempt to find a
correlation between selectivity (S) and the dimensionless
geometric parameters reported in Table 3. The numerical
values of these parameters are given in Table S5 in the
Supporting Information. Our analysis leads to the following
morphology−selectivity relationship:

α β γ= − + − +S X M( 1) ( 1)S (8)

where α = 45, β = −108.5, and γ = 0.5; XS is the fraction of S-
edge evaluated by HAADF-STEM (method 2), and M is the
Morton spreading index (see Table 3).
According to Table 5, the correlation gives reasonable

predicted values for the selectivity. Although this correlation
can only be applied to a small interval of XS and XM, because of
the restricted number of experimental samples characterized by
HAADF-STEM, we deduce that a selectivity−morphology
relationship can be proposed for particles with equilibrated and
nonequilibrated shapes. It should include (at least) one

Figure 9. Two optimized kinetic models (model 1 (shown in red) and model 2 (shown in green)) giving the theoretical evolutions of kHDS′ , kHYD′ and
selectivity (S), as a function of the fraction of S-edge, XS (see eqs 6 and 77). Triangles, squares, and circles represent the experimental data. XS is
determined by the HAADF-STEM analysis (method 1) for the samples represented by full symbols: sulfided under pure H2S at T = 400, 550, and
700 °C and sulfided under H2/H2S at T = 550 °C. XS is interpolated for samples represented by empty symbols. The inset represents the evolution
of kHDS′ and kHYD′ , as a function of XS for the two best-fitted models. For model 1 (red): EHYD,M

⧧ = 72.5 kJ mol−1, EHYD,S
⧧ = 52.5 kJ mol−1, EHDS,M

⧧ = 140
kJ mol−1, EHDS,S

⧧ = 125.5 kJ mol−1. For model 2 (green): EHYD,M
⧧ = 70 kJ mol−1, EHYD,S

⧧ = 59.5 kJ mol−1, EHDS,M
⧧ = 119 kJ mol−1, EHDS,S

⧧ = 126 kJ mol−1.
Adsorption energies are given in Figure 8.

Table 5. Predicted Selectivity According to Equation 8a

Selectivity

CoMoS sample H2/H2S, 550 °C H2S, 400 °C H2S, 475 °C H2S, 550 °C H2S, 625 °C H2S, 700 °C

experiment 3.04 3.06 4.86 6.41 8.84 10.14
predicted 2.96 3.63 4.80 5.96 8.17 10.38

aFor the CoMoS samples sulfided under pure H2S at 400, 550, and 700 °C and under H2/H2S at 550 °C, we use the parameters determined by
HAADF-STEM. For samples sulfided under pure H2S and T = 475 and 625 °C, we use interpolated data for M and XS.
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additional shape descriptor to XS previously identified. In the
present case, it appears that the Morton spreading index (M)
can be a good candidate. This relationship contains a
potentiality to predict the HDS/HYD selectivity by optimally
tuning their morphology of CoMoS nanocrystallites. Further
experimental investigations on morphology controlled CoMoS
samples will certainly help to confirm the predictive trends
proposed here.

■ CONCLUSION
On the basis of high-resolution high-angle annular dark-field
scanning transmission electron microscopy (HR HAADF-
STEM) observations, we have established an efficient method-
ology to quantify the morphology effects of alumina-supported
CoMoS catalyst as used industrially. By systematic analysis of
HR HAADF-STEM images using a statistical method based on
principal component analysis (PCA), we are able to provide a
shape index quantifying different morphology features of
CoMoS nanolayers observed on the alumina support.
Increasing the sulfidation temperature modifies not only the
size of the nanocrystallites but also their morphologies.
In close combination with previous density functional theory

(DFT) calculations, this methodology enabled us to recover the
effect of the reductive environment and of the Co promoter on
the morphology of the MoS2 nanolayers. In particular, we
confirmed DFT predictions that the 2D morphology should
exhibit a more isotropic shape (hexagonal type) in the presence
of the promoter, whereas it was more anisotropic (triangular
type) for nonpromoted nanolayers. According to previous DFT
insights, this is a manifestation of the presence of the promoter
at the edges of the nanolayers. Nevertheless, the edge ratios
obtained from HR HAADF-STEM are lower than the values
predicted by DFT, for all studied catalysts. This is due to the
widely distributed heterogeneous shape of the nanolayers and
to the presence of nonequilibrated shapes.
Finally, we propose a quantitative morphology−selectivity

relationship that correlates well with the proportion of the S-
edge, one key descriptor, and the observed selectivity measured
as the ratio of the HDS/HYD rate constants for the
equilibrated shapes. High HDS/HYD selectivities are observed
for the samples sulfided at higher temperature (700 °C), which
correspond to the lowest proportion of the M-edge site. By
including equilibrated and nonequilibrated shapes in our
analysis, we proposed a selectivity−morphology relationship
that included one additional two-dimensional (2D) shape
descriptor, defined mathematically as the spreading index.
Hopefully, this study opens new avenues for the further
optimization of industrial CoMoS catalysts, based on the 2D
morphology control.
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