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1. Introduction

Michel Che pioneered the fundamental concepts of Interfacial Coordination Chemistry (ICC)
applied to the “craft” of heterogeneous catalysis preparation, which remains a strategic stage
for the catalyst’s life.[1] Since these earlier concepts, the atomic scale’s understanding of the
genesis of a heterogeneous catalyst remains highly challenging, despite numerous relevant
experimental works in this area.[2-7] Indeed, shortcomings in this scientific field come from
the fact the catalyst’s genesis involves chemical reactions that take place in interfacial liquid-
solid or gas-solid media, where characterization as well as molecular simulation techniques
are challenged. Thus, most current preparation protocols are mainly optimized by trial and
error approaches based on the experimentalist’s chemical intuition or by high throughput
experimental mapping. One of the directions proposed by Michel Che in his paper published
in the Proceedings of the 10™ International Conference in Catalysis encouraged “to perform
theoretical calculations to provide a more solid foundation to model the elementary steps
describing the catalyst preparation at a molecular scale.”[1] Almost thirty years later, one
must recognize that the atomic scale’s insights of computational chemistry into catalyst

preparation remains scarce.

Thanks to the progress of theoretical chemistry and the historical development of density
functional theory (DFT),[8, 9] many research works have been devoted either to the fine
description of the active sites and mechanisms of the “working catalyst”’[10] or to the
identification of structure-activity relationships such as “volcano curves”,[11-13] both
contributing to the rational design of heterogeneous catalysts. However, computational
chemistry (including DFT based approaches) may have an equally important role to play in
the rational understanding of the genesis of heterogeneous catalysts (particularly when
supported) in order to provide relevant “theoretical” guides and descriptors on the optimal

pathways to prepare a targeted catalyst.



In this perspective, we propose an overview on how computational chemistry recently began
to pave the way in this direction and which methods may contribute even more to this
challenging field in the near future. For that purpose, we will consider the relevant and
generic case study of alumina-supported catalyst. Firstly, we briefly recall the main chemical
steps and materials involved in heterogeneous catalysts’ preparation. Then, we show and
discuss the computational chemistry methods and their applications to the various steps of

catalysts’ preparation. We finally highlight some possible future emerging research topics.

The preparation of a supported catalyst follows a rather complex stepwise procedure
involving several key steps shown in Figure 1: synthesis and thermal treatment of the alumina
support starting from the boehmite precursor, impregnation of the support with metallic salts
and (in)organic additives, drying/calcination and activation. Figure 1 also illustrates some
examples of quantum molecular models that will be discussed in the course of this
perspective. Depending on the catalyst formulation, the (in)organic additives may be added at
the different stages of the preparation in order to tune the interaction of the metal with the
support and to optimize its further activation.[7, 14] It is well documented that each one of
these steps may have an impact on the final properties of the supported active phase (chemical
state, electronic structure, size and morphology), although it is often difficult to identify the

precise origin in the preparation steps on the resulting catalytic properties.

As for the impregnation procedure, incipient wet impregnation (IWI) is the most widespread
method in both industry and academia. It consists on the impregnation of the catalyst support
by an aqueous mother solution containing metallic salt complexes with or without (in)organic
additives. The impregnated material is then dried and/or calcined and the supported metal
phase is activated by either hydrogen reduction and/or sulfidation depending on the type of

the targeted active phase (metals, sulfides...).



a) Boehmite ) b)

precursor

ﬂThermal treatment
c)

Alumina support)

1
1
1

M

Agueous solution d) [SPHPHE, ¢ R T
g ) :l ”[ ?m\,,.

(in)organic additives

SA e X
K 16 S * -
& ¥ 3 YPA R o
1 - O
. Impregqatlon ) J A f‘v SRV )8
~__ of metallic salts _~ O BT céf g A M-
—— L o, A S WA SV o i

ﬂThermal treatment
e)

--->._Drying or calcination’ ~

ﬂ Reactive media
f)

Activation

(reduction, sulfidation)

Figure 1: Usual synthesis pathways of heterogeneous catalysts (a) and molecular models

illustrating the various stages in the case of alumina supported catalysts: b) boehmite
precursors (left: bulk, right: adsorption of xylitol), ¢) alumina (left: bulk, right: surface), d)
alumina-water interface, e) cobalt(ll) and ethylene glycol adsorbed on a dried alumina
surface, f) Hi4-Pty3 (left) and MoS; (right) clusters supported on alumina. The dashed arrows

indicate the possible addition of organic or inorganic additives.

Each of the previous steps or each involved material (support, solvated precursors, ...) is
challenging by itself. So, accounting for the combined chemical properties of each component
and monitoring the dynamics of each process is hopeless. Instead, one should be inspired by
Roal Hoffmann’s quote: “Observables in chemistry may be the resultant of several

simultaneously operative physical mechanisms... But theory has no problem in resolving



mechanisms. One can calculate contribution of each physical factor.”[15] In this way,
quantum simulation may provide a set of well-quantified descriptors related to the each

individual steps of the genesis of a supported catalyst:

e |ocal architecture of the support’s anchoring/grafting sites,

e nature and strength of the metallic phase/(in)organic additives/support interaction
(chemical or electrostatic bonding) during impregnation, or upon various thermal
treatments (calcination, drying),

e reaction mechanisms (including transition states) involved during phase

transformation (upon activation).

2. Methods

For addressing these questions, the robust machinery of molecular simulation can be used by
combining various theoretical levels. State of the art DFT approaches [8, 9] provide relevant
atomic scale insights on the structures and energies of the adsorption modes and transition
states[16]. On top of these calculations, thermal and entropic corrections can be calculated
within the formalism of ab initio thermodynamics to determine the relative stability of key
intermediates as a function of (T, p) reaction conditions. Simultaneously diverse spectroscopy
simulations (vibrational frequencies, core level shift, chemical shift, ...) are very useful to
make the link with in situ characterizations (infrared, X-ray photoelectron spectroscopy,
nuclear magnetic reasonance, X-ray absorption spectroscopy...). Here, we recall that some
aspects challenging the expected “chemical accuracy” of state of the art DFT [17] must be
carefully checked before simulating the genesis of a supported catalyst in the same way as it
is achieved for the simulation of the reactivity of catalysts’ surface models. As the various
steps of heterogeneous catalysts (before activation) often involve transition metal (hydr)oxide

precursors at interfacial systems, some questions on the accuracy of results may arise from the



difficult treatment of electron correlation (either static or dynamic) in DFT, such as self-
interaction errors, multi-reference systems, and long ranged electron interaction.[18, 19] To
overcome some of these problems, one has to choose properly the exchange-correlation
functional (including in some cases dispersion corrections or Hartree-Fock exchange).
Moreover, some of the most complex open-shell systems may even require to go beyond the
Kohn-Sham DFT formalism or at least to check DFT reliability by using multi-
configurational methods, which are very computationally demanding and cannot be yet

systematically applied to the systems of this perspective.[19]

As we will illustrate it for the impregnation step, simulating solid-liquid interface for catalysis
is rather challenging [20] and it is often required to go beyond static approaches and explore
the potential energy surface by free or biased ab initio molecular dynamics (AIMD) [21, 22]
which is rather computationally demanding when the solvent is treated explicitly by quantum
method. For that purpose, the solvent can in some cases be treated implicitly by a continuum
model parametrized by the value of its dielectric constant.[23] Alternatively, empirical force
field based molecular dynamics and Monte-Carlo simulations are also very useful to address
larger scale effects by generating an ensemble of configurations and determining the
dynamics and equilibrium properties for complex binary systems. Nevertheless, the utilization
of the latter approaches is scarce in catalysis since most catalytic reactions involve chemical
bond formation and cleavage phenomena which need the development of non-standard
reactive force-fields by fitting the parameters on ab initio calculations for benchmark

systems.[24]



3. The catalyst support under thermal treatment

We will consider here the gamma polymorph of aluminum oxide (y-alumina or y-Al,03),
which is the support of many active phases used in numerous industrial catalytic processes
such as hydrotreatment,[7] Fischer-Tropsch synthesis,[25] hydrocracking,[26] naphtha
reforming[27], alkane dehydrogenation,[28] or biomass conversion,[29-31]. The reasons for
this choice in so many applications are multiple: alumina exhibit versatile textural properties
(such as tunable pore distribution, and surface areas of about 250 m? g*) as well as local
surface structures with tunable acid-basic properties useful for impregnation and reactivity. y-
Al,O3 and other polymorphs are usually prepared from the calcination of aluminum mono-
(AIOOH) or tri-hydroxides (AIO(OH)3) such as boehmite (Figure 1b left), gibbsite, tohdite,
diaspore or bayerite.[32] Calcination of any of these hydroxides at temperatures above 1000
°C leads to the formation of a-Al,O3 (corundum). Metastable forms of Al,O3 can be obtained
by quenching the calcination procedure at lower temperatures. The y-alumina form is the
outcome of boehmite calcination at 450 °C. Since the bulk structures of these hydroxides are
well defined, it was possible to show how the relative thermodynamic stability and the
transition temperatures of bulk mono- and tri-hydroxides can be recovered by combining DFT
calculations with a thermodynamic model of the dehydration process.[33] However, in order
to go beyond in the field of catalyst synthesis, we need to understand the behavior of nano-
crystallites of such hydroxydes and y-alumina itself. During the thermal treatment, the
synthesis of y-alumina involves the topotatic transformation of boehmite,[34] that is, the
morphology of y-alumina nano-crystallites is inherited from the one of the boehmite
precursor. This transformation impacts the textural properties of alumina supports, namely
surface area and pore volume, as they can be either the outcome of complex agglomeration
phenomena either of alumina nano-crystallites during calcination or of boehmite nano-

crystallites in solution prior to its calcination into alumina.



Interestingly, it was possible to capture by DFT simulation the essence of the boehmite to
y—alumina bulk dehydration process.[35] In particular, AIMD simulations reveals first the
inter-layer mobility of protons leading to water formation inside the structure of boehmite
activated at rising temperature. Then, geometry optimization shows how the water release
induces a collapse of the boehmite structure through a cross linking of adjacent layers and
shearing movement. Last but not least, the Al atoms migrate from their initial positions, in an
octahedral coordination environment, to other positions in which they bind to the oxygen
sublattice in tetrahedral coordination centers following a pairwise diffusion. One should bear
in mind that this atomistic model is not based on the spinel MgAl,O, structure though some
local features around Al centers are recovered. Firstly, the plot of the thermodynamic profile
along this complex process leads to the identification of relevant bulk structures for
y—alumina where the distribution of Al atoms is more complex than the defective spinel like
structure of MgAl,O, usually evoked for this solid [34], since Al occupies non spinel sites in
octahedral and tetrahedral positions with vacancies in both octahedral and tetrahedral spinel
sites (Figure 1c left). The occupation of non-spinel sites was also confirmed by other DFT
calculations [36] combined to extensive computational screening of ~1.5 billion structural

candidates and force-field energy minimization of 122000 structures.[37]

Beyond this bulk model, slab models allowed to solve the nature and concentration of the
surface OH groups on the most abundant facets (110), (100) and (111) exposed by alumina
crystallites as a function of thermal treatment and water vapor pressure within ab initio
thermodynamic formalism.[38-40] This model enabled to revisit the experimental IR spectra
of the hydroxyl groups present at the surface in gas phase (Figure 1c right),[41] but also Al
NMR experiments.[42] Besides, surface energies of the support were evaluated and compared
to micro-calorimetry measurements:[43] these are key descriptors to predict equilibrium

morphologies of alumina crystallites [44], morphology effects on materials acid-basic



properties, and how sintering effects might occur under thermal treatment. Following an
earlier proposal made by Busca,[45] the most recent extension of these molecular models
including the edges of the alumina crystallites enables to rationalize the *H NMR spectra of

the hydroxyls groups of the support.[46]

This analysis has proven to be one important step forward in the rationalization of the
chemical properties of this support as, during the preparation of a catalyst, the precursors
anchor predominantly with the hydroxo groups at the surface,[1] as we will illustrate in what

follows.
4. The catalyst support in water solution
4.1 The boehmite precursor

Due to particularities of the calcination process of boehmite into alumina, that is, the effects
driven by the so-called topotactical transformation, it is critical for the support’s synthesis to
understand how the boehmite precursor may influence the resulting alumina agglomeration
and its textural properties. This can be controlled by selective modification of the surface
energies of the different exposed boehmite facets in aqueous solution. However, simulating
solid-aqueous solution at variable pH is not feasible nowadays by the sole use of DFT
simulation. One reasonable compromise is to evaluate DFT surface energies and structures at
the pH corresponding to the Zero Point of Charge (ZPC) and to compute the surface energy
change as the surface charge evolves with the protonation and deprotonation of the various
OH modeled at the DFT level. The latter requires knowledge of the hydroxo groups’
protonation constants (pKa) which can be obtained with reasonable accuracy from the
empirical multi-site complexation model (MUSIC) [47-49] or more complex AIMD
simulations such as those in ref.[50]. In the latter example, AIMD approach remains strongly

time consuming: several millions of CPU hours on high performance computers for several



tens of picoseconds trajectories to reach the required convergence level. Once pKa constants
are known, they can be used to compute surface charge as a function of pH, temperature and
ionic force with software packages solving speciation in solution such as PHREEQC.[51]
This approach was applied for boehmite by AIMD simulation in water [52] in order to
compute the interfacial energies of this solid (001), (010) and (101) facets and determine the
various OH sites present at ZPC. According to the afore-mentioned topotactic transformation,
these facets will give rise to the (100), (110), (111) facets of y—alumina which explains why
controlling the boehmite morphology is crucial for the final support. Then, by applying the
MUSIC model, the interfacial energies and Gibbs-Curie-Wulff morphology of boehmite
nanocristallites have been deduced as a function of the surrounding water pH.[53] We will
illustrate this approach further in the case of alumina.

Other ways to control particle morphology involve the addition of organic additives in
solution or the use of different solvents acting as selective surfactants. The impact of xylitol
on boehmite morphology was investigated by a combined experimental and theoretical
study.[54] In that case, it was rather efficient to use implicit solvent approach, such as the
“Conductor-like Screening Model” (COSMO) [55, 56], to compute the adsorption energies of
xylitol on different boehmite facets and deduce the morphology of boehmite crystallites in the
presence of xylitol.[54] This organic molecule preferentially adsorbs in the hydroxyl nests of
the (001) and (101) surfaces (Figure 1b right), which are thus stabilized as observed
experimentally. However, the final form of the observed boehmite particles is not always
driven by thermodynamics: kinetic limitations of nucleation and growth phenomena need also
to be considered. In a recent work, some groups have been trying to deduce the extent at
which these are affecting particle morphology (see Kerisit et al.[57], where they used a
similar approach to the one of Ref.[53] in deriving, for different pH, the morphology at both

thermodynamic equilibrium and kinetic limited conditions). For a full description of the
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dynamics of this process, one needs to take into account the interactions between facets of
finite size particles and with solution, which is beyond the possibilities of the standard
periodic DFT calculations quoted above. Thus, the development of coarse-grained models to
study the dynamics of nucleation and growth in solution could be a most interesting

perspective in this area.

4.2 Impregnation of alumina

Coming back to y-Al,O3 surfaces, in order to address questions related to the impregnation
step, it is mandatory to simulate phenomena taking place at the solid liquid interface (SLI), to
make the bridge with interfacial coordination concepts[1] and rationalize the impregnation
steps. As illustrated in the case of boehmite, this remains a rather challenging question for
molecular simulations in general as one needs to handle the various intricate factors involved
during the impregnation step (pH, concentration of the precursors with couter-ions...). As
underlined in introduction, it is recommended to proceed by a deconvolution of each chemical

factor.

Some of these factors relies on the atomic scale’s description of the water-alumina interface.
As mentioned for boehmite, one way is to undertake AIMD of interfacial systems which
requires quite large simulation cells and time to recover relevant insights such as the structure
of the alumina-water interface (Figure 1d) and spectroscopic features of interfacial OH groups
in water. Interestingly, the analysis of radial distribution functions show that mono-
coordinated ;-OH of the (110) surface are H-bond donors to water molecules (leading also to
proton transfer through Grotthuss-like mechanism), whereas mono-coordinated ;-OH of the
(100) surface interact preferentially between themselves via an intra-surface hydrogen bond
network.[58] The distinct behavior of the two surfaces in water may impact their respective
reactivity with metallic precursors or additives during impregnation, which will certainly be

the topic of future investigations. The structural differences between the two interfaces can be
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evidenced by the simulation of their vibrational spectra (Figure 2a) showing that water
induces a more pronounced red-shift of the vibrational frequencies of OH groups on the
alumina (110) surface than on the (100). Such simulation should be in principle compared to
experimental Attenuated Total Reflectance Infrared (ATR-IR) spectroscopy, which can be
conducted on y-—alumina powders.[59, 60] However, one must stress that a direct
experimental interpretation is challenging to achieve since the y—alumina crystallites present
in such powder samples do not exhibit usually one or two well-defined surfaces only but a
much broader distribution of facets and edges. Nevertheless, the use of DFT simulation helps
to identify precisely which site on which facet is at the origin of the observed phenomena.
Alternatively, it is also proposed to work on a—alumina single crystals exposing one unique
well-defined surface[61] in order to identify the nature of interfacial OH groups by combining
Sum Frequency Generation (SFG) spectroscopy[62] and DFT simulations[63]. Other AIMD
simulations also revealed the long range effect (up to 10 A) of the (110) surface on the water
structuration and proton redistribution at the interface.[64] These effects are suspected to
impact the reactivity of the interface with respect to the sorption of metallic precursors or

(in)organic additives.

As for boehmite, following an AIMD analysis of the surface OH groups, the protonation
constants of these hydroxo groups were computed by using the MUSIC empirical model,[48]
and the surface charge of alumina powders in solution modeled with PHREEQC [51] in
reasonable good agreement with experimental titration curves. This work showed that the
extent at which alumina powders accumulate charge in solution depends mostly on the

reactivity of mono-coordinated p;-OH groups.
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Figure 2: a) Calculated IR spectra for alumina OH groups of both faces in vacuum (dots) and
Solid-Water Interface (line) and (b) Surface charge curves at different ionic strengths (1) 1,
(2) 10, and (3) 100 mM from experiments (dots) and simulations (line). (Reprinted from

reference [48], Copyright (2019), American Chemical Society)

Future works in this area should aim at computing the complexation constants between these
surface groups and molecules from the impregnating solutions. This will undoubtedly make
catalyst impregnation more predictable, though it is a very ambitious goal from the

computational point of view.

Hence, to explore the reactivity of various species at the interface where the aqueous solvent
is treated explicitly, it is mandatory to go beyond standard AIMD approaches by using biased
AIMD simulations within the formalism of metadynamics[21] or blue moon sampling[22, 65]
which enables the scan of the energy landscape of a given reaction. They belong to the so-
called biased or constrained AIMD simulation family because the searched reaction pathway
is more efficiently explored, within the limits of CPU limitations, by constraining the system
along relevant collective variables (bond distances, angles, coordination number...). In
addition, metadynamics simulations use a set of mathematical tools that allow the system to

overcome more easily activation barriers and hence a more efficient use of computational
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resources in reactivity focused studies. The latter methods have recently shown the selective
interaction of polyols with specific Al surface sites of alumina in solution, which may play a

role in the stabilization of alumina in hot water.[66]

An alternative approach can be provided by reactive force fields which reduce significantly
the computational cost of molecular dynamics -and thus increase the number of explored
configurations- for larger systems.[24] The main peculiarity of the latter approach is its ability
to model bond breaking and forming mechanishms. Still, as in conventional force fields, they
require, as a preliminary step, a robust parametrization of the force field against quantum
calculations on benchmark systems to ensure the transferability of the force fields to a wider
range of possible reactions. To further accelerate the molecular dynamics simulation, it is
envisaged that machine learning approaches could also be used in close conjunction with DFT

approaches to develop force fields in the course of the AIMD simulation itself.[67]

5. The dried/calcined catalyst

As described in Figure 1, the next important stage of the catalyst preparation is the drying or
calcination of the impregnated support. This stage features the strength and nature of
interactions of the metal oxide precursor and/or (in)organic additives with the support. This
will directly impact how the metal oxide precursor will be subsequently activated in reducing
or sulfiding environment. This stage can be studied by state of the art ab initio
thermodynamics and spectroscopic simulations in gas phase. The surface state of the support
must be considered with great care, according to the (T, P) conditions applied during this
thermal treatment (drying ~ 120°C, calcination ~ 450-500°C) which strongly influences the
hydroxylation state of alumina (or any other oxides) and thus, the nature of the interaction

between the precursor and the support.
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The effect of residual alkaline counter-ions used in the mother impregnation solutions or in
the alumina synthesis method was studied by DFT approaches and revealed how sodium
cations exchange preferentially the proton of tri-coordinated pz-OH leading to a Na* species
solvated by the neighboring surface OH groups and thus decreasing the surface Brgnsted
acidity of the support as highlighted by IR spectra and frequency calculations of the OH
stretching bands.[68] Conversely, exchanging chloride anions with mono-coordinated p;-OH
groups was shown to enhance the surface Brensted acidity which can be profitable for some
industrial processes such as naphtha reforming.[46, 69] Interestingly, the most recent results
combining *H NMR experiments and DFT calculations indicate that chlorides preferentially
exchange w;-OH located at edges of the nano-crystallites.[46] Moreover, the effect of
chlorides is not restricted to the support, as it may also coordinate to the metal directly as
found for Cu®* in an oxychlorination catalyst in reference [70], where it was reported by DFT
calculations that the number of CI™ anions bound to Cu®* depends on the alumina surface and
on the thermal treatment. Such a “ligand effect” of Cl atoms was also reported to stabilize Pt
clusters in a highly dispersed state on alumina,[71] and is reminiscent of the earlier Che’s ICC

concept.[1]

Regarding Co containing catalysts (Fischer-Tropsch and hydrotreatment), DFT calculations
highlighted the most favourable anchoring sites and modes for Co®" hydrated ions on the y-
Al,O3 surfaces following a molecular recognition mechanism comparable to an epitaxy
relationship (Figure 3), [72] in the spirit of earlier proposals.[73] Such a strong metal-support
interaction (involving O of the alumina network) enhances the formation of interfacial
Co(OH), phase as suggested by earlier experiments[74] which may be detrimental to the
subsequent activation of Co. Similar precipitation phenomenon of Ni(OH), has been observed
by XAS also in the case Ni*" on a—alumina surface.[75] To avoid this, the alumina surface
must be modified by silicic acid impregnation followed by a thermal treatment in order to

15



generate an amorphous silica-alumina layer. In this case, DFT calculations showed that the

molecular recognition mechanism is strongly diminished.[72]
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Figure 3. DFT optimized structures for adsorbed organic molecules (ethylene glycol and
acetic acid) and Co®* on alumina after drying. In the Co*" containing structure, three types of
O atoms are represented: O from alumina hydroxyls (blue), O from water in the Co sphere
(green), O from the alumina network (red). Left part is reprinted from [76] Copyright (2018),

American Chemical Society. Right part is adapted from [72].

Alternatively, organic additives are widely used nowadays in catalysis preparation to control
the interaction of precursors of the metal active phase with the support as well as to optimize
its subsequent activation.[7, 14] DFT calculations may identify the adsorption modes and
energies of these various species under drying or calcined conditions. For acetic acid and
ethylene glycols, it was shown that their interaction involve a hydrogen bond network formed
between the hydroxylated alumina surface and the molecules (Figure 3).[76] As already
discussed for boehmite, surface hydroxyls nests stabilizes these organic additives in some
specific sites of the alumina surface, which is consistent with FT-IR characterization.[60]
DFT results showed that those sites may be the same as the ones identified for cobalt for some

molecules and alumina orientations, which reveals that a competition for adsorption may take
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place. However, since the calculated adsorption free energies are favored for cobalt(ll) due to
entropic gain resulting from nitrate decomposition, it also open the question for the future
works to explore the nature of the cobalt precursor used and the sequence in which cobalt and

additive are impregnated.

6. Activation step

This last step is a very critical one for the formation of the wished active phase and it is still
the subject of numerous challenging questions, particularly when the optimal active phase
must be composed of several metallic elements such as alloyed nanoparticles or mixed
transition metal sulfides (TMS) nanoparticles.[77] The complexity of this step is due to the
numerous chemical events involved during the reduction or sulfo-reduction steps of the oxidic
precursors into the metallic or sulfided phase, respectively. Here, DFT calculations will
certainly provide more relevant insights in the future in order to improve the understanding of
(sulfo)reduction mechanisms in presence of H, and/or H,S leading to the removal of O atoms
from the coordination sphere of the metals in oxide precursors. Many fundamental key
questions can be addressed regarding the rate limiting steps and intermediates of the
reduction, the nature and location of the most refractory O sites (on the metal or at the metal-
support interface ?) In the case of the activation of MoS, catalysts, experimental works
proposed that its formation goes through a series of oxysulfides and also MoS; intermediates,
whose structures are poorly known due to their amorphous features.[78, 79] Interestingly,
reverse Monte-Carlo simulations have been used to establish the first atomistic models of
MoS; exhibiting a distorted Mo chain.[80] Figure 4 illustrates ongoing DFT simulations
addressing this challenging problem of the nature of supported oxysulfides and various MoS;

polymorphs before their transformation into the MoS, active phase.[81] Significant progress
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can be expected in this area in the coming years which will certainly allow to identify more
systematically thermodynamic and kinetic parameters of phase transformation as a function of
activation conditions. If so, this will provide the basis for in situ/operando modelling of the

activation step as it has been initiated so far for catalytic reactivity.[82]

Figure 4. DFT structures of a) MoO,Sy intermediates supported on alumina surface, and b)
various MoS3; polymorphs [81] suspected to be formed during the sulfidation of Mo-oxides

into MoS; layers (c) with triangular or hexagonal shapes depending on Hy/H,S pressures.

At this stage, ab initio thermodynamics showed how the sulfo-reductive conditions, T and
p(H2S)/(H>), used during the activation step may impact key features of the MoS, or WS,
based active phases. It was shown that the equilibrium 2D-morphology of the Mo(W)S; nano-
particles may be tuned by the H,S/H, partial pressures (Figure 4c) and several experiments
have confirmed these predictions,[83-87] although we cannot exclude that 2D-morphologies
can also be determined by Kkinetic effects induced by the precursors, the preparation
methods[86] and/or support effects.[88] Moreover, ab initio thermodynamics revealed how
sulfo-reductive conditions (including those used in activation conditions) impact the edge

energies and thus the stability of Co and Ni promoters[89] and other first row transition
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metals[90] located at the edges of Mo(W)S, phases. This shows how ab initio

thermodynamics is a necessary piece of the puzzle of the so-called “in situ/operando model”.

Many key questions concern the nucleation and growth mechanisms of metallic particles from
isolated atoms to clusters and to bigger particles and how they might impact the dispersion of
the active phase. This requires to quantify the stability of such entities (in their oxidized and
reduced state) but also their mobility on a given support which is also possible through DFT
calculations. For Pd, it was shown by DFT calculations that the stability of isolated metallic
atoms and diffusion rates depend strongly on the hydroxylation state of alumina:[91, 92] the
stronger adsorption energies and lower diffusion rates of the isolated Pd found on the
hydroxylated (110) surface than on the dehydrated (100) is interpreted to be a strong
indication that the dispersion is greater on the (110) surface. For Pt;Ox species (as found in
some Pt oxide precursors), DFT calculations combined to HR-TEM experiments showed that
the transformation of Pt;Oy into large Pt oxide particles is thermodynamically unfavored with
respect to their transformation into hydride Pt;3 cluster (Figure 1f left) in the presence of
H,.[93] This underlines the role of the reduction step on the metallic particle growth
mechanism. Further ab initio thermodynamics studies showed how the reduction conditions, T
and p(H,), impact the resulting morphologies of Pt;3 cluster on alumina,[94] which has been

successfully compared to in situ XANES characterization.[95]

Here again, the role of the “ligand effect” of the support on the metal can be crucial for the
stabilization of highly dispersed particles with various shapes.[96] A DFT study quantified
how chlorine atoms present on alumina stabilize small Pt clusters: this effect of chlorine on
particle size is actually used to maintain a high dispersion of Pt particle during the
regeneration of naphtha reforming catalysts.[71] For MoS, based catalyst, an epitaxy

relationship was highlighted by ab initio thermodynamics between the edges of MoS; clusters
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(containing 6 Mo atoms) and anatase-TiO, surfaces which is at the origin of the higher active

phase dispersion reported on the TiO, support.[88]

Once sufficient DFT data on the reaction barriers and energies of the various transformation
and diffusion processes involved will be determined, kinetic Monte-Carlo approaches may be
implemented to quantify the full genesis pathways as it was proposed for zeolite synthesis.

[97]

7. Conclusions

In this perspective, we have highlighted one of the most challenging topics for computational
chemistry, related to the molecular scale description of the preparation and activation steps of
heterogeneous catalysts. Although the goal to simulate the entire complexity of these steps
might appear too ambitious for such theoretical approaches, we have highlighted several
possible methodologies that could address some individual parts of the problem within a
reductionist formalism allowing to describe correctly the chemical phenomena we want to
address. We recall them here: state-of-the-art DFT, ab initio molecular dynamics (including
biased AIMD), kinetic Monte-Carlo, reactive force-field molecular dynamics. We have also
illustrated an example of multi-scale approach combining empirical MUSIC model and DFT
descriptor to include pH effect during impregnation. Once more progress will be achieved
allowing the determination of an extended database of chemical descriptors for one of the
preparation steps described before, it will be possible to develop a more complete multi-scale
approach taking into account preparation conditions with multi-parameters (T, pH,
concentration, pressure) as it starts to be accessible nowadays for gas phase catalytic

reactions.[98]

For sake of clarity, we mainly focused on alumina supported catalysts and illustrate how it is

important to use a well-defined models of the support that also take into account the system
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hydroxylation state at the relevant thermal and water pressure conditions of each preparation
step: this plays a key role for simulating properly the phenomena involved in the so-called
interfacial coordination chemistry (ICC) concepts. The computational approaches presented
here can certainly be extended to other metal oxide supports and catalytic materials (as
mentioned for TiO, and zeolithe synthesis above), provided that a reliable DFT model of the

exposed surfaces is available.

In practice, these simulations will need larger and larger computational resources (particularly
AIMD) as well as a lot of human effort in order to explore the numerous configurations and
reaction coordinates involved (combination of bond distances, angles, ...) not necessarily
known a priori. Advances in this field will go hand in hand with the novel application of
mathematical techniques, some of them based in artificial intelligence methods,[99] to
accelerate the sampling of multi-dimensional potential energy surfaces but also by the
incentive from an ever more rational understanding of the complex chemical phenomena

involved in the preparation steps of heterogeneous catalysts.

Before closing this perspective, we would like to underline that in spite of the expected
continuous progress of computational methods presented before, it would be too optimistic to
expect that they would fully replace experimental approaches. This is even more true than in
the case of the prediction of catalytic reactivity mentioned in introduction. First, the
availability of well-defined set of experimental data is highly recommended to improve and
validate not yet mature simulation methodologies. Once validated, these methodologies will
accelerate the research in a subsequent step, by reducing the number of “trials and errors”
attempts. Finally, decoding the complex molecular phenomena involved in catalyst’s
preparation should work hand in hand with experimental approaches, in order to reinforce the
synergy between “in vivo” and “in silico” designed catalyst, as suggested by Michel Che three

decades ago.[1]
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