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Abstract: Controlling the nature and size of cobalt(Il)
polynuclear precursors on y-alumina and silica-alumina sup-
ports represents a challenge for the synthesis of optimal cobalt-
based heterogeneous catalysts. By density functional theory
(DFT) calculations, we show how after drying the interaction
of cobalt(Il) precursor on y-alumina is driven by a structural
recognition phenomenon, leading to the formation of an
epitaxial Co(OH), precipitate involving a Co—Al hydrotalcite-
like interface. On a silica-alumina surface, this phenomenon is
prevented due to the passivation effect of silica domains. This
finding opens new routes to tune the metal-support interaction
at the synthesis step of heterogeneous catalysts.

Controlling the phenomena occurring at the interface
between oxidic materials and metallic complexes has been
a challenging topic during the last decades.!! Indeed, they are
involved in several environmentally and industrially impor-
tant situations, such as corrosion, water treatments, and
catalyst preparation. Cobalt in particular has drawn much
attention: “’Co is a radioactive isotope found in nuclear
process wastewaters, whereas cobalt-containing heterogene-
ous catalysts are widely used for hydrodesulfurization reac-
tions,?! Fischer—Tropsch synthesis®®! (both examples enabling
the production of cleaner fuels), oxygen evolution reactions,!
and a large set of C; chemistry reactions (CO oxidation,”! dry
reforming of methane,® inter alia). y-alumina” or amorphous
silica-aluminal® are used industrially as efficient Co sorbent
or supports for such applications.”’] Cobalt (as well as nickel)
is known to exhibit strong chemical interactions with the y-
alumina surface at the various preparation steps of catalysts
(impregnation, drying, and/or calcination) which may lead to
the formation of hardly reducible hydroxides or even mixed
aluminium—cobalt (nickel) oxide phases being detrimental to
the final catalytic activity."**!"! This feature might be
explained by the adsorption mode and strength of cobalt
precursors on the y-alumina surface. Although UV-visible
spectroscopy !l and EXAFSI'®'? analyses brought insights
on the local environment of adsorbed Co species, the
chemical nature and local structure of the interface between
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cobalt species and the surface remain to be unraveled, which
is mandatory for the control of the final catalyst. DFT
calculations have shown their ability to provide predictive
molecular insight in the structure of complex -catalytic
systems, including supported transition metals.!"”!

Herein, we propose a DFT study of the interaction of the
most widely used cobalt precursor, cobalt(II) hexahydrate
(Co(H,0)¢*"), with the y-alumina surface as predominant
after the drying step of the preparation process. We reveal
a specific interaction between the cobalt precursor and the
surface, different from the simple OH exchange usually
invoked™ and consistent with the concept of structural
recognition, developed in the field of biochemistry by E.
Fischer,™ extended to chemistry and supramolecular chemis-
try," and later by M. Che et al. to interfacial chemistry for
the interaction of metallic complexes with inorganic surfa-
ces.!'” We then propose a thermodynamic mechanism for the
growth of Co-hydroxide over y-alumina occurring during
deposition. Lastly, we predict that structural recognition is
prevented on a silica-alumina surface, which impacts the
nature of cobalt species at the surface.

The adsorption of a cobalt(IT) precursor was first inves-
tigated on the (100) and (110) y-alumina surface, with models
developed by Digne et al."™ (Supporting Information (SI)
S1). To mimic the residual interactions of the cobalt precursor
with the alumina surfaces after a mild drying at room
temperature, both surfaces were considered in their highest
hydration state (about 17 OHnm 2 each, under P(H,O)=
1 bar). The Gibbs free energy of cobalt monomer adsorption
A,G°,4 was quantified at 298 K (SI S2) to allow a consistent
comparison with previous experimental data.'*! General
trends hold true for higher drying temperature (up to
~400 K) as used in many other experiments® %1l (ST S3).
In a first step, a suitable octahedral inner-sphere mononuclear
complex was examined at low Co coverage (0.37 and
0.53 Conm™ on the (110) and (100) surface, respectively),
following insights from UV-visible spectroscopy!! and
EXAFS.[*1?l Several coordination modes and surface sites
were investigated (SI S3): the most relevant configurations
are reported in Figure 1. Any attempt to produce a mono- or
bidentate octahedral inner-sphere complex bound only to
surface hydroxy groups (p,-OH, Scheme 1) proved unsuc-
cessful, and led to tetrahedral-like species (Figure 1c), with
spontaneous removal of two water molecules from the
coordination sphere of cobalt during optimization. Such
systems were characterized by A,G°4=—174 kImol™" for
the most stable one. Thus, we investigated other possible
surface coordination modes involving alumina oxygen atoms.
On both (100) and (110) surfaces, it was possible to identify
much more favorable octahedral structures (Figure 1a,b),
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=-174 kJ mol!

A,G°,q, =-200 kJ mol! AG°, 4, = 234 kJ mol! ATG%

‘ @Al @O (framework) @ O (surface OH) © O (from Co complex) @ Co ©¢H

Figure 1. Optimized structures of: most stable octahedral inner-sphere
complexes on the a) (100) surface, b) (110) surface. c) Tetrahedral
complex as obtained by exchange with w,-OH ligands only.

Table 1: Interatomic distances (in A) in several oxidic materials and in
our models of cobalt precursor adsorbed on alumina described above.

Material Co-O Co-Al Co—Co Reference
B-Co(OH), 2.10 - 3.17 [le]
Co-Al hydrotalcite 2.08 3.08 - [1d]
Co/y-alumina 2.08 3.27 3.14 [Te]
Co/y-alumina (100)® 2.3 3.02 3.08 this work
Co/y-alumina (110)# 2,13 3.10 2.80-2.89 this work
Co/kaolin 2.08 3.25 3.14 [Te]
Co/ASAF! 2.11 3.06 - this work

[a] For the most stable configuration for each Co coverage (from 0.37 to
2.22nm™?).

with Co—O and Co-Al distances consistent with EXAFS['*?!

(Table 1). The octahedral coordination sphere of the cobalt

atom involved three types of oxygen atoms:

- One or two oxygen atoms (red) initially of p, or y; types and
belonging to the alumina framework,

- Three or two (respectively) oxygen atoms from initially p,-
OH hydroxy groups (dark blue) of the hydration layer and/
or of the precursor complex,

- Oxygen atoms (light green) of water molecules from the
precursor.

o

A,G°, values are —200 and —234 kJmol ™" on the (100)
and (110) surface, respectively. Ab initio molecular dynamics
confirm these stable conformations. They are chemically
relevant because the cobalt atom is inserted in an octahedral
aluminum vacancy created by the cleavage of the surface, and
the interaction can be interpreted as a surface structural
recognition phenomenon (Scheme 1). This is also expected at
edges of alumina particles, as the geometry requirements will
be the same. This feature can be understood by comparing the
cobalt environment in our models and in reference materials,
as 3-Co(OH), and Co-Al hydrotalcite (Table 1). Co-O and
Co-Al distances are rather similar, in particular on (100).

Co coverage was then increased from 0.37 to
2.22 Conm 2, on the (110) surface (for (100) see SI S5). For
two cobalt atoms in the surface cell (0.74 Conm?), different
configurations were tested: 1) two isolated surface complexes
apart from each other (“dispersed”, Scheme 1g); 2) two
octahedral surface complexes bound by an edge (“epitaxial”,
Scheme 1h); 3) one grafted complex and the second being
grafted on top of the first one by an edge, and without direct
interaction with the surface (“apical”, Scheme 1i) When
a polynuclear species “epitaxial” or “apical” is involved, the
local structure exhibits an edge-bound octahedral connectiv-
ity (corner-bound octahedra are less stable), as also known for
[-cobalt hydroxide (SI S4). The “epitaxial” configuration is
the most stable (A,G°,4 = —209 kJmol ™), in close competi-
tion with the dispersed mode (A,G°, = —208 kJmol™'). The
apical mode is less stable by 70 kImol . Co—Co distance in
the “epitaxial” dimer is around 2.90 A, slightly lower than the
Co-Co distance in p-Co(OH), (3.17 A).

This difference can be explained by the structural
recognition phenomenon: the dimer is constrained by the
interaction with the surface, and the Co—Co distance is related
to the AI-Al distance on y-alumina (2.8 A). The Co-Co
distance on (100) is slightly higher (3.08 A) and matches the
experimental reports (Table 1). The contraction of Co—Co
bonds as compared to the reference hydroxide also appears in
experimental data from EXAFS.'! It was indeed proposed
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Scheme 1. Polyhedron representation (side view) of surface coordination sphere of Al (pink and blue if ligands are framework O atoms and water
O atoms) and Co (green) on y-alumina. (100) surface: a) dehydrated (mostly Al, atoms); b) hydrated; expected surface complex according to
exchange with W,-OH groups: ¢) monodentate or d) bidentate; e) most favorable mode, implying w,-OH and framework oxygen, obtained by
structural recognition. (110) surface: f) adsorption of a single Co complex. The right bottom image depicts the Co adsorbed on the (110) surface
seen perpendicularly; adsorption of several cobalt complexes: g) dispersed, h) epitaxial, i) apical.
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that a “modified Co(OH),” phase (with contracted dimen-
sions) was grown on the y-alumina surface.'"” The authors
assigned this to possible defects in the hydroxide phase, we
propose here that this is due to the epitaxial constraint
imposed by the y-alumina surface. At 1.11 Conm ? (three Co
per unit cell), the dispersed mode appeared to be less stable
than the epitaxial mode, which is consistent with EXAFS at
the K-edge of adsorbed Co" experiments revealing Co second
nearest neighbors far below the monolayer.'*! The authors
concluded the existence of polynuclear species, with a f3-
hydroxide-like structure (B-Co(OH),)."™ Our calculation was
extended to higher Co coverage on the (110) surface (up to
2.22 Conm 2, six Co complexes per unit cell). Inspired by the
previous results, the connectivity between Co complexes was
investigated according to the p-Co(OH), structure (Co
“epitaxial” oligomers aligned in a single row).

Figure 2 shows the stability of the i Co-oligomer on the
cell containing the most stable surface (i—1)" Co oligomer
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K
& 230 4
=
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Figure 2. Comparison of A ,G°,q, for the apical and epitaxial modes on
the (110) surface. The free enthalpy of formation of 3-Co(OH), from
the same Co-initial state is also drawn.

(SIS2), in the “apical” or “epitaxial” mode. At any Co
coverage, the “epitaxial” oligomer is favored. At low cover-
age (0c,<2 Conm ?), A,G°, of Co on the y-alumina (110)
surface is lower than the free energy of formation of (-
Co(OH), from the same initial state (—200 kJmol™"). This
enlightens the stabilizing role of the interaction of surface
with cobalt species. At higher Co coverages, this support’s
stabilizing effect is reduced by the deformed structure of the
oligomer with respect to the reference $-Co(OH), one. Hence
A,G®, gets closer to the free energy of formation of f3-
Co(OH),. For six atoms in the unit cell (6, =2.22 Conm ™),
an infinite row of Co atoms is bound to the surface, with
Peierls-like distortion.

These results allow to propose a thermodynamic mecha-
nism for the growth of the experimentally observed surface
cobalt hydroxide, summarized in Scheme 2. First, isolated
complexes are grafted following the structural recognition
phenomenon evidenced. Beyond ca. 1 Conm ™2, aligned Co
oligomers are formed. Above ca. 2 Conm 2, these rows can
initiate the nucleation of Co hydroxide layers as found in the
B-hydroxide structure: the Co-complex rows act as anchoring
points for the 3-Co(OH), layers. These layers are constrained
to grow on the surface with a tilt angle of about 34° and 60°
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Scheme 2. Mechanism for the growth of 3-Co(OH), surface precipitate
on the y-alumina surface (top view), according to the thermodynamic
stability of plausible intermediates. Light and dark grey polyhedra
represent Co complexes grafted to the surface and in the Co(OH),
sheet, respectively.

and with an interlayer distance of about 4.65 A and 5.30 A on
the (100) and (110) surface, respectively (SI S7). A similar
feature was observed experimentally for the growth of
molybdenum oxide on y-alumina,” and recent GI-XAS
showed the precipitation pathway of Ni(OH), from Ni"
species grafted on o-alumina (1-102).'fl The present work
goes beyond: it shows that such a phenomenon can be
extrapolated to Co species deposited on an industrial-type y-
alumina support.

Finally, we explored the impact of changing the nature of
the surface when a silica overlayer is deposited to form
amorphous silica-alumina (ASA), using the model developed
by some of us®?! (SI S1). This model appears to be relevant
for industrial supports, with a high Si coverage of
6.4 Sinm 21321 For 0.53 Conm™, it was very difficult to
isolate a suitable octahedral inner-sphere Co complex. Most
of the adsorption free energies (SIS3) were about
—140 kJmol™" for the most stable systems, which is signifi-
cantly lower than on alumina. We found only one possible
configuration in which Co was adsorbed in a pentahedral
inner-sphere complex with A.G°,4=-207 kJmol™" (Fig-
ure 3b). The local Co-O and Co—Al distances are comparable

(@ (b)

A A AG°, 4. = 207 kJ mol!

Figure 3. a) Polyhedron representation of the ASA surface (same color
code as Scheme 1, and Si coordination sphere in yellow). b) Perspec-
tive view of the most stable adsorption configuration found.

with EXAFS (Table 1). However, from this isolated location,
it was impossible to construct a row of epitaxial Co oligomer
such as on alumina. Hence, the silica overlayer “passivates”
the y-alumina surface and reduces the interaction between
the Co complex and the surface. This prevents the formation
of a mixed Co-Al oxide phase. Indeed, the structure of the
ASA surface is significantly different from that of the y-
alumina: disordered silicon tetrahedra and five-coordinated
aluminum, extracted from the alumina surface, appear on the
surface (Figure 3a), so that no systematic structural recog-
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nition phenomenon can be identified for the cobalt precursor.
Experimentally, the high-temperature peak (a800-900 K) of
programmed reduction temperature observed of Co species
on alumina is not observed on ASA.P! This is assigned to the
absence of epitaxially grown species. As a corollary, we expect
that changing the surface Si/Al ratio on ASA will tune the
distribution and size of Co oligomers at the silica-alumina
surface, which impact the final cobalt catalysts (dispersion,
reducibility).[102!

This DFT study provides original insights at the molecular
scale on the chemical nature of the interface between a cobalt
aqueous precursor and the vy-alumina or silica-alumina
surfaces after the drying treatment of the preparation
sequence. The tendency for the formation of polynuclear
species below the monolayer coverage and a mechanism for
the formation of a surface precipitate are proposed on the
basis of a structural recognition phenomenon on y-alumina.
These strong epitaxial interactions explain the affinity of
cobalt precursors for alumina, which leads to the formation of
undesired mixed oxide phases—and the loss of cobalt atoms.
Amorphous silica-alumina support (with a high surface Si
coverage) prevents this structural recognition phenomenon,
due to the presence of a passivating silica overlayer. We hope
that this work will pave the way for future DFT simulations
devoted to the impregnation step of cobalt on alumina in
aqueous medium. More generally, these findings may open
perspectives for the optimization at the molecular scale of the
synthesis steps of cobalt active phases involved in numerous
heterogeneous catalysts.

Methods Section

Periodic DFT calculations were performed by using VASP?? with the
GGA-PBE functional® and PAW pseudopotentials.**! The cut-off
energy was equal to 400 eV and the convergence criterion on the
forces was fixed at 0.02eV A~! for geometry optimizations. Spin-
polarized calculations were performed (cobalt(II): d’ electronic
configuration). Additional details about models, thermodynamics,
and methods are given in SI S1, S2, and S8.

Keywords: adsorption - catalyst preparation - cobalt -
density functional calculations - y-alumina
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