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Iron and cobalt-based oxides crystallizing in the spinel structure are efficient and affordable catalysts for
the oxidation of organics, yet, the detailed understanding of their surface structure and reactivity is
limited. To fill this gap, we have investigated the (001) surfaces of cobalt ferrite, CoFe,O4, with the
A- and B-layer terminations using density functional theory (DFT/PBEO) and an embedded cluster
model. We have considered the five-fold coordinated Co?*/3* (O}), two-fold coordinated Fe* (T,), and
an oxygen vacancy, as active sites for the adsorption of water and short-chain alcohols: methanol,
ethanol, and 2-propanol, in the low coverage regime. The adsorbates dissociate upon adsorption on the
Fe sites whereas the adsorption is mainly molecular on Co. At oxygen vacancies, the adsorbates always
dissociate, fill the vacancy and form (partially) hydroxylated surfaces. The computed vibrational spectra
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1 Introduction

Transition metal oxides of the spinel type have emerged as
highly efficient and benign heterogeneous catalysts." For
instance, iron- and cobalt-based spinels, such as CoFe,0, and
Co30,, have shown promising catalytic activity as anode materials
in electrochemical water splitting,* in CO oxidation,"® and
combustion of volatile organic compounds in the gas phase.*”

Spinel cobalt ferrite, CoFe,0, (CFO), is an insulating mag-
netic oxide with inverse-type face-centered cubic structure. The
Fe*" cations are distributed over 1/8 of the tetrahedral inter-
stices (T, or A-sites), whereas 1/2 of the octahedral interstices
(O;, or B-sites) are occupied by Co”> * and Fe*". In the bulk, CFO
exhibits Néel-type antiferrimagnetic arrangement with Curie
temperature of about T¢ = 670 K.® Both Co and Fe ions are in
high-spin states, such that the magnetic moments of Fe in the
T, and O, sites are oriented antiparallel to each-other, and the
overall net magnetization is attributed to the divalent Co(Op)
cations.”"°

An attractive aspect of Fe and Co-based spinels is their
affordable cost in comparison to noble metal catalysts. Therefore,
they have been intensively studied in recent years as alternative
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catalysts for total and selective oxidation reactions of organics,
which is of significant importance in the chemical industry, in
particular, in petrochemistry'' and fine chemical production.'?
Many experimental studies’®™” have focused on the selective
oxidation of 2-propanol as a probe reaction for investigating
mechanistic aspects. For instance, Anke et al.™® explored the
interaction of 2-propanol and O, with Coz0, surfaces and report
nearly full conversion with 100% selectivity to acetone at 430 K.
The results are compared with theoretical data which identify the
oxidative dehydrogenation as the energetically most favored path-
way. Another experimental study'* addressed the catalytic proper-
ties of the Coy4,Fe, 04 (0 < x < 2) spinels in a kinetic study for
the aerobic oxidation of aqueous 2-propanol solutions, and found
that the reaction rate is strongly dependent on the Co®" content.
In an attempt to unravel the reactivity of CozO, towards alcohol
oxidation, Lv et al.'® theoretically investigated methanol decom-
position on the (110)-B and (111)-B surfaces. Their findings
suggest higher oxidation activity for the (110)-B surface with
Co®" and the 2-fold coordinated lattice oxygen as active sites.
Despite this progress, concepts relating reaction kinetics of
detailed step-by-step sequences of probable mechanisms, the
role of surface reactive oxygen species (ROS), oxygen vacancies,
and different surface structure and spinel compositions, are
still insufficient. Therefore, the main objective of the present
work is to explore the adsorption mechanism of water and
short-chain alcohols: methanol, ethanol, and 2-propanol on the
(001) CFO surfaces in the low coverage regime, as a funda-
mental step for understanding the catalytic oxidation of alco-
hols on spinels. Using density functional theory (DFT) and an
embedded cluster approach, we investigate the interactions
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that occur between surface Fe/Co metal sites and an oxygen
vacancy with a water or alcohol molecule in the gas phase.
We provide energetics and optimized geometries of equili-
brium structures for the adsorbates in different molecular
and dissociative adsorption conformations as well as optimized
structures of transition states. For the dissociatively adsorbed
molecules we focus on the O-H bond scission, which has been
found to be kinetically more favorable than the C-H and C-O
bond cleavages in alcohol decomposition over many metal and
metal oxide surfaces,'®>” including the (110)-B and (111)-B
surfaces of C0;0,.'® Furthermore, we compare the computed
vibrational signatures of the equilibrium structures with experi-
mental spectra from diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS).

2 Computational details
2.1 Surface models

To theoretically model the (001) CFO surfaces, we used finite
sized clusters which were validated in convergence studies of
adsorption potentials in a previous study.”® The quantum
mechanically treated clusters have the following stoichiometry:
CoFe,304,, CoigFe,305,, Co,,Fe;30g0, and their structures
close to a hemispherical shape are presented in Fig. 1.

The most stable [001] stacking of CFO contains alternating
layers of Co and Fe in Oy, sites and forms two distinct surface
terminations, namely, A and B.**** The B termination contains
oxygen and Co(Oy,) or Fe(Op) at the surface layer, whereas the A
termination contains an additional monolayer of iron in tetra-
hedral positions. Here, we focused only on the Co-terminated A
and B layers.
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Cleaving the bulk CFO in the Co-terminated [001] orienta-
tion leads to a decreased coordination for the surface sites and
a modification in their oxidation states. As a consequence, iron
at the A-layer becomes two-fold coordinated and adopts the
oxidation state of +2, whereas cobalt becomes five-fold coordi-
nated and, due to the excess monolayer of Fe, stabilizes in a
bulk-like +2 (high-spin) oxidation state.>* By contrast, the sur-
face five-fold coordinated Co sites at the B-layer adopt a +3
oxidation state with an intermediate spin configuration.>**®
Since the A-layer is composed of Co™ and the B-layer of Co
similar geometries, we also explore the reactivity of cobalt in
two different oxidation states in this study.

The cluster structures in Fig. 1a and b were built symme-
trically around the Fe" and Co™ active sites at the A-layer,
whereas the cluster in Fig. 1c was built symmetrically around
the Co™ site or an oxygen vacancy at the B-layer.

III

2.2 Embedded cluster calculations

All calculations were carried out with the periodic electrostatic
embedded cluster model (PEECM)*’ as implemented in the
TURBOMOLE V7.4 program package.”® In this approach, the
extended solid system is split into three regions: the cluster region,
which contains the isolated reaction site in question; the embed-
ding region, which describes the lattice environment by an infinite
array of point charges; and the intermediate region, which consists
of effective core potentials (ECPs) to prevent artificial polarization
of the electron density at the cluster boundary.

We used DFT at the PBE0*’/def2-SVP*° level to account for the
strongly correlated electrons in CFO. To aid in the computational
speed, we applied the resolution of identity approximation for the
electronic Coulomb interaction term, with auxiliary basis sets®'
optimized for the corresponding orbital basis sets.

)
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Fig. 1 The most stable stacking of CFO in the [001] direction contains alternating layers of Co and Fe in octahedral sites. Top and side views of the
cluster models built symmetrically around the (a) Fe" and (b) Co" active sites at the A-layer and the (c) Co'" active site or an oxygen vacancy at the B-layer
of the Co-terminated (001) CFO surface. The different types of metal sites and oxygen atoms are defined in the text. The introduced oxygen vacancy is
denoted by a yellow circle whereas the green arrows indicate steric hindrance by the proximity of the Fe cations at the A-layer.
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The finite-sized clusters in Fig. 1, modelling the different
active sites at the (001)-A and B surfaces of CFO, were treated
quantum mechanically in a setup for the embedding which has
been evaluated in a previous study.>® In this embedding setup,
the two-dimensional periodic array of point charges was con-
structed by combining bulk and relaxed surface structures
taken from periodic DFT(PBE)+U calculations.”® For the elec-
trostatic embedding we used full formal ionic charges: 2+ for
surface Fe/Co at the A-layer, 3+ for surface Co at the B-layer,
2— for oxygen, and 2+/3+ for bulk Co/Fe. The nearest cations in
the embedding around the clusters were augmented with
relativistic 28 e~ Zn/Ga ECPs (ecp-28-sdf) from ref. 32 and 33
with similar radii as the Co*"*" and Fe*"*" ions.

Optimizations were performed such that only the geometry
of the most inner part of the quantum cluster was allowed to
relax and adjust to the method and the introduced defects and
adsorbates. An initial guess for the transition states was
obtained by using the chain-of-state method implemented in
the woelfling module** of TURBOMOLE, and the transitions
states were further refined using the trust-region image mini-
mization (TRIM) algorithm.?*> We used the DFT grid m5 and
convergence thresholds of 1 x 107% and 1 x 107 for the total
energy and the maximum norm of the Cartesian energy gradi-
ent, respectively. For the self-consistent field (SCF) part we
employed the augmented Roothaan-Hall method*® for optimizing
Hartree-Fock and Kohn-Sham density matrices.

Adsorption energies of all equilibrium structures and transi-
tion states were determined as the energy differences between
the cluster-adsorbate complexes and fully separated structures
(AEads = Ecluster+adsorbate — Ecluster — adsorbate)~ They include the
zero-point vibrational energy contributions calculated within
the harmonic approximation. The Hessian matrix and the
dipole gradients for the vibrational frequency calculations were
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.
For a comparison with the experimental spectra, the computed
harmonic frequencies were scaled with factors to correct for the
neglect of anharmonicity and systematic errors of the DFT func-
tional and the basis set. Since these empirical correction factors
depend on the kind of the normal mode (for instance, CO stretch
frequencies need a much lower value than deformation modes), we
calculated harmonic frequencies of isolated methanol, ethanol,
and 2-propanol in the gas phase and determined individual scaling
factors based on the mode type, to best match the experimental
measurements. In this way, we obtained average factors of 0.956 for
CH, 0.976 for CC, 0.920 for CO, and 0.943 for OH stretching
vibrations, and 0.984 for all other normal modes which do not fit
to one of these types (see details in ESIt).

3 Experimental methods

In situ DRIFTS measurements were performed in a Nicolet
NEXUS™ FT-IR spectrometer equipped with a liquid-nitrogen
cooled MCT-A detector and an Ever-Glow mid-IR source. A PIKE
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DiffuseIR™ diffuse reflectance accessory with a PIKE DiffuseIR™
high-temperature environmental chamber equipped with a KBr
window was used for the DRIFTS measurements. A home-built
pressure control system allowed the evacuation of the environ-
mental chamber to a base pressure of 2 x 10~° mbar. The
system consists of a pre-vacuum membrane pump, a turbo-
molecular pump, and an electronically actuated leak-valve
enabling the adjustment of a constant probe molecule pressure
up to 1 bar. 20 mg of finely grounded commercial CoFe,O,
(Sigma-Aldrich) was placed in a porous ceramic crucible.
The catalysts were pretreated at 200 °C for 120 min (heating
ramp 10 K min~") in synthetic air (20 sccm, ALPHAGAZ™ 1,
Air Liquide) containing 20.5 £+ 0.5% O, in N, and traces of
moisture (<2 ppm), hydrocarbons (<0.1 ppm), CO (<1 ppm),
and CO, (<1 ppm). Afterwards, the environmental chamber
was cooled to 30 °C and evacuated until base pressure was
reached and background spectra were collected. The probe
molecule pressure (methanol, ethanol, and 2-propanol) was
stepwise adjusted between 1 x 10 * mbar and 25 mbar and
DRIFT spectra were recorded for each step, respectively.
Data collection was performed with a spectral resolution
of Av = 4 em™", 256 scans and an aperture setting of 150.
All spectra of the adsorbed probe molecules are presented as
log(1/R) plots with R being the reflectance of the clean sample
surface.

4 Results and discussion

4.1 Adsorption at pristine surfaces

On the defect-free A and B terminations of the CFO (001)
surface we have investigated the interaction of a single water
or alcohol (methanol, ethanol, and 2-propanol) molecule with
the exposed metal centers, namely, the Fe", co", and Co™
active sites.

4.1.1 Fe" active site. The calculated adsorption energies
and metal-O distances for the interactions of water and the
short-chain alcohols on the Fe" site at the A-layer are summar-
ized in Table 1.

At low coverages, water adsorbs in two distinct molecular
conformations on top of the Fe' site. The optimized structures,
denoted as Mol-I and Mol-1I, are presented in Fig. 2a and b,
respectively. In both conformations, water forms two hydrogen
bonds with the 3-fold coordinated oxygens from the lattice. The
dono distances are similar, i.e. 1.73 and 1.70 A for Mol-I and
Mol-I, respectively. However, in the structure in Fig. 2a (Mol-I),
the Fe site is significantly displaced from its initial position
presented by a dark sphere. This rearrangement is reflected in
the adsorption energy as well: Mol-I is by 16.5 k] mol ™" less
favorable than Mol-1I. From the latter, a hydrogen atom can
readily transfer to the surface with no apparent intermediate or
barrier as indicated by the fact that the ZPVE-corrected energy
at the saddle point of the electronic potential energy surface is
energetically below that at the minimum for the molecularly
adsorbed structure. The dissociated form of a single water mole-
cule on top of Fe is shown in Fig. 2¢c. From the thermodynamic
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Table 1 Adsorption energies and metal-O distances for the interactions
of water and short-chain alcohols on the Fe' site at the (001)-A CFO
surface

Adsorbate State” AEuq [ mol™]  dpeo[A]  Figure”
Water Mol-I —124.2 2.08 Fig. 2a
Mol-1I —145.7 2.06 Fig. 2b
Diss —145.9 1.91 Fig. 2¢
TS —148.0° 1.98 Fig. S3a
Methanol Mol-1 —100.9 2.09 Fig. Sla
Mol-1I —128.0 2.06 Fig. S1b
Diss —146.2 1.91 Fig. Sic
TS* —136.7° 1.99 Fig. s1d
Ethanol Mol-1 -111.2 2.09 Fig. S2a
Mol-I1 —136.6 2.07 Fig. S2b
Diss-I —141.7 1.91 Fig. S2c
Diss-IT —152.4 1.90 Fig. S2d
Ts? —143.7° 2.00 Fig. S2e
2-Propanol Mol-I —113.0 2.11 Fig. 3a
Mol-I1 —143.0 2.07 Fig. 3b
Diss-I —151.6 1.92 Fig. 3¢
Diss-1I —159.3 1.91 Fig. 3d
Ts? —149.9° 2.00 Fig. S3b

@ Mol-molecular, Diss-dissociative, TS-transition state. ” Figures start-
ing with ‘S’ are given in ESI ° Transition state for: Mol-Il — Diss.
4 Transition state for: Mol-II — Diss-I. ° ZPVE-corrected energies at the
TS on the electronic potential energy surface.

point of view, Mol-II and the dissociated conformation of water
are predicted to coexist in equal amounts as indicated by the
nearly identical adsorption energies of —145.7 and —145.9 k] mol %,
respectively.

Turning next to the adsorption of short-chain alcohols on
top of the Fe site, once again, we distinguish two molecular
adsorption conformations and a dissociated form involving
O-H bond cleavage. For illustration, the optimized structures
for 2-propanol are presented in Fig. 3.

The alcohol molecule binds to the Fe cation at the surface
with its O atom. In the adsorption conformation characterized
as Mol-I, there is no additional interaction of the alcohol with
the surface as the alkyl part and the hydrogen atom from the
OH functional group face upwards. By contrast, in the Mol-II
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Fig. 3 Top and side views of the optimized geometries for the inter-
actions of 2-propanol on the Fe' active site at the (001)-A CFO surface:
(a and b) molecular and (c and d) dissociated adsorption conformations.
For the molecularly adsorbed 2-propanol, the abbreviations Mol-I and
Mol-Il are used to distinguish the conformations with an absence and a
presence of a H-bond with the lattice oxygen, respectively. For the
dissociatively adsorbed 2-propanol, the abbreviations Diss-I and Diss-II
are used to distinguish two conformations with different orientations of
the isopropyl group.

structures the hydroxyl hydrogen points towards the 3-fold
coordinated oxygen from the lattice forming H-bonds with
lengths of 1.51, 1.53, and 1.54 A for methanol, ethanol, and
2-propanol, respectively. Subsequent O-H dissociation and
H-transfer to the lattice is facile, analogous to the water case,
with no apparent activation energy. In the dissociated state,

LR
@

)

1.70A 9

~

Fig. 2 Top and side views of the optimized geometries for the interactions of a single water molecule on the Fe" active site at the (001)-A surface of
CFO: (a and b) molecular and (c) dissociated adsorption conformations. The molecularly adsorbed water forms H-bonds with the 3-fold coordinated
oxygens (O2) from the lattice, whereas in the dissociated case one of the hydrogens from water is transferred to this oxygen. The dark sphere represents

the initial position of Fe before the adsorption.
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the Fe-O interactions become stronger, with bond lengths that
are by ~0.19 and 0.16 A shorter in comparison to the Mol-I and
Mol-II structures. The formed alkoxy species are stabilized by
H-bonding, bridging the hosting Fe site and the surface OH.
Furthermore, for ethanol and 2-propanol we find two distinct
dissociated cases, namely Diss-I and Diss-II, based on the
orientation of the alkyl group. The respective structures of
these dissociated forms for 2-propanol are presented in
Fig. 3c and d. The rotation of the isopropyl group from the
Diss-I to the Diss-II case has to surpass an energy barrier of
12.4 k] mol' before relaxing to a minimum which is by
7.7 kJ mol~" more stable than the parent configuration.

By comparing the adsorption energies for the different
adsorbate molecules and local minima in Table 1, one can
notice that the energies, in general, become more negative in
the following order: water > methanol > ethanol > 2-propanol.
As a result, upon adsorption, alcohols should be able to replace
hydroxyl groups from the surface. Regarding the different
adsorption conformations, the Mol-II structure is always more
favorable than Mol-I, and in its final state, the alcohol molecule
is always found to deprotonate forming adsorbed alkoxy and
surface hydroxyl groups, contrary to the water adsorption for
which the molecular and dissociative states are competitive.

4.1.2 Co" active site. Due to the strong relaxation pattern
of the additional Fe cations at the A-layer, we distinguish two
types of Co" sites. These are the so-called ‘free’ and ‘hindered’
Co" sites in Fig. 1b. The reactivity of the ‘hindered’ Co" cations
is compromised (to some extent) by the reduced bond lengths
and the close proximity of the additional monolayer of Fe,
whereas, as the names suggests, the ‘free’ Co” remain more
accessible as the Fe cations relax away.>*

In the present study, we have considered the reactivity of
both Co" sites. The corresponding calculated adsorption ener-
gies and metal-O distances for the interactions of water and the
short-chain alcohols are summarized in Table 2. In all cases,
the interactions on the ‘free’ cobalt exhibit more negative
adsorption energies.

On the other hand, the adsorption pattern of the adsorbates
is identical for both sites. Water adsorbs only in a molecular
fashion, bound additionally via a hydrogen bond to the 3-fold
coordinated oxygen from the lattice, with dg, o = 2.11 (2.26) A
and doy_o = 1.62 (1.97) A. The same holds true for the alcohol

Table 2 Adsorption energies and metal-O distances for the interactions
of water and short-chain alcohols on the ‘free’ (‘hindered’) Co'" active site
at the (001)-A CFO surface

Adsorbate  State®  AE.g [k mol™']  dcoo[A]  Figure”
Water Mol —95.9 (—78.0) 2.13 (2.26)  Fig. S4a (S5a)
Methanol ~ Mol-I ~ —77.2 (—63.4) 2.15 (2.21)  Fig. S4b (S5b)
Mol-II  —98.0 (—80.0) 2.13 (2.24)  Fig. S4c (S5¢)
Ethanol Mol-I  —79.6 (—65.7) 2.15 (2.22)  Fig. S4d (S5d)
Mol-Il —104.3 (—85.1)  2.12 (2.24) Fig. S4e (S5¢)
2-Propanol Mol I  —86.6 (—73.1) 2.15 (2.22)  Fig. S4f (S5f)
Mol-Il  —106.7 (—91.0)  2.12 (2.24)  Fig. S4g (S5g)

“ Mol-molecular, Diss - dissociative. ? Figures starting with ‘S’ are given
in ESIL
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molecules, although in this case we observe two distinct
molecular adsorptions: non-H-bonded (Mol-I) and H-bonded
(Mol-11), just as for the Fe' active site. In Mol-I, the alcohol
molecule interacts with the surface only by binding to Co™. On
the ‘free’ cobalt, the dg,_o distances are the same for the three
alcohols with a value of 2.15 A. On the ‘hindered’ cobalt these
values are larger, i.e., 2.21 A for methanol and 2.22 A for ethanol
and 2-propanol. In Mol-1I, the adsorbed alcohol coordinates to
a cobalt cation such that the proton of the OH functional group
orients towards a lattice oxygen forming a H-bond, with doy_o
ranging from 1.64 to 1.72 (1.71 to 1.73) A and dc,_o of 2.12-2.13
(2.24) A for the ‘free’ (*hindered’) cobalt.

These findings show that the interactions on the ‘hindered’
Co" are weaker, clearly reflecting the steric hindrance by the Fe
monolayer. For both sites, Mol-II is energetically more stable,
with adsorption energies that are by at least 16 k] mol ' more
negative than for Mol-I (see Table 2).

4.1.3 Co™ active site. For the interactions of water and the
short-chain alcohols on the Co™ active site at the B-layer of
the CFO (001) surface, Table 3 summarizes the calculated
adsorption energies and metal-O distances.

A single water molecule adsorbs molecularly on top of
the Co™ site with dooo = 1.92 A. The dissociated case is by
66.5 k] mol ™" less stable, and it is associated with a shorter
dco-o of 1.77 A.

Focusing on the energies for the alcohol adsorbates in
Table 3, for methanol we observe different preference than
for water; the dissociative adsorption prevails over the molecular
one, although the energetic stability between the two cases differs
by only 10.7 kJ mol . For ethanol and 2-propanol, the molecular
case is, once again, energetically more favored than the dissocia-
tive adsorption by 8.4 and 7.1 k] mol ', respectively. In the
dissociated state, the alkoxy species are stabilized by monodentate
coordination on top of the hosting Co™ site such that the alcohol
skeleton is inclined towards the surface (/. Co-O-C = 117.5° in
methanol, 125.1° in ethanol, and 126.1° in 2-propanol).

A comparison of the adsorption energies reported in Tables 2
and 3, for the Co' and Co™ sites, respectively, reveals that overall

Table 3 Adsorption energies and metal-O distances for the interactions
of water and short-chain alcohols on the Co'" active site at the (001)-B
CFO surface

Adsorbate State”  AEaqs [KJ mol '] dco-o [A] Figure®
Water Mol —94.0 1.92 Fig. S6a
Diss —27.5 1.77 Fig. S6b
TS* —27.7¢ 1.84 Fig. Séc
Methanol Mol —96.3 1.93 Fig. S7a
Diss —106.9 1.82 Fig. S7b
TS* —34.57 1.85 Fig. S7¢
Ethanol Mol —104.0 1.94 Fig. S8a
Diss —-95.6 1.86 Fig. S8b
TS* —39.47 1.86 Fig. S8c
2-Propanol Mol —108.4 1.94 Fig. S9a
Diss —-101.4 1.86 Fig. S9b
TS* —39.2¢ 1.86 Fig. S9¢

@ Mol-molecular, Diss-dissociative, TS-transition state. ? Figures starting
with ‘S’ are given in ESL © Transition state for: Mol — Diss. ¢ ZPVE-
corrected energies at the TS on the electronic potential energy surface.
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water and the short-chain alcohols bind more strongly to Co™,
with energies that differ by only a few k] mol " for both
oxidation states. The main difference in this comparison can
be attributed to the adsorption mechanism, for which we
observe no dissociation of the adsorbate on top of Co™.

Finally, from the electronic structure perspective, the spin
density on the Co™ site underneath the adsorbates is quenched
(Fig. S11 of the ESIf), indicating that Co™ is in a low-spin
configuration with all electrons paired. This result reflects
earlier observations based on periodic DFT(PBE)+U calcula-
tions in a plane-wave basis, which showed that Co™ at the
B-layer of CFO and Coz;0, prefers the low spin-state upon
chemisorption of certain adsorbates.***2¢

4.2 Adsorption at an oxygen vacancy

As for other spinels, the (001) CFO surfaces expose two types of
oxygens: O1 and 02, marked in the cluster structures in Fig. 1.
At both terminations (A and B), the O2 oxygen is 3-fold
coordinated with two Co atoms from the surface and an inner
Fe atom in tetrahedral position. Differently, the O1 oxygen is
3-fold coordinated at the B-layer (denoted as O1%) with two Co
atoms from the surface and an inner Fe atom in octahedral
position. At the A termination, the O1 oxygen (denoted as 01*) is
4-fold coordinated with an additional Fe from the surface layer.

To study the role of oxygen vacancies in the adsorption of
water and short-chain alcohols, we removed a neutral O atom
from the quantum cluster and limited our study to the most
stable ones identified on the spinel (001) surfaces, i.e., the O1®
vacancy at the B-layer.”®?” The adsorption energies for water,
methanol, ethanol, and 2-propanol at the O1® vacancy are
summarized in Table 4, together with the metal-O distances
for the closest surface Co cations.

The interactions of the water/alcohol molecule with the
vacancy follow a common adsorption pattern. Initially, the
water/alcohol molecule adsorbs in a molecular fashion, forming
a H-bond with another 01" lattice oxygen with doy_o distances in
the 1.77-1.99 A range. Next, the proton is transferred to the lattice
oxygen. The dissociative adsorption at the O1® vacancy is by

Table 4 Adsorption energies and metal-O distances for the interactions
of water and short-chain alcohols at the O1° vacancy on the (001)-B CFO
surface

Adsorbate State”  AEu [k mol™"]  dcoo [A] Figure”
Water Mol —123.5 1.92/1.94  Fig. S12a
Diss —168.4 1.95/2.16  Fig. S12b
TS* —-101.3¢ 2.53/2.95  Fig. S12¢
Methanol Mol —127.5 2.63/2.63 Fig. S13a
Diss —165.2 1.96/2.14  Fig. S13b
TS —89.97 2.55/2.90  Fig. S13c
Ethanol Mol —132.3 2.53/2.69 Fig. S14a
Diss —-175.1 1.96/2.14  Fig. S14b
TS* —93.67 2.46/2.95  Fig. Sl4c
2-Propanol Mol —144.0 2.49/2.58  Fig. 4
Diss —168.7 1.95/2.14  Fig. 4
TS* —90.9¢ 2.51/2.61  Fig. 4

@ Mol-molecular, Diss-dissociative, TS-transition state. ° Figures start-
ing with ‘S’ are given in ESI. ¢ Transition state for: Mol — Diss. ¢ ZPVE-
corrected energies at the TS on the electronic potential energy surface.
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Energy [kJ/mol]

Fig. 4 Adsorption mechanism of a single 2-propanol molecule at the O18
vacancy of the (001)-B CFO surface. Initially, 2-propanol adsorbs in a
molecular fashion (Mol) at the vacancy forming a H-bond with the oxygen
from the lattice. After passing a transition state (TS) in which the H-proton
is shifted mostly to the lattice oxygen, 2-propanol relaxes to the final
geometry — the dissociative state (Diss).

24.7 to 44.9 k] mol™" more stable than molecular adsorption.
A pictorial representation of the adsorption mechanism at the 01°
vacancy is shown in Fig. 4 for 2-propanol. The cleavage of
the O-H bond has the smallest energy cost for water, with a
barrier of 22.2 k] mol ", This barrier is largest for 2-propanol
(53.1 k] mol "), whereas for methanol and ethanol it is roughly
isoenergetic (37.6 and 38.7 k] mol ", respectively). In comparison
to the O-H scission at the pristine surfaces, the activation energies
at the oxygen vacancy are significantly higher than for the
exothermic cases on the Fe" site (Table 1), and smaller than those
on the Co™ centers (~60 kJ mol™", see Table 3). On the other
hand, the adsorption energies for the dissociated cases at the 01"
vacancy are more negative than those on metal sites.

4.3 Infrared (IR) spectroscopy

To better understand the surface chemistry during the inter-
actions of methanol, ethanol, and 2-propanol, on the (001)
surfaces of CFO, the following sections compare results of
in situ DRIFTS studies with simulated spectra from theory.

4.3.1 Methanol. The DRIFT spectra recorded at different
pressures during the adsorption of methanol on CFO are
plotted in Fig. 5.

First bands are visible already at pressures of 10~* mbar;

these include the spectroscopic dips at 3691 and 3635 cm !,

and the adsorption bands at 2919, 2803, 1444, and 1068 cm ™.

The negative bands are a direct consequence of the consump-
tion of the OH groups from the hydroxylated CFO surfaces,
suggesting dissociative adsorption of methanol. Accordingly,
the signals at 2919 and 2803 cm ', can be assigned to the
asymmetric and symmetric CH; stretching vibrations [v,5(CHs)
and v4(CHj;)], respectively, whereas the signals at 1444 and
1068 cm~ ' can be assigned to the CH; bending [6(CHj3)], and
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Fig. 5 The DRIFT spectra recorded at different pressures during the
adsorption of methanol on the commercial CFO sample. The bands
assigned to adsorbed methanol species are presented in bold to distin-
guish them from those corresponding solely to oxidation products. The
very weak bands in the highlighted regions in grey indicate the presence of
methyl formate and carbonates.

40-42

C-O stretching [{CO)] vibrations of methoxy species.
At slightly higher pressures of 10> mbar, a signal is also visible
at 1164 cm™ !, accompanied by a shoulder at 1035 cm™'. While
these bands can be assigned to J(CH3) and (CO) of methoxy,
respectively, they can be also indicative of molecularly adsorbed
methanol.

Upon further increasing the pressure, the most prominent
changes occur at 5x 10" mbar, as summarized in the following.
Several peaks centered at 2978, 2893 and 1454, 1130 become
apparent and can be assigned to v,5(CH3), v5(CH3), and 6(CHj3) of
methanol adsorbed in a molecular fashion.**** Some of these
bands are superimposed and/or are at similar positions with
those originating from oxidation products, the presence of which
is further indicated by weak signals appearing in the regions
between 1630-1580 cm™ " and 1320-1390 cm " (highlighted in
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grey in Fig. 5).*°"** For instance, bands at 2942, 2893, 1600, 1587,
1454, 1380, and 1367 cm™* may be attributed to the combination
of 1,5(OCO) and 6(CH), (C-H), v,5(OCO), 6(CH), and r,OCO)
of methyl formate species, whereas bands at 1490, 1380, and
1326 cm™ ' may be attributed to monodentate carbonates.**!371>
For clarity, the vibrational frequencies which can be assigned to
methoxy or molecularly adsorbed methanol are presented in
bold in Fig. 5 to distinguish them from those corresponding
solely to oxidation products. The broad signal formed in the
region between 3500-3000 cm ™' infers the presence of physi-
sorbed water as a side product from the adsorption of methanol
on surface OH or the selective oxidation. On the other side, the
broad feature in the region between 3000-2400 cm ™' may be
indicative of the partial reduction of the spinel.*® At 10 mbar, very
weak bands at 1620, 1550, and 1280 cm™* become visible sugges-
ting the additional presence of bidentate carbonate species.*’

To corroborate the assignment of the bands and species
observed in the DRIFT spectra of methanol, in Table 5 we
compare the experimental data (at 10 mbar) with calculated
(and scaled) vibrational frequencies for the molecularly and
dissociatively adsorbed methanol on the different active sites at
the CFO (001) surfaces. The simulated IR intensities in the
chemically significant regions are presented in Fig. 6. The
vibrational assignments for the observed frequencies can be
divided into three categories in terms of the characteristic
modes of functional groups: CH; stretching in 3100-2700
em™ ', CH; bending in 1500-1400 cm™ ', and C-O stretching
and CH; wagging [w(CH;)] in 1200-900 cm ™.

Focusing first on the 3100-2700 cm™" region and the CH,
stretching vibrations, it is apparent that the v5(CH;) modes, in
general, display more intense signals than v,4(CHj), in accordance
with the strong experimental peak of v(CH;) at 2803 cm ™' and
the less intense v,5(CH;) peaks at 2978 and 2919 cm ™ '. With the
exception of the Diss state at the Co™ site, upon adsorption the
calculated v4(CH;) vibrations are displaced by 3 to 86 cm *
to higher wave numbers relative to the frequency in isolated
methanol.

Table 5 Calculated scaled vibrational frequencies of methanol and methoxide species in comparison with the experimental results from DRIFTS.
All wave numbers are given in cm™. The following vibrational modes are listed: asymmetric and symmetric stretching and deformation modes of the
methyl group [vas(CH3), v5(CHsz) and d,5(CH3), ds(CH3)], wagging [w(CH3)l, and the CO stretching mode [£(CO)]

Active site State Vas(CH3) vs(CHj3) 0as(CH3) 0s(CH3) ®(CHj) 1(CO)
Fell Mol-I 3052, 3035 2928 1466, 1456 1452 1097 983
Mol-1I 3024, 2987 2898 1453, 1450 1442 1165 1039
Diss 2946, 2941 2864 1458, 1452 1441 1160 1053
‘Free’-Co" Mol-I 3060, 2992 2906 1465, 1457 1427 1072 1019
Mol-1I 3029, 2983 2896 1472, 1455 1445 1153 1035
‘Hindered’-Co" Mol-I 3044, 3006 2914 1480, 1447 1431 1071 1014
Mol-II 3018, 2987 2900 1464, 1457 1444 1138 1030
Co™ Mol 3083, 3052 2947 1465, 1441 1428 1103 984
Diss 3029, 2846 2757 1419, 1334 1305 940 960
Diss | 2985, 2900 2801 1467, 1344 1304 954 1085
01? vacancy Mol 3024, 3019 2916 1473, 1425 1439 1119 979
Diss 2980, 2953 2868 1475, 1461 1430 1159 1023
Free CH;OH, calc. — 3005, 2919 2861 1472, 1447 1452 1060 1054
Free CH;OH, exp.” — 3000, 2960 2844 1477, 1430° 1455 1060 1033
DRIFTS (at CFO), exp. Mol & Diss 2978, 2919 2893, 2803 1454, 1444 1164, 1130 1068, 1035

@ From ref. 38. ” From ref. 39.
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Fig. 6 A comparison of the experimental DRIFT spectra at 10.0 mbar with simulated IR spectra for the molecular and dissociative adsorptions of

methanol on the different active sites at the CFO

) surfaces.

001

(

rather well with those observed experimentally at 1444 and

1400 cm ™ region, a closer inspec-
for all equilibrium structures, the

Turning next to the 1500-
tion of Table 5 shows that,

1454 cm™ . However, as they are positioned in close proximity

to one another and with similar intensity, an exact and un-

least affected modes by the adsorption on the surface are the

ambiguous assignment to individual experimental frequencies

is not possible.

deformations of the CH; group which, overall, are also weakest

in intensity. The calculated frequencies of these modes agree
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When we analyze the region between 1200 and 900 cm ™',
Fig. 6 shows strong to medium signals attributable to (CO) and
®(CHj3). Of these two modes, (CHj) is almost always blue-
shifted from 12 to 100 cm™*, with the exception of the Diss
geometry on Co™, in which w(CHj,) is red-shifted by 120 ecm ™.
These findings corroborate the experimentally observed bands
at 1164 and 1130 cm ™' (see Fig. 6). On the other hand, (CO)
modes of adsorbed species are red-shifted by 2-94 cm ™" relative
to free methanol. The frequency shifts associated with the
1(CO) vibrations strongly reflect the enlargement or diminution
of the C-O bond length as a consequence of the different
stabilization mechanisms of methanol on the surface sites.
For instance, molecular adsorption conformations denoted
as Mol-I on Fe'" and Mol on Co™ and the O1® vacancy are all
associated with dc_o = 1.43 A, about 0.03 A larger than in free
methanol (1.40 A) and, thus, exhibit major shifts of ~80 cm™*
for 1(CO). On the other hand, Mol-I conformations on Co'" are
associated with de_o = 1.42 A and smaller shifts of ~40 cm™ ™.
In the Mol-II adsorption structures, dco = 1.41 A and, conse-
quently, the vibrational displacements are even smaller
(~20 ecm™"). Regarding the dissociative adsorption, we recall
from previous sections that, on Fe', methoxy is stabilized by
H-bonding, such that it bridges the hosting Fe site and a lattice
OH, while on Co™, it is stabilized in a monodentate coordina-
tion on top of the metal center. As a result, the dco bond
length in the former is barely influenced (i.e., it is the same
as in free methanol, dc_o = 1.40 A) and the corresponding
vibrational displacement is only 2 cm ™', whereas in the latter,
dc-o is reduced by 0.04 A (1.36 A) and the (CO) mode is
displaced by 94 cm™". While these observations support the
experimental assignment that many 1(CO) bands of methoxy
and molecularly adsorbed methanol may be superimposed at
1035 cm™ " and the broad feature on its right, they do not
explain the very intense experimental peak at 1068 cm ™'
attributable to (CO) of methoxy species and blue-shifted with
respect to the isolated methanol molecule.

To explain the origin of the peak at 1068 cm™ ', we have
focused on the Diss geometry at the pristine B-layer (ie.,
methoxy adsorption on top of the Co™ site) and additionally

1

a)
o
k4 Z
y  0(0.660) y y 0 (0.813) 0 (0.132)
L’x C (0.345) L.x 0(0.972) Lx Co (0.184) )’Ly Co (0.834)
y y y
B

Z)

z
y 0 (0.680) y 0 (0.838)
I‘x C (0.324) Lx

z
Co (0.160) l‘i 0 (0.979)

r4
0(0.977) I-of’(

Fig. 7 Singly occupied IBOs localized at the O atom of methoxy in the (a) Diss and (b) Diss | geometries on the Co

is £0.05.
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considered the dissociative adsorption of methanol with the
C-O bond oriented perpendicular to the surface. For this
structural configuration (hereafter denoted as Diss | ), we have
fixed the initial positions of the O and C atoms of methoxy in
two directions such that / Co-O-C = 180° and allowed them to
relax in the third direction along the surface normal. In the
optimized Diss; geometry the resulting Co-O-C angle is
179.6°, the Co-O interaction weakens (dco-o = 1.96 A), whereas
the C-O bond strengthens (dc_o = 1.35 A) in comparison to Diss
discussed so far and in which the alcohol skeleton is inclined
toward the surface (/£ Co-O-C = 117.5° dgoo = 1.82 A, dc_o =
1.36 A). The corresponding vibrational signature of Diss is
incorporated in Table 5 and Fig. 6. Noteworthy, the v, (CO)
mode is characterized by a positive shift of 31 ecm™* to higher
wave numbers relative to the computed gas phase value and,
thus, agrees rather well with the experimental signal at
1068 cm™ ', considering that this signal is by 35 cm™" blue-
shifted with respect to (CO) in free methanol (1033 cm ™).
Analysis of the bonding motif of methoxy to Co™ using
intrinsic bond orbitals (IBOs), for the Diss and Diss struc-
tures, reveals seven occupied valence spin orbitals localized at
the O moiety. One additional occupied spin orbital localized
mainly at the Co has some contribution from an O 2p orbital,
which for Diss is larger than for the Diss,. These IBOs are
collated in Fig. 7a and b, respectively. The interaction in Diss is
coordinative in nature with a g-donor lone pair on the O atom
of methoxy and some n-back donation into a 2p,, orbital of O.
The final vibrational shift is a balance of these two synergistic
bonding mechanisms which influence also the CO bond
and the change in the effective mass for the vibrational mode.
As a result, ¥(CO) is red-shifted by 94 cm ™" in the tilted Diss
structure. The reorientation from the tilted Diss to the
perpendicular Diss; geometry is accompanied by a change of
the hybridization at the O atom from sp*like to sp (cmp.
Fig. 7b). The increased contribution from the O 2s orbital to
the CO bond strengthens the latter (as it is apparent from the
shortened bond length) and blue shifts v, (CO). Consequently,
we reason that the positive (CO) vibrational shift observed in
the DRIFT spectrum arises from the change in hybridization

b)

0 (0.029)
Co (0.962)

'-o‘; 2}3_-2;‘;:} '-o’,’( 0 (0.917) '-oi'( 0 (0.965) '-.’)’(

z
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Ly g Ly
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site at the B-layer. Isosurface value

Z
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when the methoxy group is forced into a perpendicular geo-
metry by neighbouring hydroxy or methoxy groups on the
surface, at high coverage.

Another interesting observation from this analysis is that,
upon dissociation of methanol, the hosting Co™ site holds on
to its original 3d° state. Instead, the neighboring Co acts as an
actual electron acceptor center and is reduced to the divalent
state, as can be inferred by seven IBOs localized at this atom,
with occupation numbers ~1 and consisting mainly of its 3d
orbitals. The same conclusion can be reached from the IBO
analysis for the analogous dissociated cases of ethanol and
2-propanol on top of Co™.

4.3.2 Ethanol and 2-propanol. The DRIFT spectra recorded
at different pressures during the adsorption of ethanol and
2-propanol on CFO are presented in Fig. 8 and 9, respectively.

Ethanol 2960
3693 | 2881 1109

11061

1380 |

1446 11278 |

5.0 E-1 mbar

log(1/R) [a.u.]

i 1.0 E-3 mbar
5.0 E-4 mbar

e o B e B e o TS A B M e T
3200 2800 2400 2000 1600 1200 800
Wavenumber [cm™!]

4000I '36I00|
Fig. 8 The DRIFT spectra recorded at different pressures during the
adsorption of ethanol on the commercial CFO sample. The bands assigned
to adsorbed ethanol species are presented in bold to distinguish them
from those corresponding solely to oxidation products.
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Fig. 9 The DRIFT spectra recorded at different pressures during the
adsorption of 2-propanol on the commercial CFO sample. The bands
assigned to adsorbed 2-propanol species are presented in bold to distin-
guish them from those corresponding solely to oxidation products.
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Focusing first on the vibrational signature of ethanol in
Fig. 8, first bands are visible at 5 x 10~ mbar and centered at
2960, 2844, 1380, and 1109, 1061 cm ™. They can be assigned to
Vas(CH3), Vas(CH3), 6(CH3), and coupled (CC)//(CO) stretching
modes of ethoxide.’®™® In parallel, the spectroscopic dips
at 3693 and 3635 cm ' suggest dissociation of ethanol by
condensation with surface OH, similar to what was observed
for methanol. Above 5 x 10~> mbar broadening of the formerly
observed bands as well as the detection of bands at 1278
and 896 cm~ ' which can be assigned to 6(OH) and 14(CCO)
indicate the presence of molecularly adsorbed ethanol.*®*%*°
In addition, at higher pressures the 2960 cm™ ' band is blue-
shifted, peaking at 2972 em™" at 25.0 mbar. A weak band
at 1635 cm ' suggests the formation of acetaldehyde.*®*8
Acetaldehyde is then further oxidized forming acetate which
is detected by bands at 1570, 1446, and 1335 cm ™' assigned to
V,5(0CO), v4(0OCO), and 6(CH3). Oxidation is evidenced by a
broad adsorption feature in the »(OH) region between 3600-
3000 cm ! indicating the presence of physisorbed water above
5 x 10" mbar. Similar to methanol adsorption, partial
reduction of the spinel is suggested by a broad feature in the
region between 3000-2400 cm ™ '.*® Furthermore, the presence
of carbonates is indicated at pressures above 5 mbar.

Turning next to 2-propanol and its vibrational signature in
Fig. 9, the first signals are also visible at 5 x 10~* mbar. The
bands at 2971, 2844, 1382, 1340, and 1132, 984 cm ™' can be
assigned to v,5(CHj), ¥(CH), J,5(CH3), d5(CH3), and coupled
(CC)/(CO) mixed with CH; rocking [p(CHj)].">**>°">% Like-
wise to the adsorption of methanol and ethanol, 2-propoxide is
formed by condensation of 2-propanol with surface OH as
suggested by negative bands at 3688 and 3635 cm '. Broad-
ening of the bands at 1 x 10! mbar gives rise to peaks at 2878,
1163, 1051, 957, and 833, 820 cm " which can be assigned to
V(CH), Y(CC) and w(CH3;) association, 1(CO), p(CH3), and v(CC)
of molecularly adsorbed or gas-phase 2-propanol.>® At 1 mbar
bands at 1729, 1585, 1415, 1336 cm™ ' emerge together with a
broad absorption between 3600-3000 cm ™" which indicates the
oxidation of 2-propanol forming acetate, acetone, and water.
The band at 1729 cm™ " is assigned to 1{C=0) of acetone and
bands at 1585, 1415, 1336 cm ' are ascribed to 1,,(OCO),
§(0C0), and §(CH;) of acetate.™>>*>7~%°

A comparison of the experimental frequencies with the
calculated ones for the different interactions of ethanol and
2-propanol on the (001) CFO surfaces is presented in Tables 6
and 7, respectively, whereas the corresponding simulated IR
intensities are shown in Fig. S15 and S16 of ESL.{

In the C-H stretch region from 3100 to 2800 cm ™", the bands
corresponding to (CH,) in ethanol and #(CH) in 2-propanol
undergo the most pronounced shifts. For instance, v,s(CH,)
modes in the adsorbed ethanol molecules suffer significant
shifts of ~26 to 118 cm ' whereas the v,((CH;) modes are
displaced by ~2 to 45 cm '. On the other hand, the (CH)
bands in the adsorbed 2-propanol molecules experience shifts
of ~3 to 98 em™ ' whereas v,5(CH;) bands are shifted by ~2 to
53 cm ', These frequency shifts are, in part, related to the
enlargement or diminution of the C-O bond in the adsorbed
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Table 6 Calculated scaled vibrational frequencies of ethanol and ethoxide species in comparison with the experimental results from DRIFTS. All wave
numbers are given in cm™ The following vibrational modes are listed: asymmetric stretching of the CHz and CH, groups [vas(CH3) and v,5(CH))l,
symmetric bending of CH3 [d5(CH3)], bending of OH [6(OH)], coupled CO and CC stretching [1{CO)/v(CC)], and the CCO symmetric stretching [1{(CCO)]

Active site State V,s(CH3) V,s(CH,) 05(CHs3) J(OH) 1(CO)/1(CC) v4(CCO)
Fe!! Mol-I 3034, 3019 3005 1374 1260 1094, 1037 864
Mol-1I 3029, 2998 2961 1353 — 1090, 1071 880
Diss 3015, 2994 2913 1346 — 1098, 1057 884
‘Free’-Co"! Mol-I 3033, 3008 3029 1365 1251 1069, 1037 875
Mol-1I 3029, 3027 2947 1370 — 1091, 1060 878
‘Hindered’-Co™ Mol-I 3032, 3017 3000 1363 1244 1068, 1034 871
Mol-1I 3038, 3005 2952 1359 — 1091, 1047 895
co™ Mol 3051, 3035 2993 1359 1264 1050, 1037 873
Diss 3072, 3053 2980 1332 — 1043, 902 877
Diss | 3045, 3034 2836 1387 — 1066, 1026 888
01" vacancy Mol 3021, 3008 2898 1366 — 1053, 1032 855
Diss 3029, 3009 2941 1384 — 1071, 1056 885
Free CH;CH, OH, calc. — 3027, 3024 2886 1357 1252 1110, 1037 885
Free CH;CH, OH, exp.” — 2992, 2987 2901 1367 1241 1090, 1027 885
DRIFTS (at CFO), exp. Mol & Diss 2960 (2972) 2844 1380 1278 1109, 1061 896

@ From ref. 61. > From ref. 49.

Table 7 Calculated scaled vibrational frequencies of 2-propanol and 2-propoxide species in comparison with the experimental results from DRIFTS.
All wave numbers are given in cm™. The following vibrational modes are listed: asymmetric stretching of CHs [1,(CH3)], CH stretching [(CH)], symmetric
bending of CHz [05(CH3)], coupled CO and CC stretching with CH3 rocking [#(CO)/1ACC)/p(CHs)], and the CC stretching [v(CC)]

Active site State Vas(CH3)* 1(CH) 35(CH3) 1(CO)/1(CC)/p(CH3) 1(CC)
Fell Mol-I 3013, 3011 2944 1412, 1387 1179 1133 965 819
Mol-II 3029, 2991 2864 1385, 1379 1176 1141 973 832
Diss 3020, 3016 2844 1375, 1373 1165 1150 1006 845
‘Free’-Co"! Mol-I 3028, 3009 2908 1399, 1373 1177 1154 975 826
Mol-II 3030, 3021 2907 1376, 1358 1163 1133 988 826
‘Hindered’-Co" Mol-I 3015, 3010 2908 1373, 1354 1190 1146 972 824
Mol-II 3014, 3002 2899 1373, 1350 1191 1159 984 842
Co™ Mol 3040, 3018 2922 1383, 1352 1178 1126 959 828
Diss 3048, 3041 2891 1365, 1335 1126 1060 938 815
Diss | 3067, 3053 2883 1369, 1356 1122 1069 893 813
01® vacancy Mol 3021, 2994 2945 1367, 1337 1163 1135 947 803
Diss 3012, 2997 2895 1390, 1377 1142 1106 948 819
Free (CH;), CHOH, calc. — 3023, 3000 2847 1378, 1360 1187 1155 981 829
Free (CH,), CHOH, exp.” — 2979, 2971 2884 1391, 1381 1153 1130 — 830°
DRIFTS (at CFO), exp. Mol & Diss 2971 2878, 2844 1340 1163, 1132, 1051, 984, 957 833, 820

“ Frequencies of the two most intense peaks. > From ref. 62.  From ref. 56.

species (up to 0.05 A for both alcohols). Similarly as for
methanol, the deformation modes of the CH; and CH, func-
tional groups are located in close proximity to one another in
the region between 1500 and 1280 cm ™"
minor to moderate shifts.

Analysis of the calculated spectra of ethanol and 2-propanol
in comparison to the experimental ones in the region between
1200 and 900 cm ™, characteristic for the 1(CO) vibration, is a
tentative task since many motions are coupled and/or in close
proximity to one another, hampering an exact assighment to
individual frequencies and modes. In adsorbed ethanol, the
1(CO) mode is coupled to 1(CC). We, thus, scale the vibrations
which are heavily dominated by the collective C-C-O motions
with a value obtained by averaging over the scaling factors for
1(CO), (CC), and v5(CCO) of gas phase ethanol (i.e., 0.956).
Experimentally, the collective 1(CO)/1(CC) motions of ethoxide
and molecularly adsorbed ethanol at 1109 and 1061 cm ™" peak

and experience only

This journal is © the Owner Societies 2022

48 cm ™' apart. This frequency difference between the two

bands is particularly similar to that calculated for Diss on Fe"
(41 ecm™") and Diss, on Co™ (40 cm ', here, as for methanol,
C-0 is oriented perpendicular to the surface - Fig. S10a of the
ESIT). From the molecular adsorption configurations, this value
is close to that calculated for Mol-II on the hindered Co" site
(44 cm™"). For 2-propanol, the 1(CO)/1(CC) vibrations are
additionally coupled to p(CH3). We can identify all the assign-
ments obtained experimentally for the collective 1(CO)/v(CC)/
p(CH;3) motions; in general, for all interactions, two such bands
are predicted in the region above 1100 cm™" whereas a third
band is expected below 1000 cm .

For ethanol, the calculated frequencies for the OH bending
and the symmetric C-C-O stretching modes, which are shifted
by 0-13 em™ ' and 1-21 cm™ " with respect to the values in gas
phase (see Table 6), support the assignment of the experi-
mental bands at 1278 and 896 cm ™. The same holds true for
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the 1(CC) vibration in adsorbed 2-propanol, displaced by up to
25 cm™ " and expected in the proximity of the experimental
bands at 833 and 820 cm ™.

Overall, the trends predicted by the DFT calculations for the
characteristic bands of ethanol and 2-propanol are in a good
qualitative agreement with the ones observed in the DRIFT
spectra. We note, however, that the commercial sample of CFO
exposes facets of different crystallographic orientations and the
CFO surfaces are associated with higher adsorption coverage
under experimental conditions. These factors can have an
impact on the frequency shifts of the vibrational modes, either
indirectly, by introducing electronic and magnetic structure
changes in the surface (thereof influencing the bonding proper-
ties of the active sites), or directly, through adsorbate-adsorbate
vibrational coupling.®*®*

5 Conclusions

Spinel oxides containing earth-abundant metals such as Co and
Fe have gained an increasing attention in recent years due to
their affordable cost and catalytic performance in the oxidation
of organics, in particular, for the selective oxidation of alcohols.
Using embedded cluster models, we investigated the adsorp-
tion mechanism of water and the short-chain alcohols: metha-
nol, ethanol, and 2-propanol, on the Co-terminated (001)
surfaces of spinel CFO, as a basic phenomenon of the catalytic
redox cycles. We considered the Fe' and Co™ metal centers as
active sites at the A termination and Co'™" at the B termination.

On top of Fe', the adsorbates dissociate with no apparent
intermediate or barrier. By contrast, on the Co™ sites, the
alcohols adsorb in a molecular fashion in two distinct geo-
metries: H-bonded and non-H-bonded to lattice oxygen. The H-
bonded structures are predicted to be more stable than the
non-H-bonded adsorption conformations. A comparison of the
interactions on Co™ and Co™ shows that the absorbates bind
more strongly to the latter, on which the dissociative state is
also observed.

Water and the alcohol molecules can also adsorb at oxygen
vacancies. In fact, the O1 vacancy at the B-layer shows the
strongest affinity toward these adsorbates relative to the
adsorption on metal sites at pristine surfaces. In the final state,
the adsorbates dissociate at the vacancy, lifting the reconstruc-
tions introduced by the defect and resulting in partially hydro-
xylated surfaces. The activation energies for the dissociation are
larger than the exothermic cases on Fe'' and smaller than those
on Co™.

In general, the interactions of the alcohols with the CFO (001)
surfaces are associated with more negative adsorption energies
than those of water, implying that alcohols are able to
replace OH groups from the surface. This observation is further
validated by the DRIFTS experiments, which revealed that
methanol, ethanol, and 2-propanol, adsorb mainly dissocia-
tively on the commercial CFO sample by a condensation
with surface OH. With increasing the pressure, adsorption of
molecular alcohol species is also evidenced. By combining the

23206 | Phys. Chem. Chem. Phys., 2022, 24, 23195-23208
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available experimental information from DRIFTS with the
simulated IR spectra for methanol on the (001) surfaces of
CFO, an interesting inference can be pointed out: a strong
spectroscopic signal of a blue-shifted 1(CO) at 1068 cm ™' can
be interpreted in terms of oriental changes of the alcohol
skeleton with preferential orientation perpendicular to the
surface after adsorption. The corresponding frequency shift is
then related to the change of the hybridization at the O atom of
methoxy from sp’-like to sp, going from the tilted to the
perpendicular geometry. For ethanol and 2-propanol, the struc-
turally sensitive (CO) mode vibrates collectively with 1(CC) and
p(CH3) in the region below 1200 cm ™', hampering an indepen-
dent assignment. Overall, the simulated IR data is in a good
qualitative agreement with the bands observed in the DRIFTS
experiments.
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