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Abstract

The selective oxidation of short-chain alcohols is a key transformation in green chem-
istry, providing sustainable routes to aldehydes and ketones for industrial applications.
In this study, we present a mechanistic density functional theory (DFT) investigation
of alcohol oxidation on spinel CoFe,O4 (001) surfaces. Using an embedded cluster
model, we compare the reactivity of the A- and B-layer terminations, focusing on the
role of monoatomic reactive oxygen species (ROS) and lattice oxygen in the Langmuir—
Hinshelwood and Mars—van Krevelen pathways. Adsorption energies, deprotonation
barriers, and product stabilization are evaluated for methanol, ethanol, and 2-propanol,
highlighting the interplay of surface cation identity and local coordination environment.
Our results reveal that Fe—O oxyl species on the A-layer provide thermodynamically
and kinetically favorable pathways, while the B-layer favors lattice oxygen participation
with lower barriers in the second deprotonation step. The findings rationalize exper-
imental observations of superior activity associated with Co3T-rich environments and
offer molecular-level insights into tailoring spinel oxide catalysts for selective alcohol

oxidation.

Introduction

Selective oxidation of alcohols to aldehydes or ketones is among the most fundamental or-
ganic reactions and representatives of green chemistry.!? These oxygenated products are
widely used as solvents, polymer precursors, high value-added components in cosmetics, and
intermediates of dyes as well as pharmaceuticals, agrochemicals, and lubricants.3 ¢

The synthesis of aldehydes and ketones via catalytic alcohol oxidation has been demon-
strated for a range of materials including noble and non-noble metals, metal oxides, and
composites of the two. However, while metal catalysts such as Pt, Pd, Au, or Ru are usually
quite efficient in the partial oxidation of aromatic and activated allylic alcohols, they are

less selective for the oxidation of aliphatic and, especially, primary alcohols.>” In addition,



because of the limited availability, high costs, and high sintering rates of precious metals, it
is desirable to rely on more economical solutions based on earth-abundant metals. To this
end, transition metal oxides of the spinel type with general formula AB,O, are promising al-
ternatives. In particular, spinels in the form of ferrites®? and cobaltites!'®!! have shown high
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catalytic activity in electrocatalysis as well as in the catalytic combustion of CO618

and the decomposition reactions of several hydrocarbons® 22 .

The enhanced catalytic performance of spinels stems from the ability to accommodate
a wide range of metal cations and oxidation states in different coordination environments,
both in the bulk and at the surface. For instance, in bulk cobalt ferrite, CoFe,O, (CFO),
Fe3' cations are distributed over 1/8 of the tetrahedral interstices (T4 or A-sites) in the face-
centered cubic lattice, whereas 1/2 of the octahedral interstices (Oy, or B-sites) are occupied
by Co?* and Fe3*. The redox properties of CFO can then easily be tuned by manipulating
the distribution of different cations on Ty or O positions as well as by cation exchange,
while the crystal structure remains stable.

23726 5o far have observed the synergistic effects between Fe

Several experimental studies
and Co in catalytic reactions of selective alcohol oxidation on spinels, both in the gas and in
the liquid phase.?” 3 To give some examples, Waffel et al.?” investigated, in a comparative
approach, the partial oxidation of aromatic alcohols and olefins over a systematic series of
Coz_.Fe, Oy catalysts in the liquid phase, with Oy and tert-butyl hydroperoxide (TBHP) as
oxidizing agents. This comparison revealed that Fe substitution in the spinel structure is
beneficial only when TBHP is used. In another contribution, Falk et al.?® applied a series
of Coy4,Fey Oy spinel nanowires in the aerobic oxidation of 2-propanol to systematically
study the influence of exposed Fe and Co cations on the catalytic properties, with and
without water vapor co-feeding. They report acetone as the main product at temperatures
below 180 ° C and attribute the catalytic activity to ensembles of at least six coordinatively

unsaturated Co3* ions.

In terms of reaction pathways, Anke et al.3! found that 2-propanol is oxidatively dehy-



drogenated to acetone and HsO over unsupported Co3zO4 nanoparticles, reaching almost full
conversion with 100 % selectivity at 430 K. The results could be fitted well using the Mars-
van Kreveln (MvK) mechanism?? at the expense of lattice oxygen, although a non-negligible

3334 involving adsorbed atomic oxy-

contribution of the Langmuir-Hinshelwood mechanism
gen was also observed. In fact, complementary periodic density functional theory (DFT)
calculations showed a thermodynamic preference for the latter mechanism and identified the
5-fold coordinated Co®* species as active sites. Similar findings were encountered for CFO
nanoparticles? although with a lower catalytic activity, which based on X-ray photoelectron
spectroscopy (XPS) was attributed to the presence of significantly less reactive Co®" species.
The superior catalytic activity of the Co®" cations relative to Co?* has also been observed by

1.3> who performed DFT calculations to study methanol oxidation on the (110) and

Lveta
(111) surfaces of CozO4. Lv et al. 3 report activation energies which are overall lower on the
(110) surface exposing Co®" species than on (111) exposing Co?*, while also demonstrating
the implications of lattice oxygen in the proposed MvK redox cycles.

To contribute to this evolving field relating the interplay of composition, structure, and
reactivity in Fe and Co-based spinels oxides for the selective oxidation of alcohols, in re-
cent publications, we theoretically addressed the influence of surface reduction,?® forma-
tion of reactive oxygen species (ROS),3” and adsorption mechanism of short-chain alcohols
(methanol, ethanol, and 2-propanol) on CFO surfaces.®® Of the two most abundant facets
in CFO nanoparticles, (001) and (111),%® we focused on the (001) termination with signifi-
cantly lower overpotential for water oxidation relative to (111), and a better agreement to
the experimental value.?

The present work extends and complements our preliminary studies on CFO (001) sur-
faces and reports a detailed mechanistic DF'T investigation on the partial oxidation of short-
chain alcohols (methanol, ethanol, and 2-propanol) with ROS in the gas phase as an in-

dustrially feasible and environmentally benign protocol. We employ an embedded cluster

approach to model two surfaces of the (001) terminations, the so-called A and B layers, the



atomic arrangement of which differs in the presence of the Fe monolayer (2-fold coordinated).

By taking into account the experimental findings on Co304 and CFO nanoparticles, 23!
we limit the computational study only on the oxidative dehydrogenation pathways following
the Langmuir-Hinshelwood and the MvK mechanisms. Furthermore, in view of the fact
that Oy temperature programmed desorption (TPD) experiments excluded the presence of
molecular oxygen species on CFO nanoparticles,?® only the role of the monoatomic ROS and
lattice oxygen is explored. Theoretical studies considering the Eley-Rideal mechanism are

set aside due to the high energy costs of pre-adsorbed atomic oxygen species reported in our

previous study. 37

Computational Methods

All DFT calculations were carried out in combination with the periodic electrostatic em-
bedded cluster model (PEECM)? as implemented in the TURBOMOLE V7.4 program
package. ! The strongly correlated electrons in CFO are accounted for at the PBE04?/ def2-
SVP# level, by applying the resolution of identity approximation for the electronic Coulomb
interaction term, with auxiliary basis sets** optimized for the corresponding orbital basis sets.

Finite-sized clusters modelling the (001)-A and B surfaces of CFO with different metal
active sites as close to the center as possible are presented in Figure 1 and range from 75 to
135 atoms. They are treated quantum mechanically in the same setup which was validated
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Figure 1: The cluster structures built symmetrically around the a)Fe b) CoAf and Co*" sites
at the A-layer and c¢) Co® and oxygen vacancy at the B-layer of CFO (001) surfaces.



in our previous study. 37

To obtain optimized geometries of equilibrium and transition state structures only the
geometry of the most inner part of the quantum cluster is allowed to relax and adjust to the
method and the introduced defects and/or adsorbates. An initial guess for the transition
states is obtained by using the chain-of-state method implemented in the woelfling module®>
of TURBOMOLE, and the transitions states are further refined using the trust-region image
minimization (TRIM) algorithm.%® For the convergence criteria, the mé DFT grid is used
with thresholds of 1 x 1078 and 1 x 1073 for the total energy and the maximum norm of
the Cartesian energy gradient, respectively. For the self-consistent field (SCF) part, the
augmented Roothaan-Hall method*” for solving the Kohn-Sham equations is employed.

Adsorption energies are determined as the energy differences between the cluster — adsor-
bate complexes and fully separated structures, with zero-point vibrational energy contribu-
tions calculated within the harmonic approximation. The energies of the monoatomic ROS
are determined with respect to half of the energy of molecular O,. The Hessian matrix and
the dipole gradients for the vibrational frequency calculations are computed by considering
the derivatives of the quadrature weights and a numerical differentiation of the gradients,
with a stepwidth of 0.02 a.u. for the Cartesian coordinate displacements.

Exceptions are the calculations for 2-propanol for which the m3 DFT grid is used with
thresholds of 1 x 107% and 1 x 1072 for the total energy and the maximum norm of the
Cartesian energy gradient, respectively, and the energies are not corrected yet for the zero-

point vibrational energy (ZPVE) contribution.

Results

The reaction pathways and product selectivity observed during the oxidation of alcohols
over heterogeneous catalysts is quite diverse and strongly dependent on the identity of the

reaction site and the detailed molecular structure of the reactants. At CFO (001) surface



termination adsorbants can bind on several sites: the two fold-coordinated Fe™(Ty) and
five-fold coordinated Co*?(Oy) at the A layer and the five-fold coordinated Co™(Oy) at
the B layer. In addition we considered the most stable vacancy at B layer, i.e. the O1
vacancy, as an active site due to its implication in the MvK mechanism. To differentiate
between the active Co in the A and B layer, respectively, we use the Co? and Co? naming
convention. The effect of surface relaxation on molecule adsorption was studied using cluster
CoigFeg30s5o (Figure 1b) which represents a surface model of the A layer with Co*?(Oy,)
surface sites of different degrees of flexibility in their coordination structure, namely, the
'hindered’ Co cations (hereafter denoted as Co ") compromised (to some extent) by the
reduced bond lengths and the close proximity of the additional monolayer of Fe and the
'free’ Co (hereafter denoted as Co?/) which remain more accessible as the Fe cations relax
away. 2

For the mechanistic investigation we focused the following plausible steps:
1. Adsorption of reactants: alcohols and ROS

2. First deprotonation step: O—H bond cleavage

3. Second deprotonation step: C—H activation

4. Desorption of products: aldehyde and water

A layer

At the A-layer, we have considered the Langmuir-Hinshelwood oxidative dehydrogenation
mechanism such that the alcohol molecules and the monoatomic ROS co-adsorb at metal sites
adjacent to each other. In total, we distinguish four cases denoted with roman numbers I-1V.
In case I, monoatomic oxygen species adsorb on the Co?! site whereas the alcohol molecule
adsorbs on Co*. The reverse adsorption case is denoted with II. The Fe-Co? cation pair is

considered in case III, in which the atomic oxygen adsorbs on the Fe site whereas the alcohol



molecule adsorbs on the closest cobalt, i.e., Co*". The reverse adsorption case is denoted
with IV.

Case I. The results which correspond to this case are presented in Figure 2. In the
adsorption step, the alcohol molecule adsorbs with its O-atom oriented such that the O—H
functional group forms a hydrogen bond (H-bond) with the ROS, with bond distances of 1.64,
1.65, and 1.66 A for methanol, ethanol, and 2-propanol, respectively. Adsorption energies
associated with such an interaction become more negative in the following order methanol >
ethanol > 2-propanol. (However, we note once again that the results on 2-propanol are not
corrected for the ZPVE and are calculated with lower threshold criteria.) The Co—Ogos
distances are 1.84 A, whereas the Co-Ojeono distances are 2.10 A for methanol and ethanol,
and slightly larger (2.12 A) for 2-propanol.

As previously mentioned, for the 1% deprotonation step, we considered the O—H bond
scission. The calculated energy barriers for this step are 17.8 and 17.5 kJ/mol for methanol
and ethanol, respectively. Once the H is tranfered to the ROS, the OH group relaxes in a
bridging position between the hosting Co site and the 2-fold coordinated Fe(T,) from the
A monolayer, with distances of 2.05 and 2.06 A. The Co-Oyjeone distance shrinks by 0.03 A
from the adsorption step (1.81 A), indicating a stronger interaction of the alkoxy group with
the metal center.

For the 2"? deprotonation, we considered the O-assisted activation of C—H via the closest
oxygen from the lattice as well as via the OH group formed in the previous step by a transfer
of the H (from the O—H bond cleavage) to the reactive adoxygen species. Of these two
possibilities, direct transfer of H to OH forming water and an aldehyde/ketone, resulted in a
configuration which is overall more negative in energy, however, the transition states (energy
barriers) for such a process still need to be determined. The C—H activation through lattice

oxygen has to surpass an energy barrier of 30.8 kJ/mol for methanol.



CASEI:
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Figure 2: Plausible pathway following the Langmuir-Hinshelwood mechanism for the selec-
tive oxidation of short-chain alcohols (methanol, ethanol, and 2-propanol) at the A layer

when the alcohol molecule adsorbs on top of Co?/ whereas the reactive adoxygen species
adsorbs on top of the adjacent metal site, i.e., Co".



Case II. The results which correspond to this case are presented in Figure 3. In a similar
manner as for case I, in the adsorption step the alcohol molecules adsorbs via the oxygen
atom on top of the hosting Co site and, in addition, they form a H-bond with the ROS. An
exception is the 2-propanol molecule which after optimization is transfered on top of the Fe
site at the A monolayer. The bond distances for the H-bond are 1.64 and 1.65 A for methanol
and ethanol, respectively, identical to case I. Since in this scenario the ROS adsorbs on the
'free’” Co and the acohol molecule adsorbs on the ’hindered’ Co, the corresponding metal-O
distances differ from case I, as follows: the Co—Oprpg distance is 1.82 A (by 0.02 A shorter
than that of O on top of CoAh) and the Co—O,one distance is 2.16 A (by 0.06 A larger
than in the previous case).

The more positive adsorption energies associated with these structures indicate that case
IT is thermodynamically less favorable than case I. The same can be observed for the 1%
deprotonation step as well, such that the structures in case II are by approx. 30 kJ/mol less
favorable. By contrast, the activation energies for the O—H bond cleavage are significantly
smaller, i.e., 6.6 and 6.3 kJ/mol for methanol and ethanol. In the final geometry of this
elementary step, the metal-O interactions are stronger as indicated by the shorter bond
distances.

In the following, C—H activation and transfer of H to lattice oxygen is associated with an
energy barrier of 59.6 and 51.0 kJ/mol for methanol and ethanol, respectively. For methanol,
this activation energy is larger than the one when H is transferred to the previously formed
OH (34.5 kJ/mol). In addition, the local minimum associated with the latter is by 37.8
kJ /mol more negative in energy. For ethanol and the two possible local minima this difference
in energy is 38.5 kJ/mol, whereas the corresponding energy barrier for the direct transfer of
H to OH needs to be determined. The products in this step are more loosely bound to the

hosting metal sites as indicated by the enlargement in the corresponding bond distances.
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Figure 3: Plausible pathway following the Langmuir-Hinshelwood mechanism for the selec-
tive oxidation of short-chain alcohols (methanol, ethanol, and 2-propanol) at the A layer

when the alcohol molecule adsorbs on top of Co?" whereas the reactive adoxygen species
adsorbs on top of the adjacent metal site, i.e., Co/.
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Case III. The results which correspond to this case are presented in Figure 4. A quick
comparison of the energetic profile with the previous cases in Figure 2 and Figure 3 reveals
that case III is both thermodynamically and kinetically more favorable. This because the
local minima are located lower in energy, and the activation barriers for the 1st and 2"¢
deprotonation steps are smaller. The O—H bond cleavage is an exothermic process with
no apparent transition state as indicated by a barrierless woelfling-path for methanol, and
a transition state which is lower in energy than the initial configuration for ethanol. The
larger energetic stability of the structures in case III relative to cases I and II is related to
the thermodynamic preference of the O adatom to reside on Fe sites; as reported in our
previous paper on the activation of molecular O,,3” the Fe—O oxyl species are from 58.7 to
64.4 kJ/mol more stable than the Co—O oxyl species at the A layer.

For the 2"¢ deprotonation step and the H transfer to lattice O, we distinguish two con-
figurations depending on the geometry of the aldehyde. In one scenario the aldehyde is
stabilized in 7%(C,0) configuration on top of two Co sites, whereas in the second scenario
it is stabilized through the oxygen atom, but with elongated Co—O distance. The latter
structure is energetically more favored.

Case IV. The results which correspond to this case are presented in Figure 5. Initially,
the alcohols and the ROS adsorb on top of Fe and Co?" respectively, with adsorption
energies which are less favorable than in case III, yet, more negative than in cases I and II.
Similarly, a H-bond is present between the OH group from the alcohol and the ROS, with
bond lengths which are shorter than in the previous cases. Again, the energies become more
negative in the following order: methanol > ethanol > 2-propanol.

The 1% deprotonation step in methanol is associated with an energy barrier of 22.0
kJ/mol, whereas for ethanol and 2-propanol this barrier needs to be computed.

For the 2"¢ deprotonation step, we considered three different final configurations. In two
of them, the C—H hydrogen is transferred to the nearest oxygen from the lattice and the

aldehyde is stabilized either on top of Fe via n*(C,0) coordination or via n'(O) coordination.
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Figure 4: Plausible pathway following the Langmuir-Hinshelwood mechanism for the selec-
tive oxidation of short-chain alcohols (methanol, ethanol, and 2-propanol) at the A layer

when the alcohol molecule adsorbs on top of Co*" whereas the reactive adoxygen species
adsorbs on top of 2-fold coordinated Fe(Ty).
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Figure 5: Plausible pathway following the Langmuir-Hinshelwood mechanism for the selec-
tive oxidation of short-chain alcohols (methanol, ethanol, and 2-propanol) at the A layer

when the alcohol molecule adsorbs on top of the 2-fold coordinated Fe(T,;) whereas the re-
active adoxygen species adsorbs on top of Co”.
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In the third configuration, the H is transferred to the OH group on top of Co" (forming
H,0) and the aldehyde in stabilized in n?(C,0) coordination between Fe and lattice oxygen.
This is also the most stable geometry. For ethanol, we distinguish an additional fourth
adsorption configuration such that water molecule on top of Co?” is H-bonded to lattice O,
however, this geometry is less stable than the one where water remains H-bonded to the

acetaldehyde.

B layer

At the B layer, we have considered both the Langmuir-Hinshelwood oxidative dehydrogena-
tion mechanism as well as the Mars-van Krevelen mechanism at the expense of lattice oxygen
of the O1 type (the most stable vacancy).

Focusing first on the Langmuir-Hinshelwood pathway the results of which are presented
in Figure 6, one can see that the activation barriers associated with the first deprotonation
step are higher than for any of the Langmuir-Hinshelwood cases at the A-layer; these barriers
are 44.4 and 44.3 kJ/mol for methanol and ethanol, whereas at the A-layer they fall within
the 0.0 - 22.0 kJ/mol range. The initial and final configurations of this elementary step are
also close in energy: for methanol the energy difference is 1.4 kJ/mol, while for ethanol the
difference is slightly larger, 2.8 kJ/mol.

For the 2"¢ deprotonation, once again we considered the direct transfer of H to the OH
group formed in the previous step as well as the H transfer to the closest O from the lattice.
The former is more stable, however, the transition states and energy barriers that correspond
to this process need to be calculated. On the other hand, the H transfer to the lattice has

to surpass energy barriers of 23.9 and 13.8 kJ/mol for methanol and ethanol, respectively.
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A B layer: Langmuir — Hinshelwood
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Figure 6: Plausible pathway following the Langmuir-Hinshelwood mechanism for the selec-
tive oxidation of short-chain alcohols (methanol, ethanol, and 2-propanol) at the B layer

when the alcohol molecule and the reactive adoxygen species adsorbs on top of adjacent Co
sites.
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A B layer: Mars-van Krevelen
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Figure 7: Plausible pathway following the Marc-van Krevelen mechanism for the selective
oxidation of short-chain alcohols (methanol, ethanol, and 2-propanol) at the B layer at the
expense of the lattice oxygen of the O1 type.

Turning next to the Mars-van Krevelen mechanism in Figure 7, one can see that the
intermediate structures are located lower in the energy profile in comparison to the Langmuir-
Hinshelwood case. The activation energy for the O—H scission, however, is largest (61.8 and
64.6 kJ /mol for methanol and ethanol). For the 2"¢ deprotonation, the activation energy is

only 0.8 kJ/mol (methanol) as H is transferred at the lattice O1.
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Outlook

First, all missing transition states need to be calculated. For a more comprehensive descrip-
tion on the nature of the active sites, intrinsic bond orbital and charge analysis need to
be performed. Furthermore, the desorption of products need to be considered. So far, no
woelfing-path has been performed for the desorption of the products. There are a couple of

possibilities:

e for the structures where in the 2" deprotonation step the H is transfer to lattice one
can consider the desorption of the aldehyde first and then association of water and
consequently its desorption. Alternatively, one could consider the association of water
molecule as long as the aldehyde still binds to the surface, followed by the desorption
of the two products. Also, separate and sequential desorption of the two products can

be considered for the latter.

e for the structures in the 2" deprotonation step where the H is transfer to OH one can

consider the simultaneous and also the sequential desorption of the products.
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