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Theoretical insights into the interaction of oxygenated organic molecules

and cobalt(l1) precursor with y-Al,O3 surfaces.
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24 Abstract

We have investigated the interaction of two common oxygenates, ethylene glycol (EG) and
30 acetic acid (AA) with the main exposed (100) and (110) surfaces of y-Al,O3 surfaces by

32 quantifying the thermochemistry of the drying process. Using Density Functional Theory

34 (DFT) calculations we have calculated the thermodynamically favorable free energies, and
identified the adsorption modes and sites involved for both molecules with the main exposed
39 (100) and (110) surfaces of y-Al,O3 We show that the affinity of EG for alumina surfaces

41 sites is stronger than AA after drying. EG preferentially interacts through hydrogen bonds on
the hydroxyl nests of the (100) surface, while it may interact through Al-O bonds on the (110)
46 surface. AA is predominantly deprotonated and interacts as acetate anions through Al-O

48 bonds on the (100) surface, and hydrogen bonds on the (110) surface. We then propose a
quantitative comparison of the interaction of Co*" hexaaquo precursor with the same y-Al,O3
53 surfaces. The adsorption configurations of the two organic molecules which may hinder the
55 epitaxial growth of cobalt oligomers on alumina surfaces are identified. The thermodynamical
57 analysis shows that EG and AA are less stable than the Co precursors after drying. The strong

stabilization of Co precursors is attributed to its epitaxial relationship with the dried alumina
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surfaces as found in [Angew. Chem. Int. Ed. 2015, 54, 6824-6827] but also to entropic effects
involved in the drying process (vapor release and counter-ion decomposition in the gas
phase). We finally discuss how these effects can be circumvented by changing the conditions

of the impregnation and drying steps.

1 Introduction

Metal oxides are key materials in heterogeneous catalysis. Amongst them, y-Al,Ogs, also
referred to as “alumina”, is one of the most widespread support in industry *. Although the
main role in a catalytic process is attributed to the so-called active phase (generally a metal),
aluminas, acting as “carrier” at the backstage, also have their share of fame in the overall
performance of the catalytic material. Once a suitable metallic phase/support couple is
identified for a given catalytic reaction, much of the efforts to fine-tune the heterogeneous
catalyst focus on the optimization of the concentration, structural (morphology, size) and
electronic properties of the metallic active phase, and on the optimization of the textural
properties of the support itself. However, the extent to which we may modify any of these
characteristics depend on the intrinsic metal support interactions (MSI) between, on the one

hand, the forefront active phase and, on the other hand, the alumina carrier at the backstage.

Although many researchers have investigated MSI effect for a long time?>, the
interplay between the active phase and the alumina carrier represents a challenging question

from the preparation steps to the working state of the catalyst. However, it is still today
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assessed indirectly from experiment, rationalized with chemical intuition and optimized by
trial and error. Even if we focus on the relevant case of alumina supported catalysts, the

preparation steps of the catalyst are still scarcely investigated by theoretical approaches ® 2.

During the preparation steps of the catalyst (impregnation and drying), it is well
known that the metallic precursors interact with the hydroxyl groups and/or aluminum sites
exposed on the aluminas’ surface and this chemical interaction depends on several parameters
(pH, counter-ions,...) imposed by the aqueous mother solution®. If we consider relevant

catalytic systems for low temperature Fischer-Tropsch (FT) synthesis *°

or for hydrotreating
(HDT) *, cobalt, nickel and molybdenum are often a key component of the active phases.
Sarrazin et al. have shown by infrared analysis that the interaction of oxomolybdenum anions
with y—alumina surfaces occurs through an exchange of the neutral and basic and hydroxyls
2 The relationship between the alumina surface structure and the reactivity of surface
hydroxyls has been further explored for the adsorption of Mo oxoanions and Ni?* on both the
(0001) and (1102) a-alumina monocrystal surfaces™**. It was shown that the oxide support is
playing different roles depending on the exposed crystal surface. On y—alumina, DFT
calculations have also identified the most favourable adsorption sites of Co' hydrated ions on
the (100) and (110) hydrated surfaces of y-Al,O3 corresponding to low water pressure after the
drying step and thus in the absence of the liquid solvent °. In particular, Co anchors on both y-
Al,O3 (100) and (110) surfaces by substitution of surface OH groups, and by the formation of
additional Co-O bonds with surface oxygen atoms leading to strong epitaxial interactions. An
important step further in the preparation methods was made by adding oxygenated organic
additives (such as polyols, carboxylic acids, ...) to modify and improve the deposition of
cobalt metallic precursors of FT and HDT catalysts®. This subject attracts a vivid scientific

interest as illustrated in in scientific publications devoted to the role of these oxygenated

additives on alumina supported cobalt FT ** and CoMoS HDT catalysts ***’. However, the
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understanding of the modes of interaction of such organic additives remains unclear. It is
argued that the use of additives might displace the metallic species at the alumina surface and
thus reduce the loss of the metal in the support and improve the dispersion or the activation
process. These oxygenated organic molecules can be impregnated at different steps of the
preparation which impacts the physico-chemical properties of the final FT or HDT catalyst
1618-21- on the alumina support before any metallic precursors (pre-impregnation), together
with the metallic precursors (co-impregnation), after the metallic precursors and first drying
(post-impregnation). In each case, the following pairs of complexation processes are in
competition: Co—water, Co—additive, Co—surface, surface—water, and finally surface—additive.

Well quantified interactions of all these processes are still missing to tune the choice of

additives with the adapted protocol of preparation.

A second important case where the interaction of organic molecules with alumina support
plays a key role concerns the preparation of the support itself, and the tuning of its textural
properties during hydrothermal treatments ?*2*. For instance, alumina supports are often pre-
impregnated (that is, before the metal deposition), with AA in order to increase their porosity.
Although this has beneficial effects in some catalytic applications, such as the hydrotreatment

of petroleum residues 2, it may be deleterious for the reducibility of the active phase *?°,

A last important application, where the interactions of metal and organic additives
with the support may play a key role, is related to the stability of alumina support during
specific reaction conditions, in particular when water is a byproduct of the targeted reaction,
such as in FT synthesis or in biomass conversion °. Several works have shown that adding

metallic elements®’ or oxygenated additives **?* %"

may prevent the transformation of alumina
into boehmite in hydrothermal conditions. It may thus be relevant to better quantify the

chemical interaction of such metallic or oxygenated species with the alumina support.
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In this theoretical work, we focus our attention on the interactions of acetic acid (AA),
ethylene glycol (EG) and compare them with those of cobalt(Il) hexaaquo precursors with the
adsorption sites of y-Al,O3. One should bear in mind that the two organic molecules studied in
this work are potential candidates to be used for regulating metal-support interactions during

the preparation of alumina supported metal-catalysts.

In the following sections we will first present the theoretical methodology. We then
present results on the adsorption of AA and EG for on the two relevant surfaces of alumina,
that is, the (110) and (100) surfaces. For that purpose, we will use the relevant alumina surface

models from the theoretical works of Digne et al.®*%

that have been already applied to study
MSI 3+ and alumina-water interface “° . Then we will compare these results with the case of
cobalt(I1) species adsorbed on the same surface to identify how AA and EG molecules can
actually impact this cobalt-surface interaction. In particular, we will make use of the results

from a recent paper in which the interaction of Co with this support was studied °. Lastly we

draw the conclusions and present our perspectives for future work.

2 Methodology

The (100) and (110) y-alumina surface models used in this work are those developed
by Digne et al. ***. In the conditions of a slight drying between room temperature and 50°C,
both surfaces are considered in their highest hydroxylation state. The structural changes
occurring during the hydroxylation of the dry (100) and (110) surfaces of y-alumina are well
explained elsewhere 33!, There are a lot of hydroxyl groups on these surfaces (Figure 1a) that
offer many different possibilities for the adsorption of the organic molecules such as acetic
acid (AA) or ethylene glycol (EG). Note that we will consider not only the adsorption on the

hydroxyls but also the exchange of these hydroxyls with the incoming molecules.
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2.1 Simulated systems

2.1.1 Adsorption at high surface coverage

Since we have to carry out an extensive exploration of the potential energy surface to
find out the most favorable adsorption configurations for these two molecules on both
surfaces, it makes sense to start our calculations in the smallest (1x1) simulation cells (Figure
1a) that are obviously less demanding in term of computational resources than the larger cells:
(2x3) and (2x2) for (100) and (110) surface respectively. Larger cells are investigated further
in our work to explore surface coverage effects (Figures S1.2 and S1.3). Hence we start by
studying the adsorption of 1 AA/EG molecule in this smaller cell, which corresponds to
surface coverage values 0 (1009 = 2.15 molecules/nm?, and 0 (11090 = 1.49 molecule/nm?,

respectively for the (100) and (110) surfaces.
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(a)
(110)
1]0)
(100)
Area = 8.03 x 8.36 A2
(\.
Area = 8.36 x 5.55 A?
Al (Iv) = i L Ay () >
cavity
(100) surface : 16 (AL,0;) +2 x4 H,0 (110) surface : 16 (AL,0;) + 2 x 6 H,0
0oy =17.1 OH/nm* 0oy =17.8 OH/nm*
(b)

Average position of O from OH-p, and H,0 groups
(100) surface 1.98 A

Average position of O from OH-p, and OH-y; groups

Average position of O from OH-y, and H,O groups
1.37A
Average position of O from OH-p, and OH-; groups

(110) surface

Figure 1. (a) Top view of the (100) and (110) hydroxylated slabs of y-alumina with surface
cavities (see Figure S1.2 for the larger systems) indicated for the (100). The aluminum Lewis
acid sites (LAS) are numbered by the roman numerals in brackets and their coordination
numbers are provided as indices. The surface oxygen and hydrogen atoms of the Brgnsted
acid sites (BAS) are denoted by letters and arabic numerals respectively. The total number of
Al,O3 units is also indicated for each surface, as well as the surface area and the hydroxyl
coverage. Color code: pink (aluminum), red (oxygen), and white (hydrogen). (b) The
rugosities of the (100) and (110) surfaces of y-alumina are compared as a function of the
relative positions of the different types of OH surface groups.

To find out the most favorable adsorption configurations for these molecules on the
(100) and (110) surfaces of y-alumina, adsorption free energies (AG) were calculated
according to the reaction scheme in Figure 2. This has been undertaken for several optimized

adsorption configurations (see the surface-molecule system in Figure 2). The two
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hydroxylated (100) and (110) slabs with respective thicknesses of ~20 A and ~15 A (referred
to as “surface” in Figure 2) and the molecule in solution (referred as “molecule(,”) were
taken as the reference systems before adsorption. In order to mimic the dry state (gas phase) a
vacuum of 25 A thickness was created on top of the surfaces before and after adsorption
(Figures S1.2a and S1.3a). It should be mentioned that the simulation boxes with isolated
molecules (in the liquid and gas phases) were created separately for the (100) and (110) slabs
in order to keep consistency in the box dimensions of all the sub-systems involved in the

adsorption process to avoid errors that may appear due to lateral interactions.

Surface x Molecule ), Surface-Molecule, yH0

Figure 2. Schematic representation of the impregnation reaction of dried y-alumina by a
solution of acetic acid or ethylene glycol followed by drying at T = 298 K, with x the number
of adsorbed AA or EG molecules (1 < x < 6) and y the number of desorbed water molecules
during the reaction(0 <y < 6).

Around thousand adsorption configurations were generated for both molecules on the
(100) and (110) surfaces to be used as starting points for geometry optimization calculations
based on the various schemes provided in Figure 3. In these configurations the molecule can
be either dissociated or non-dissociated, and its interaction with the surface can occur through
coordinate bonding with Lewis adsorption sites (LAS) indicated by the aluminum atoms in
Figure 1a, or through hydrogen bonding with Brgnsted adsorption sites (BAS) involving both
oxygen and hydrogen atoms of hydroxyls in Figure 1a. One should note that adsorption on
LAS Aly or Aly, implies simultaneously the removal of one surface OH/H,O group, whereas

8

ACS Paragon Plus Environment

Page 8 of 49



Page 9 of 49

oNOYTULT D WN =

The Journal of Physical Chemistry

it is not the case for Al,y (to be discussed later). When the organic molecule is linked to the
surface through one of its two oxygen atoms it is referred as to monodentate adsorption. If the
two oxygen atoms are implied in molecule-surface connections it is considered as bidentate
adsorption. Also if only one surface site (Lewis or Brgnsted) interacts with the molecule, then
we denominate this configuration either a LAS or a BAS adsorption. Otherwise if there are
two or more interacting surface sites, we call them LAS-LAS, BAS-BAS or mixed LAS-BAS
adsorption modes. A schematic representation of thecorresponding adsorption configurations

is provided in Figures 4a and 4b respectively for AA and EG.

( Monodentate  Bidentate
coordinate bonding < * LAS " LAS-LAS
* LAS-LAS * LAS-BAS
L * LAS-BAS
- No desorption of H,0
 Monodentate  Bidentate
. - hydrogen bonding < * BAS " BASBAS
Dissociative or non * BAS-BAS
dissociative adsorption L
( Monodentate  Bidentate
_ _ . + LAS + LAS-LAS
- Desorption of H,0 — coordinate bonding § | | Aq | s « LAS-BAS
. * LAS-BAS

Figure 3. Tree representation of the different adsorption modes and reactions involved during
the generation of the starting adsorbed structures (before geometry optimization) of AA and
EG on the (100) and (110) of y-alumina. The adsorption may be dissociative or non-
dissociative, and in both situations we have to consider whether a water molecule desorbs
from the surface or not, and if the molecule-surface interactions occurs through hydrogen
bonds or iono-covalent Al-O bonds.
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(b)

| Monodentate non-dissociative adsorption

H H
| |

0 0
~ ~
H,C HC —_— J—
HaC—CHgz : HaC——CH, 2‘ H/zc CHa H/zc CH,
/ HaC H HaC Hy, q 0—H, H—0 nO—H,
o T—H Ci,/“ \E‘,/ (IJ/H o T—H‘.‘.JHCI)/H \(‘)/ N "Cli/H H\Q %M
H
. Al—0—aAl Al—O—Al Al—0—Al A\—D—,!\\ Al—0—Aal ,!\]—D—m
LAS LAS-BAS BAS BAS-BAS
| Monodentate dissociative adsorption
H2C——CH; HZC—CQZ H,C —CQ; H/IC_CHZ
H / H / H H—0 \OtH
N H UL H _ HW
o\ c‘) ?/ o\ (|)u o~ H—0O [o) \O—H o Y —n
H H
Al—0—AI Al—0—Al Al—O—AI—Al A—o—A
LAS LAS-BAS LAS-LAS BAS-BAS
| Bidentate non-dissociative adsorption
H;C——CH,
H;C——CH; H;C——CH;
IH"’/: / ~H /HN\O\H HQ‘\‘Q_H’”@ A
H—0O O—H o O\H O—HimmmQ ? T (o]
Al—O—Al Al—0— Al—0—AI—O0—AI Al—O0— Al—O0—AlI—0—Al
LAS-LAS LAS-BAS BAS-BAS
| Bidentate dissociative adsorption
H,C——CH,
H H,C——CH, HC——CH» H,C——CH; / o
s i N\ _H H / \ o Ho O, i,
\ _H / \ \ _Huy / > \ _Huy, W \ h\‘\\ H H
C|> O\ /O (I)—-H 0 ‘0 0 (l)—H T ’T o) (I)—H ?/ (Ij H—0 \T—H
Al—O—Al—0—A|—0—Al Al—0—Al—0—AI—0—Al Al—0—Al—0—AI—0—Al AI—O—Al—O—.lI—O—AI
LAS-LAS LAS-BAS BAS-BAS

Figure 4. Schematic representation and denomination of the different initial adsorption modes
of AA (a) and EG (b) sorted as a function of the reaction type (dissociative/non dissociative)
and adsorption modes (LAS/BAS/LAS-LAS/BAS-BAS/LAS-BAS). Line code: Dashed red
represent hydrogen bonds, plain red represent Al-O iono-covalent bonding.

For a given initial adsorbed configuration, several other structures were generated by
rotating the molecules around the AI-O bond (LAS) or C-C bond (BAS) as illustrated in
Figure S1.1 in the case of AA. When the AA and EG molecules are dissociated upon
adsorption, the proton is transferred alternately on each of the surface oxygen atoms and OH
groups (Figure 1a) and this creates additional configurations. Note that the proton removed
from the organic molecule upon dissociation can also combine with the OH group of the
adsorption site to form a H,O molecule that desorbs when the organic molecule binds to 5-
fold or 6-fold Al atoms. It is well known that EG does not dissociate in water. However
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during the generation of our initial adsorbed configurations on the (100) surface, we tried the
simultaneous dissociation of the two protons of the OH groups of EG. It appeared that the EG
molecule recovers at least one of the dissociated protons after geometry optimization. This
observation prevented us from repeating the same procedure on the (110) orientation.
Moreover, in all the adsorbed systems generated for acetic acid following the previously
mentioned details, two AA molecules were simultaneously adsorbed on the two sides of the
slabs on the same adsorption site in order to avoid dipole formation. However, we noticed that
the energetic difference between the slabs with induced dipole (that appear due to the
adsorption of only one molecule on one side of the slab) and the one with no dipole is
negligible (0.002 eV). Hence for EG only one side of the slabs was considered, and the same
reasoning was applied for adsorbed systems at lower surface coverages (i.e.: larger supercells)

that are discussed hereafter.

2.1.2 Effect of surface coverage

The adsorption configurations after geometry optimization are classified in different
categories based on the adsorption modes (LAS, BAS or mixed) and reaction types
(dissociative or non-dissociative) mentioned above. From this classification the most
energetically favorable configurations of the most representative categories were selected for
both AA and EG molecules. Larger simulation cells were created from these selected
configurations (see Figures S1.2 and S1.3) and re-optimized in order to refine their structures
and free energies values. Obviously, the simulation boxes for reference systems in Figure 2
(that are involved in our free energy calculations) were also enlarged accordingly in order to
cancel out lateral interactions. Enlarged systems contain 6 AA/EG molecules in the (2x3)
(100) cell (Figures S1.2c for 6 = 2.15) and 4 AA/EG in the (2x2) (110) cell ( Figures S1.3c for
0 = 1.49). From these structures AA/EG molecules were removed as shown in Figures S1.2¢

(for the (100) surface) and S1.3c (for the (110) surface) in order to generate systems at lower
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surface coverage values. The objective here is to study how the number of adsorbed
molecules affects the adsorption free energies and structures of AA and EG on the two
surfaces. For a straightforward comparison of the data obtained at different surface coverages,
we keep the same definition of the adsorption energy used before as shown in Figure 2, with
N =1, 2, 3,4, 6 onthe (100) surface and N =1, 2, 3, 4 for the (110) surface. For all N values
our reference state is the hydroxylated y-alumina surface. Therefore for N > 1 we have a
simultaneous adsorption of 2 or more AA/EG molecules on the surface. For simplicity, we
consider that for a given adsorption configuration, all the AA/EG molecules are adsorbed at
identical adsorption sites on the surface, and through the same adsorption mode and following

the same reaction type.
2.1.3 Case of the cobalt system

The calculations carried out in this part were achieved by making use of the large
simulations cells as those mentioned in section 2.1.2 for AA and EG. For this purpose, we
have reproduced the final cobalt adsorbed configurations reported in Ref.® on the (100) and
(110) hydroxylated surface models (Figure S1.4) and these structures were further optimized
with our set up. In particular, the slabs we used and the geometry optimization procedure
differ somehow from Ref. ® who used a thinner slab. Hence we recalculate the energy values
according to the scheme given in Figure S3.1.

For the free energy calculations, our reference cobalt complex is the charged
[Co(H,0)s]*" in an aqueous solution rather than the neutral gas phase Co(OH)(H,0),
complex used in Ref.®, which explains the different energy values The use of this reference
solvated state was necessary to make a coherent comparison with the solvated AA and EG
molecules. For that, three separate simulations boxes were created for the simulation of

[Co(H20)s]** , H* and NO3™ counter-ions. For these systems we used a simulation cubic box

13
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of size 40 A, as we have noticed that the electronic energies converge (less than 0.04 eV
difference) for a box size > 30A and the implicit solvent model used (see below).

According to thermodynamic data, after drying at 300 K, H,O, N, and O, should be
the major products released in the gas phase . However, it is well known that the
decomposition of nitrate ions is kinetically hindered. Hence, we decomposed the overall
energy change of Co nitrate adsorption into two steps (see Section S3 and Figure 5 below): a)
the surface adsorption of Co(ll) ions on the surface and b) the decomposition of NO3™ ions

into N,, O, and water.

@ + + + + C )|+
i =
Surface [Co(H0)l g 2 NO5 og Surface-Co(H;0), 4 H,0y My 2NO5 )
5
¥
(b) 2H{yq) +2N0F ) = Nagg) + 5 Oz(g) + H20(g)
(a) +(b) N . ]
e = +N2(g)+502(g)+5H20(g)
Surface [Co(H,0)6] gy 2 NOs5 g Surface-Co(H,0),

Figure 5: Schematic representation of the impregnation reaction of y-alumina by a
solution of hexaaquacobalt(ll) nitrate followed by drying at T = 298 K. The overall reaction is
decomposed into: equation (a) the adsorption of the hexaaquacobalt (II) complex and the
release of two surface H* ions (here nitrate ions appears as spectators in both sides of the
equation) and equation (b) the decomposition of NOjs ions to yield water, nitrogen and
oxygen. In (a) “surface” denotes the reference (100) or (110) slabs and “surface-Co(H,0),” is
the system with the Co(H,0), complex placed on the reference surfaces so as to reproduce the

local adsorption environmentreported in Ref.°.
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Equation a) allows a comparison for the adsorbate-surface interactions between the
organic molecules and the Co precursor, whereas the sum of both equations a and b provides
the overall energy change due to the metal impregnation and counter-ion decomposition
processes. Moreover, since equation b) is expected to be kinetically hindered, the energy
change of equation a and equation a+b could be interpreted, respectively, as the upper and

lower limits of the energy change during the impregnation of cobalt nitrate on alumina.

To explore more rapidly the coverage trends, we only performed calculations for the
adsorption of a single complex, that corresponds to surface coverage values of 6100y = 0.36
Co/nm? or 6110 = 0.38 Co/nm2. We determined the difference between our adsorption
energies and the ones reported in Ref. ° et al. at these 0 values, and then we considered the
differential energy to be invariant with respect to 6 and based on this assumption, we
extrapolated our results to higher 6 values. It is important to specify here that for AA/EG
molecules, we report the average cumulative adsorption free energy with respect to the
number adsorbed AA/EG molecules. Hence to compare cobalt free energies with that of AA
and EG we will extract similar data from the incremental free energies of Ref. ® according the

numerical methods described in supplementary materials S4.
2.2 Energy calculations

The following assumptions were made for the calculation of the adsorption free

energies that are discussed in this work:

e The vibrational contributions to the adsorption energy compensate between the reactants
and the products.
e The molecules and the cobalt complex lose 1/3 of their rotational and translational degrees

of freedom upon transfer from vacuum to water.
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e The translational and rotational degrees of freedom of the molecules and cobalt complex

in the liquid phase are converted into bound motions after adsorption.

The adsorption free energies of the organic molecules and the cobalt complex were calculated
as described in S3 section of the supplementary electronic materials. The electronic energies
(E® terms in S3) were calculated from geometry optimizations using periodic density

functional calculations with the VASP code “**°

and the Generalized Gradient Approximation
PBE functional (GGA-PBE) “**" within the projected augmented-wave (PAW) method
84 The solvation effects for our systems in the liquid phase (Figures 2 and 6) were treated
with an implicit solvation model (we used the dielectric constant of water) that is

implemented in the VVASPsol software

. Dispersion corrections were included in our
calculations through the Grimme-D2 method **. For all our simulated systems, the geometry
were considered to be optimized when the ionic forces were smaller than 0.02 eV/A and spin
polarized calculations were performed for the systems with cobalt. For a rapid screening of
the 1000 initial configurations in section 2.1.1 we used an energy cutoff of 300 eV for the
plane-wave basis set and a normal precision. Later on a high precision and a cutoff of 400 eV
were used for the calculations in sections 2.1.2 and 2.1.3. Integration over the Brillouin zone

was done in a set of k-points provided by the Monkhorst-Pack algorithm °2 within a grid of

0.02 A fineness.

3 Results
3.1 Adsorption at high surface coverage
3.1.1 Energetics

First of all, we compare energy values obtained with calculations using the small cell

(1x1) representation —the unit cell used for a rapid sampling of the potential energy surface
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(PES)- with those obtained with larger slabs —larger than the unit cell- at the same surface
adsorbate coverage. Adsorption energy values of AA and EG molecules are reported in Figure
6. From these data the most favorable adsorption configurations (lowest AG) were refined
using larger simulations cells as explained before, and the refined structures and energies are
reported in Figures 7 and 8. The free energy data indicate a non-systematic trend regarding
the surface size: the energy values are slightly smaller for AA in the large systems for both
surfaces, and for EG on the larger (110) surface. However EG free energy values are slightly
higher on the larger (100) surface, compared to the smaller systems. These fluctuations do not
exceed 10 kJ/mol, and can be attributed to the H-bonds stretching or rather, to a small
reorganization of H-bonds on the y-alumina surfaces. In the following sections of this
manuscript, the free energy values that are presented and discussed, as well as the adsorption

configurations, are those obtained in the large cells.

(a) (b)
-
Monodentate (LAS-LAS) | o
Monodentate (LAS-BAS) °‘ 000 O o
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Monodentate (LAS) = o
< QOO
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o
Bidentate (LAS-LAS) * S * S
_ OGN0 00 O 1 GHOO
Bidentate (LAS-BAS) 'Y *
Bidentate (BAS-BAS) b D (Dissociative)
........................... T T T T T T ND (Non Dissociative)
<160 -120 -80 -40 0 40 80 120 -160 -120 -80 -40 0 40 80 120 OND
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Figure 6. Adsorption free energy for the various adsorption modes at high coverage
(calculations done in the small cells): AA on the (100) surface (a), AA on the (110) surface
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(b), EG on the (100) surface (c) and EG on the (110) surface (d). The filled symbols represent
the free energy values of the most favorable configurations refined in the large cells.

When adsorbed, AA binds more strongly on the (100) surface than on the (110)
surface as shown by the most exergonic AG values (for each plot in Figures 6a and 6b). The
most favorable adsorption configuration on the (100) surface has a free energy value that is
more than twice its equivalent on the (110) surface (AGigo) =~ -88 kJ/mol while AG110) =~ -37
kJ/mol). Moreover, the two other favorable adsorption configurations on the (100) surface
have free energy values that are also more exergonic than those for any of the most favorable
adsorption modes on the (110) surface (Figures 6a and 6b). As for EG, similarly to AA, the
three most favorable adsorption configurations of this molecule on the (100) surface exhibit
more negative AG values than those on the (110) surface (Figures 6¢ and 6d). Moreover the
most favorable adsorption configuration of EG on the (100) surface has a free energy value
almost three times higher than his counterpart on the (110) surface (AGoo) = -132 kJ/mol
while AG10) = -47 kJ/mol). It is clear from these observations that AA and EG molecules
have a significantly higher affinity towards the (100) surface in comparison with the (110)
surface. Moreover the free energy differences between the two surfaces are greater for EG

than for AA.
3.1.2 Structural features of the adsorption configurations
a) Adsorption modes

For both surfaces, the most favorable configurations of AA belong to the bidentate
BAS-BAS adsorption mode, here denoted asas AA{; oy and AA(, 4 (Figures 7b and 8b). The

oxygen atoms of AA can also form a iono-covalent bond with Al sites on both surfaces: the

corresponding adsorption configurations belong to the bidentate LAS-BAS adsorption mode,
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here denoted as AA%lOO) and AA%MO) (Figures 7b and 8b). This requires not only the

dissociation of the AA molecule, but also the removal of one H,O molecule from the (100)

oNOYTULT D WN =

surface to make available one Aly site for the anchoring of AA. On the (110) surface, AA can
directly bind the Al,y site without water removal (Figure 8b). AA%wO) and AA%MO) are clearly
13 less favorable than AA%lOO) and AA}MO), respectively (Figures 7b and 8b). On the (100)
16 surface, a third favorable adsorption configuration, called AA%IOO), belongs to the
18 monodentate BAS-BAS adsorption mode (Figure 7b) and is energetically very close
to AAf gy (-47 kd/mol vs -54 kJ/mol). In this case the AA molecule does not dissociate upon

23 adsorption and binds directly to the surface through hydrogen bonds.
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Figure 7. Molecular views of the most favorable adsorption configurations of AA and EG on
the (100) surface in the large cells at 6100y = 2.15 molecules/nm?. Subfigures (a) and (c) are
respectively the top views of AA molecules and EG molecules on the surface. The blue
circles represent a hypothetic van der Waals sphere around the molecules. The surface
interacting sites around one AA molecule and one EG molecule are highlighted in (b) and (d).
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Figure 8. Molecular views of the most favorable adsorption configurations of AA and EG on
the (110) surface in the large cells at 6110y = 1.49 molecules/nm2. Subfigures (a) and (c) are
respectively the top views of AA molecules and EG molecules on the surface. The blue
circles represent a hypothetic van der Waals sphere around the molecules. The surface
interacting sites around one AA molecule and one EG molecule are highlighted in (b) and (d).
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Similarly to AA, EG binds more strongly to the (100) surface compared to the (110)
one, as revealed by the most negative AG values in Figures 6¢ and 6d. It also appears from
these figures that the EG molecule prefers in most cases to form hydrogen bonds with both
surfaces as its most stable configurations (EG%lOO) and EG%HO)) belong to the bidentate BAS-
BAS mode (see Figures 7d and 8d). Unlike AA, no proton dissociation is involved in the
adsorption process leading to EG(,oq and EG(;44) configurations. Furthermore, two other

favorable adsorption configurations are identified for each surface, all belonging to the
bidentate LAS-BAS mode (Figures 7d and 8d). In both cases EG forms a covalent bond with
the surface and a H,O molecule is released. It is interesting to see that EG can form such a
iono-covalent Al-O bond with the (100) and (110) surfaces of y-alumina following either a

dissociative mode (see EG¢; o) in Figure 8d and EG¢,;qyin Figure 8d) or a non-dissociative

one (see EG{, o0 in Figure 7d and EGP, ) in Figure 8d). Our energetic analysis shows that

these two modes, where EG forms iono-covalent Al-O bond, are twice as less favored than the
BAS-BAS EG' mode on the (100) surface, whereas on the (110) the three modes are closer in
energy. This also means that the Al site on the (100) prefers to remain coordinated to one
water molecule rather than to EG. This result is consistent with FT-IR? and Sum Frequency
Generation (SFG)* showing that EG interact predominantly through hydrogen bonds on
alumina surfaces. in presence of water at RT. In the present study, the non-negligible
hydroxyl groups present on the alumina surfaces at T=298 K explains also this trend.
Moreover, we show that this trend may be more pronounced on the (100) surface than on the

(110).

b) Analysis of the hydrogen and/or iono-covalent bonds involved
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When analyzing the nature and the number of the interacting hydroxyl groups for
the AA{100) » AAl110y, EG(100) and EG(;q) configurations, we count 6 and 4 interacting
hydroxyls for each molecule respectively on the (100) surface and the (110) surface. For AA,
these interacting hydroxyls are 4 H,O-py, 1 HO-pp, and 1 HO-p3 surface groups on the (100)
surface (Figure 7b) and 1 H,O-py, 2 HO-py, and 1 HO-p, surface groups on the (110) surface
(Figure 8b). Considering this analysis, the (100) surface involves a higher number of H-bonds
(hydrogen bonds are defined according to IUPAC recommendations of 2011 >*; we do not
consider any hydrogen bond longer than 3.0A) and also surface hydroxyls such as 1 HO-ps
and H,O-py which are stronger H-bond donors (ie more acidic) than on the (110) surface (with
2 HO-p3), this may explain the more exergonic AG values found on the (100) surface. For
EG, we identify 1 H,O-uy, 4 HO-p4, and 1 HO-p, surface groups on the (100) surface (Figure
8d) and 2 H,0-pand 2 HO-p, surface groups on the (110) surface (Figure 8d).

For the AA%lOO) configuration (Figure 7b), for which no proton dissociation is involved
in the adsorption process and where AA is also interacting with the surface only through
hydrogen bonds, there are 3 interacting surface groups: H;O-u3, HO-pi, and HO-ps. As
previously described, the AA?, . and AA?, ) configurations reveal that the molecules
interact through iono-covalent O-Al bond formed between AA and the Aly, site of the (100)
surface (do.a = 1.99 A, Figure 7b) and the Al,y site of the (110) surface (do.ai = 2.03 A,
Figure 8b). Moreover, both AA? structures interact with 5 sites on the (100) surface (2 H,O-
w1, 1 HO-py, 1 HO-pp, and 1 HO-p3), and only 3 sites on the (110) surface (1 H,O-py, 1 HO-
i, and 1 HO-p,). As for AA!, the nature and number of H-bond donors involved explain
easily the energetic trends. Moreover, the Al-O bond length is slightly shorter on the (100)
which may reinforce the interaction on this surface. In the EGE, ) configuration, the molecule

interacts with 2 H,O-Al, 3 HO-p3 and 1 O-p3 groups on the (100) surface with a covalent O-
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Al bond length of do.a = 1.95 A (Figure 7d). For the analogous EG%MO) configuration on the

(110) surface, only one H,O-p,, one HO-p4, one HO-uz H-donor and one O-pi3 bond acceptor
are the surface interacting sites and do.a = 1.84 A (Figure 7d). Unlike AA, one possible mode
(although less energetically favorable) of EG is the non-dissociative bidentate LAS-BAS
adsorption  found on the two studied surfaces (EG{jqe) and EG} yp)). The
EG?lOO) and EG?MO) configurations involve 4 interacting surface groups on the (100) surface
(H20-Al, HO-py, HO-p3 and O-ps, see Figure 7d), and on the (110) surface (H,0-Al, HO-p,,
O-u2 and O-ps, Figure 8d). The small energetic differences appearing between
EG{,00) and EGYy o) (AAG(o0) = 3 kd/mol, see Figure 6d) and between EG¢, 4y and EG{y ;¢
(AAG(110) = 7 kd/mol, see Figure 7d), can be attributed to the O-Al covalent bond interactions
of EG{y0) and EGF; 1o that are weaker than those for the EG?, o) and EGF, 4, configurations.
Moreover these tiny energy differences may also indicate that the protons marked by an arrow
in Figures 6d, 7d, S2.2d and S2.3d are prone to dissociation, and this proton dissociation may

strengthen the covalent O-Al bond interaction and yield EGEIOO) and EG?MO) configurations as

stable as those in EG¢,; 5oy and EGf, 1, .

3.1.3 Effect of the alumina facet on the adsorption structures and energies

We now focus on the interaction of AA and EG with different surface facets.
Hereafter, surface H,O-Al and HO-p; groups above the average surface plane (see figure 1b)
will be referred to as external groups while those within the average plan will be considered
as internal groups. This distinction is not only motivated from the relative position of this
hydroxo groups but also from the fact that the former ones have been incorporated to the
surface through water adsorption, whereas the latter ones involve surface oxygen atoms from
the bulk material ***°. When looking at the local environment around AA and EG for the
AA%100), AAlLo0), AAl110), EG(100) and EGfyq configurations (Figures 7b, 7d, 8b, and 8d)
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we see that the external H,O-Al and HO-p; groups interact with AA and EG molecules on the
(100) and (110) surfaces while the internal HO-p,, and HO-pu3 groups are found in the case of
the (100) surface only. Note that the HO-p, group interacting with AA on the (110) surface is
an external surface group, according to our definition in Figure 1b). It is clear from these
observations that the strength of molecule-surface interactions and the corresponding free
energy differences that we found for both molecules on each of the two surfaces can be
attributed not only to the nature and number of interacting sites, but also to the surface
topology or roughness. On the (100) surface AA and EG molecules are able to insert in the
surface cavities (Figures 1a and 7a and 7c) and to bind to the hydroxyl nests surrounding
these cavities. If we evaluate the position of EG with respect to the average surface plane: it is
clearly shifted downwards on the (100) surface (Figure S2.1b) with respect to the (110)
surface (Figure S2.1d), and this also enhances significantly the molecule-surface interaction.

On the (110) orientation, surface roughness (Figure l1a) prevents the AA and EG
molecules to closely contact the surface such that there is a smaller number of interacting
hydroxyls accessible to the molecules (Figure 8 and Figure S2.1c). A similar effect was
invoked by the study of xylitol adsorption on boehmite surfaces >, where the presence of such
hydroxyl nests play a key role in stabilizing the xylitol on the surfaces. Therefore, the
stabilization may depend both on the type of the facets and on the corresponding topology of
the hydroxyl cavities.

The AA%io0), AA%110), EGGio0), EGEi10). EGlioy,and EGP 1y, configurations are
characterized by the O-Al covalent bond between the molecule and the surface. We recall that
in the AA?; ) configuration there is no H,O desorption involved, as it is the case for all other
configurations in the list above. The formation of a covalent bonds may provide a large
contribution in stabilizing molecule adsorption on the surfaces. However this is only true if

the steric hindrance of the molecule and the perturbation of the H-bond network remain
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moderate. This can be ensured by desorbing a H,O molecule from the surface. Besides, when

this H,O is taken out from the (100) surface, AA and EG in the AA% gy, EG{io0),
and EG?lOO) configurations have more room to interact with internal HO-ps; and even O-ps

surface groups (Figures 7b and 7d). Interestingly on the (110) surface, the water molecule is
so strongly held on the Al,y site that the energy cost for breaking a H,O-Al bond (and the H-
bonds connections with it) on the surface is not compensated by the formation of the new O-
Al bond between AA and the (110) surface. Hence the only way to become exergonic (-9
kJ/mol) upon adsorption of AA is to keep a H,O molecule on the Al,, site of the (110)
surface. In fact, when the H,O molecule is removed from the Al,y before the adsorption of
AA, the adsorption free energy has a maximum value of +4 kJ/mol. By contrast, EG bonds
with the (110) orientation are strong enough to fully compensate the energy cost needed to
take out 1 H,O from the surface, so that more energy is gained in the process: -9 kJ/mol for
AA? (Figure 8b) compared to -28 for EG? or -35 kJ/mol for EG® (see Figure 8d). One should
note that in the EG® and EG® configurations the EG molecule is covalently bonded to the
Aly(I1) and Aly,(111) sites on the (110) surface (Figure 1a), respectively. This situation can
only happen if a water molecule is removed from these sites. This observation clearly
indicates that for a given surface, the nature of the adsorbed molecule significantly affects

molecule-surface interactions.
3.1.4 Influence of the molecule on the adsorption energies and structures

Figures 7-8 show that both surfaces have a higher affinity for EG than for AA, and the
energetic trends between AA and EG also vary according to the adsorption mode.

According to Figures 7b and 7d, the free energy change for the EGl(lOO) structure is
more exothermic than the one for the AAl(loo) structure by 44 kJ/mol, while the difference

between EG%HO) and AA%MO) structures is 10 kJ/mol (Figures 9b and 9d). The calculated free
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energy values indicate that, when only hydrogen bonds connect the molecule to the surface,
AA and EG interacts very similarly with the (110) surface. This assertion is reinforced by the
same number of hydrogen bonds (4 in each case) that relates both molecules to the (110)
surface (Figures 8b and 8d). Oppositely, on the (100) surface the bidentate BAS-BAS
configurations of AA and EG have respectively 6 (Figure 7b) and 7 (Figure 7d) hydrogen
bonds with the surface. Their corresponding free energy values indicate that EG binds more
strongly than AA on the (100) surface. First, the slightly longer and flexible O-C-C-O chain
of EG is more suitable, compared to AA, for occupying two (100) surface cavities as
discussed above so that it provides hydrogen bonds with almost all the surface hydroxyl
groups (external and internal) found around those cavities. EG is thus more prone to be
oriented in a parallel position with a rather symmetric distribution of H-bonds involving the
two OH groups of EG, whereas AA is tilted with a non-symmetric distribution of H-bonds on
the two O atoms (Figure S2.1). Moreover, according to the distributions and orientations of
the two molecules on the (100) surface (Figures 7a, and 7c) and the (110) surface (Figures 8a,
and 8c), molecule-molecule interactions are suspected to be stronger on the former surface
than on the later. The molecule-molecule and molecule-surface stabilizing dispersion forces
contribution will favor EG adsorption compared to AA, and this effect seems to be more
significant on the (100) surface than on the (110) surface. All these parameters explain the 44
kJ/mol energy difference between AA and EG on the (100) surface.
On the (110) surface, due to the smaller energy difference between AA and EG, it is far more
difficult to extract one unambiguous parameter differentiating the behavior of the two
molecules.

When covalent bonds are formed between the molecules and the surfaces, adsorption

free energies of both molecules differ by AG(AA?;oq)) - AG(EGf, 40)) = 13 kd/mol on the (100)

surface, where EG has 6 hydrogen bond connections and one O-Al covalent bond length of
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1.95 A (Figure 7d) while AA has 5 hydrogen bonds and one slightly longer O-Al bond
distance ( 1.99 A) (Figure 7b). On the (110) surface, AG(AA7,4)) - AG(EGE, ,¢y) is about + 26
kJ/mol. However, as mentioned above, the adsorption process of AA? does not involve water
removal, so there is no entropic compensation as it is the case for EG. Thus, although
AU(AA?;14y) is more exothermic than AU(EGE, 1), it becomes the reverse for the AG values

due to entropic effect. Hence, when a covalent bond is formed with the surface, EG
adsorption free energies on both surfaces are stronger compared to AA, and this effect is more
pronounced on the (110) surface compared to the (100) surface due to entropic effect of
water. Moreover EG being more flexible than AA, the molecule is able to deform its O-C-C-
O backbone easily in order to maximize the interactions with the surface. EG exhibits many
flat lying configurations where its C-C bond is oriented parallel to the surface, whereas AA is

often oriented perpendicularly or tilted with respect to the surface.
3.2 Effect of surface coverage

To better control the optimum surface loadings to be used during the impregnation
step of the y-alumina surfaces by organic additives, it is important to know how the number of
molecules adsorbed on the surface affects the structure and energy of adsorbed configurations.
The results presented and discussed above were obtained at surface coverage values of 0 (100
= 2.15 molecules/nm? and 6 (119) = 1.49 molecules/nm? ( the highest values considered for both
surfaces in this work). In what follows, we extend to lower surface coverage values (prepared

as explained in section 2.1.2).
3.2.1 (100) surface

Acetic acid
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The variation of the adsorption free energy as a function of the surface coverage value

is plotted in Figure 9a for AA on the (100) surface. For the configurations and 6 values

oNOYTULT D WN =

considered here, the adsorption of AA molecules on the (100) surface is always an exergonic
10 reaction and the energy is the most exergonic for the lowest 6 value. However, no clear trend
can be deduced regarding the variation of the free energy with respect to surface coverage. In
15 any case, the order of stability of the three AA configurations does not change with coverage
17 and their energies are ranked from -100 to -40 kJ. Interestingly, the AA{,,y configuration
involving covalent bonding on LAS site is the most sensitive to coverage effect and is
22 destabilized at high coverage with respect to AAhoo)- This result may have implications for
further experimental characterization (beyond the scope of the present work) , since
57 adsorption modes, and hence their spectroscopic features, could be thus influenced by surface

29 coverages.
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Figure 9. Adsorption free energy as a function of surface coverage on the (100) surface for
AA (a) and for EG (c), and on the (110) surface for AA (b) and EG (d). In each case the
cobalt adsorption free energy values were calculated in this work at the lowest coverage and
the other values were exptrapolated based on the results of Ref. ®. For each plot, the triangles,
circles and diamonds are the respective free energy values of each configuration calculated in
the small cells at 6(110) = 1.49 molecules/nm? and 6110) = 1.49 molecules/nm?2.

The trends in surface coverage effects are the outcome of a trade-off between, on the one
hand, surface-molecule and molecule-molecule interactions of adsorbates and, on the other
hand, disrupted interactions between surface OH groups upon adsorption. The analysis of
adsorption sites involved at 0 (100) = 0.36 AA/nm?2 (Figure S2.2b) and at 8(100) = 2.15 AA/nM?
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(Figure 7b) shows that they are very similar in both cases, except for the AA%100)

configuration for which the molecule is in interaction through a hydrogen bond with an
additional p1-OH group at 8100y = 0.36 AA/nm2. This p;-OH (see the arrow on Figure S2.2a,
and S2.2b) is actually the one that is attached to the Aly sites, and which is desorbed (in the
form of a H,O molecule after combining with the AA dissociated proton) prior to AA
adsorption on that Al, site. Hence as 6 decreases more of these OH groups become available
to interact for a given AA molecule present on the surface. It is also clear from Figures 7b and
S2.1b that the hydrogen bonds and covalent bonds distances do not change dramatically for
different 6 values. It follows from these observations that the slight free energy fluctuations
that occur upon changing the 6 value, do not appear to be directly influenced by the local
structural changes around the adsorbed molecules, but are rather due to lateral interactions:
surface molecule-molecule interaction and hydrogen bond networks disruption. In particular,

in the AAY, o) configuration, there are only 3 interaction sites attaching AA to the surface

(Figures 7b and S2.1b). In this case the molecule-surface interactions created on the surface
by the incoming molecule do not compensate the hydroxyl-hydroxyl interactions loss which
bring a more important stabilizing contribution at 6100y = 0.36 AA/nm? than at 6100y = 2.15

AA/nm2, By contrast, AAhoo) exhibits twice as many interacting sites (6) on the surface
(Figures 7b and S2.2b). This significantly increases the contribution from molecule-surface
interactions at 0100y = 2.15 AA/nm?2 and reduces the energy difference with that at 0 (100) =
0.36 AA/nm2 (Figures 7b and S2.2b). For the AA%lOO) configuration, there are also many

interaction sites on the surface to enhance molecule-surface interactions contributions at 6 (100
= 2.15 AA/nm2, However, water molecules are desorbed from the surface during the
adsorption process, and the energy cost associated with the multiple desorption reactions is
higher than the stabilizing contribution arising from the numerous molecule-surface and

molecule-molecule interactions at 0 (100) = 2.15 AA/nm2.
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Ethylene glycol

The adsorption reaction of EG molecules on the (100) surface is exergonic at all 6
values, except for the EGf,q, configuration at 6 o) = 0.72 EG/nmz, and for the EG¢, oo
configuration at 6 (100) = 1.08 EG/nm? (Figure 9c). Two different trends are observed for EG:

when 0 increases, the adsorption free energy decreases for the EG%IOO) configuration
(hydrogen bonded) whereas it fluctuates for the EGf ), and EG(yqg) configurations
(covalently bonded)). This trend thus differs from the AA molecule. However, the EG%lOO)

configuration remains the most stable at all 6 values studied in this work.

According to our structural analysis, unlike AA, the nature of surface interacting
hydroxyls with EG are notably changed between the lowest and highest 6 values, which
explains also why the energy values depend more strongly on the coverage than for AA
(fluctuations up to 70 kJ/mol for EG vs 40 kJ/mol for AA). As previously mentioned and as
illustrated in Figure 7a and 7c, the C-C backbone of EG lies parallel to the surface whereas
the one of AA is perpendicular or tilted. It appears from Figure 7c and S2.2c that for the

EG%lOO) configuration, the contribution coming from the growing number of molecule-surface

interactions at 0 (1000 = 2.15 EG/nm? is weaker than the contribution from surface-surface
interactions disrupted from the surface coverage at 6(100) = 0.36 EG/nm2. Moreover, as we can
see in Figure 6c, at 0 (100 = 2.15 EG/nm? the EG molecules are not in close contact with each
other and this reduces the contribution from molecule-molecule interactions to the free

energy. As a consequence, the EG adsorption on the (100) surface in the EG%lOO)
configuration is more favorable at low 6 values. For the EGf, ), and EGéoo) configurations,

we can see in Figure 7c that the orientation of the adsorbed EG molecules on the surface
encourages them to interact with each other at 6 (00 = 2.15 EG/nm2. As a result the

combination of these molecule-molecule and molecule-surface interactions is so important
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that, it not only compensates for the energy cost of disrupting the multiple H,O desorption
reactions at 6 (100) = 2.15 EG/nm?2, but also stabilizes the adsorbed configurations. In addition,
for the EG{, o) configuration, there are hydrogens bonds between the EG molecules at 6 (100) =
2.15 EG/nm? (Figure 6¢). This reinforces the stability of that configuration as the energy gain
we observe between 0 1009y = 0.36 EG/nm? and 6 100y = 2.15 EG/nm? is more important in

comparison to that of the EGéOO) configuration (Figure 7d and S2.2d).

3.2.2 (110) surface
Acetic acid

Contrary to the (100) surface, the adsorption free energy of AA on the (110) surface

becomes more exergonic with increasing surface coverage for both AA{;,q, and AA?, )
configurations (Figure 9b). The AA{y,, configuration is always more stable than the AA?,

configuration. However, the energies remain significantly lower than on the (100) in both
cases. Moreover, the impact of the coverage is weak and it is coherent with the fact that no
significant local structural changes occur around the AA molecule (Figures 8b and S2.3b). As
for the (100) surface, since the C-C backbone of the AA molecule is nearly perpendicular to
surface, the lateral interactions are expected to be small as illustrated in Figure 8a. A weak
molecule-molecule interaction may contribute to the stabilization of the system with

increasing coverage.
Ethylene glycol

According to Figure 9d the adsorption free energy of EG on the (110) surface slightly
increases with surface coverage for the three adsorption configurations. However, this
fluctuation remains moderate which is compatible with the moderate structural change

observed (Figure 7d and S2.3d). This free energy increase is more significant and more rapid
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for the EG(y4) than for the EGZ, 0y, and EG{y,y configurations. Moreover, EGy, 4y becomes

the most stable configuration for 6 (119p > 0.74 EG/nm? whereas it is the less stable

configuration when 6 (110) = 0.37 EG/nm?2.
3.3 Comparison between oxygenates and cobalt(I1)
3.3.1 Energetic analysis

Knowing the structural features and adsorption free energy values of the most
favorable adsorption configurations of AA and EG on the (100) and (110) surfaces of y-
alumina, we now compare these data with those deduced from the adsorbed cobalt complex
Co(H,0), previously studied in reference ® to identify the possible competition between

organic-surface interactions and metal-surface interactions.

First of all, we point out that the formation of Co(H,0), complexes on the (100) surface is
more favorable than on the (110) surface, whatever the coverages (Figure 9). This trend is

thus similar as for the adsorption of AA and EG molecules. .

The analysis of the adsorption of the Cobalt species on both alumina surfaces (after
drying) reported in Figure 9 indicates that the overall process (the sum of equations a and b in
Figure 5) is an exergonic reaction, and the corresponding free energy values are always far
more exergonic than those of AA and EG. On the (100) surface (Figures 9a and 9b) the
adsorption of a 2" cobalt complex is slightly more favorable than that of the first 1 one,
unlike what we observe for almost all AA and EG configurations. Regarding the (110)
surface, the Co(H,0), adsorption free energy becomes slightly less exergonic with increasing
0 value, whereas that of AA and EG increase. Nevertheless, at 6(110) = 1.49 Co(H.0),/ nm? the

adsorption free energy remains significantly more exergonic than that of AA or EG.
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We must point out here that the AG values reported in Figure 9 corresponds to the
impregnation of the metal salt followed by the thermal decomposition of the nitrate counter-
ion into (N, + 5/20,) after drying. The reaction free energyof nitrate decomposition (equation
b in Figure 5)is -206 kJ/mol at the considered drying conditions (T=298 K). As a consequence

the free energy for the adsorption of Co(H,0), complexes on the (100) and (110) surfaces are

thus far less exergonic : -79 and 0 kJ/mol, respectively (equation a in Figure 5). The latter AG

values do not depend on the choice of the counter-ions, and stand for the intrinsic process of
the formation of the dried surface Co(H,0), complexes(without involving the counter-ions
decomposition) leading to 4 water molecules released in gas phase and the two solvated
protons. The corresponding internal energies of the adsorption of Co(H20), complexes (after
drying) are AUGYS" = +62 and AUEH® = +141 kd/mol, which  highlights the entropic
effect induced by the release of the 4 H,O moleculesin gas phase (see also section S3 of
supplementary materials) at 298K. This implies thus a much larger entropic contribution in
favor of Co(H20), compared to AA and EG for which zero or one H,O molecule is released
in the gas phase upon adsorption and after drying. This entropic effect is amplified by the
simultaneous decomposition of the nitrate counter-ions. Hence, for the drying process

explored so far, the free energy balance is clearly in favor of the cobalt precursor.

However, depending on the impregnation/drying conditions, the free energy balance
for the organic molecules adsorbed at the surface may compete with the one of cobalt
precursors. To reach such conditions, we may first suggest to consider either other Co(ll)
precursors or other counter-ions which would impact either the internal energy of the solvated
Co(ll) precursors or the entropic contributions induced by the release or decomposition of the
counter-ions and ligands. For instance, if a stronger ligand substitute water in the internal

sphere of the Co(ll) precursors, the internal energy balance of equation ¢ in Figure 5 will
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become less favorable to cobalt complexes formation. Lastly, if we qualitatively consider the
conditions reached at the impregnation step of (before the drying step), all entropic effects due
to the final state are significantly reduced. The AG values of adsorbed Co(H,0), complexes
would become closer to the previous estimates (-79 kJ/mol and 0 kJ/mol) following equation
(@) in Figure 15. These AG values become less favorable with respect to those calculated for
AA and EG molecules. Although this quantitative analysis requires dedicated calculations
dealing with the solvated adsorbed species (beyond the scope of the present work), we suspect
from this qualitative analysis that the organic molecule may compete more easily with
Co(H20), complexes for the surface during impregnation steps (in the solvated state). If so,
the displacement of the strongly interacting Co(H20), complexes by the molecules will be

enhanced if kinetic limitations are involved during the drying process.

3.3.2 Structural analysis of adsorption site competition

Figures 10 and 11 summarize the locations of Co(H,0),, AA and EG according to
their most favorable adsorption configurations at the lowest coverages studied here on the
(100) and (110) surfaces, respectively. Regarding the cobalt species, in order to better depict
the effect of surface coverage, we also represent schematically the various cobalt complexes
in epitaxial interactions with both surfaces at high cobalt coverages according to the previous
proposals °. On the (100) surface, the first adsorbed cobalt complex sits at the edge of a
surface cavity (Figure 10), and the same applies for AA and EG, regardless of the adsorption

configuration.Moreover, according to the previous work °, by increasing the coverages on the
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(100) surface, the Co(H20), complexes preferentially sit in an epitaxial configuration, and the
subsequent Co(H»0), complexes reside also at the edge of a (100) surface cavity. This leads
to two possible epitaxial relationships either along the x-direction or the y-direction of the
cell. Hence, we can suggest that if AA and EG molecules are pre-impregnated on the surface
before cobalt adsorption, they might break the epitaxial relationship involving some Co(H;0),
complexes particularly those located along the x-direction (light blue square). However, the
complete hindering of Cobalt complexes could be possible only if the surface coverages of
EG and AA must reach 2.15 molecule per nm? at least so that all cavities are occupied and
cannot interact anymore with Co(H,0), complexes. . Moreover, considering their main
adsorption sites, the AA and EG molecules do not seem to be able to prevent the epitaxial

growth of cobalt complexes along the y-direction. Only in the case of EGaOO), there is a

competition for the same adsorption site, these two molecules should not play an important
role in inhibiting the strong interaction of cobalt complexes with the (100) surface after
drying. Regarding the AA molecule, this result is consistent with in situ infra-red
spectroscopy experiments showing that AA does not impact the sorption of cobalt on vy-
alumina support and that the precipitation of cobalt hydroxide or cobalt-aluminum

hydrotalcite occurs .
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Cobalt epitaxy relationships

4 y-direction
Cobalt
¥ x-direction
N 5
N
‘ AAf;00) ‘ AAY g0 ’ AAY 00

‘\jr
N\
b

Acetic acid

G%mo) ‘ EG%wo) [ l:-c'?wo) ‘

iAI)\V/‘()\A)\
2/ 0
m O
LA )\I/ﬁ(l)\/(
AJTA T AIALA]
(&
7

=T
S et S
< v
Ethylene glycol <\ x‘ %% E' c / A A %‘
L KSAY |
1% (AR (R

L

X

Figure 10. Top views of the (100) surface showing the location of the adsorbed species:
Cobalt, acetic acid, and ethylene glycol at the lowest surface coverage (0.36 species per nm?)
The blue squares represent schematically the two directions for the epitaxial relationships of
the Co complexes at higher coverages (light blue: 6.70 Co atoms per nm?, dark blue: 4.47 Co
atoms per nm?) according to the schemes proposed in Ref. ®. The adsorbed species and
interacting OH groups are colored as follows: grey (carbon), red (oxygen), white (hydrogen),
and blue (cobalt). The dark green color is used for all other surface atoms.

On the (110) surface, Figure 11 illustrates that the AA%MO) configuration of AA may
compete for the same surface site as the cobalt complex. This is not the case for AAf, ;o).

Regarding the EG molecule, by contrast, EGy 4y and EG?MO) configurations do not sit neither

at the same site as the cobalt complex nor on the same row of the epitaxy relationship °.
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Figure 11 reports the scheme proposed by these authors who found an epitaxial relationship
along the y-direction. According to this representation, EGf,,,, is a configuration prone to

hinder the epitaxy because it is located on the same row where the cobalt chains may grow.
So from a structural point of view, the molecules are able to compete with cobalt for the
anchoring sites and we cannot exclude that the EG and AA may impact the interaction of

cobalt species with this alumina (110) surface particularly in the AA%MO) and EGfllO)

configurations.

As previously discussed, from the energetic point of view, the competition is
thermodynamically strongly in favor of cobalt-surface interaction after drying at RT. So, one
should attempt to compensate it by using a sufficient concentration of organic compounds
during a pre-impregnation step of the surface to pre-cover the surface the anchoring sites of
cobalt. As for the (100) surface, one may assume that the epitaxial growth can only be
prevented by AA and EG molecules at the early stage of the cobalt impregnation step once the
alumina surface has been impregnated by the organic molecules and when entropic effects are
minimized by the solvent. After drying, cobalt should displace both EG/AA molecules
according to the thermodynamic driving forces. If one assume that kinetic limitations will
prevent the displacement of the organic molecules by cobalt complexes during drying, the
effect of EG/AA can be also effective after drying. This aspect remains to be investigated by

further theoretical calculations.
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Cobalt epitaxy relationships
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Figure 11. Top views of the (110) surface showing the location of the adsorbed species
(Cobalt, acetic acid, and ethylene glycol) at the lowest surface coverage (0.37 species per
nm?) The blue losanges represent schematically the epitaxial interaction of the Co complexes
at higher coverages (4.44 Co atoms/A?), according to the schemes proposed in Ref. °. The
interacting surface sites and the species are highlighted with the following colors: grey
(carbon), red (oxygen), white (hydrogen), and blue (cobalt). The dark green coloris used for

all other surface atoms.
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4. Conclusions

Using periodic DFT calculations, the potential energy surface of two oxygenated
organic additives, namely acetic acid (AA) and ethylene glycol (EG) adsorbed on the (100)
and (110) surfaces of y-alumina, have been explored. These molecules are potential
candidates for tuning cobalt-surface interactions during catalysts preparation. The interactions
of these molecules with the above mentioned surfaces were studied in order to find their
preferred adsorption modes and adsorption sites, as well as their adsorption free energies.
Several adsorption modes were then identified for both molecules on the two surfaces and, for
both AA and EG, the most favorable configurations on a given surface are Bregnsted
adsorption modes involving only hydrogen bonds connections between the molecule and the
surface. In particular, a strong interaction of EG with the hydroxyls nests (cavities) of the
(100) surface has been found. The molecules can also bind to the surfaces through a covalent
bond in a Lewis adsorption mode, but the obtained structures are less energetically favorable
than the previous ones. In fact for a given molecule, the comparison of the adsorption free
energies of its most probable adsorption configurations indicate that AA is likely to form a
covalent bond with the two y-alumina surfaces, whereas EG would most probably do so only
on the (110) surface. In general both molecules have a much higher affinity for the (100)

surface than to the (110) surface, and both surfaces have a higher affinity for EG than for AA.

Since the surface coverage (0) is also an important parameter in catalysts preparation,
for the most probable configurations found for each molecule, we varied the number of
adsorbed species and monitor the changes in the structure and adsorption free energies. For a

given molecule (AA/EG) the free energy changes as a function of 6 varies with the type of
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surface and with the nature of the adsorption configuration. On the (100) surface, the
adsorption free energies of the three AA configurations decrease with increasing 6 value,
while on the (110) surface the adsorption free energies increase as surface coverage increases.
For EG on the (100) surface, if covalent bonds are involved in EG-surface interactions (LAS),
high 0 values are more favorable. However if only hydrogen bonds link the molecule to the
surface (BAS), low 0 values are then preferred. On the (110) surface, the adsorption free
energies of the EG configurations with a covalent bond are almost invariant, while the free
energy of structures with only hydrogen bonds with the surface lowers with decreasing 0
value. In all cases our data show that the structures of adsorption configurations are hardly
affected by the changes in surface coverages, so that the observed energy changes are only
related to, on the one hand, the number and the type of surface-molecule and molecule-
molecule interactions and, on the other hand, the extent to which surface OH groups are

disrupted by the incoming molecule.

A comparison with the adsorption of the Co(H,0), complex has been undertaken to
explore if the surface-molecule interactions can help us to predict the influence of these
molecules on surface-Co(H,0); interactions. As for AA and EG, the Co(H,0), complex have
a higher affinity for the (100) surface relatively to the (110) surface. However, after drying,
both surfaces showed a significantly higher affinity for the Co(H,0), complex than for any of
the two molecules and for both surfaces the affinity order is: Co(H,0), >> EG > AA. From
the analyses of the surface locations of the organic species, and by comparing them with
cobalt epitaxial structures proposed in a previous work °, we have identified some relevant
configurations where two molecules may compete for the same adsorption sites as the ones
involved in Co(H,0), adsorption. However, since the thermodynamic analysis (after drying)
revealed that the cobalt species have significantly stronger adsorption free energies than the
two molecules, the impact of EG and AA may be predominant at an early stage of

42

ACS Paragon Plus Environment

Page 42 of 49



Page 43 of 49 The Journal of Physical Chemistry

impregnation step when the entropic contribution of the gas phase products formed upon

drying is minimized. More particularly, these molecules can eventually be efficient if two

oNOYTULT D WN =

consecutive impregnation steps of alumina are used: the first one involving the organic
10 molecules only and the second one the cobalt precursors assuming that kKinetic limitations may
also take place during drying. In order to validate this concept we may propose as a
15 challenging perspective of the present work to investigate the kinetic aspects of the adsorption
17 and desorption processes in presence of an implicit representation of the aqueous solvent.
19 Hopefully, the present study may already offer relevant insights for a more rational
2 understanding of the preparation steps of alumina supported catalysts and may open the route

24 for further investigations on different organic molecules and metallic precursors.
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