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Structure-activity correlation in aerobic
cyclohexene oxidation and peroxide
decomposition over Co,Fez ,O4 spinel oxidesy
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Nanoparticulate Co,Fes_,O4 (0 < x < 3) catalysts were prepared by spray-flame synthesis and applied in
liquid-phase cyclohexene oxidation with O, as oxidant. The catalysts were characterized in detail using N,
physisorption, XRD, TEM, XPS, FTIR, Raman, and M&ssbauer spectroscopy. A volcano plot was obtained for
the catalytic activity in cyclohexene oxidation as a function of the Co content with a maximum at x = 1.
Thus, CoFe,O4 achieved the highest degree of cyclohexene conversion and the fastest decomposition rate
of the key intermediate 2-cyclohexene-1-hydroperoxide. Kinetic studies and a stability test were performed
over CoFe,0O,4, showing that cyclohexene oxidation follows first-order kinetics with an apparent activation
energy of 58 kJ mol™. The catalytic hydroperoxide decomposition during cyclohexene oxidation was
further investigated using H,O, and tert-butyl hydroperoxide as simpler surrogates resulting in similar
volcano-type correlations. The increase in catalytic activity with increasing Fe content with a maximum at x
= 1 is ascribed to the increasing concentration of octahedrally coordinated Co?" cations in the spinel
structure leading to the presence of coordinatively unsaturated Cos.2" surface sites, which are identified to
be the most active sites for 2-cyclohexene-1-hydroperoxide decomposition in cyclohexene oxidation.
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the two active centres in the cyclohexene molecule
(Scheme 1). When allylic oxidation takes place at the C-H
bond, cyclohexene is oxidized to 2-cyclohexene-1-

Introduction

The oxidation of olefins is a key technology in the chemical
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industry, as the formed products are important building
blocks for the synthesis of fine and bulk chemicals,
comprising agrochemicals, pharmaceuticals, fragrances, and
polymers.”* In particular, the oxidation of cyclohexene
provides access to valuable oxygenated products, such as
2-cyclohexene-1-one, 2-cyclohexene-1-ol, cyclohexane-1,2-diol,
and cyclohexene oxide.>® Industrial processes are mainly
conducted in the gas phase under harsh reaction conditions
and operated at low conversion to retain high selectivity and
to suppress total oxidation. In contrast, liquid-phase reactions
can be carried out under milder reaction conditions leading
to higher selectivities. Nevertheless, aerobic cyclohexene
oxidation is subject to a complex reaction network because of
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hydroperoxide, which can further react to 2-cyclohexene-1-ol,
2-cyclohexene-1-one and 7-oxabicyclo[4.1.0]-heptane-2-one. On
the other hand, epoxidation can occur at the olefinic C=C
bond, yielding cyclohexene oxide and cyclohexane-1,2-diol.
Moreover, both reaction pathways cannot be clearly separated,
because 2-cyclohexene-1-hydroperoxide formed within the
allylic pathway can react with another cyclohexene molecule
resulting in the formation of cyclohexene oxide, which is
typically referred to the epoxidation pathway. Early studies
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Scheme 1 Reaction network of cyclohexene oxidation.
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identified 2-cyclohexene-1-hydroperoxide to be an unstable
reaction intermediate of cyclohexene oxidation. Already in
1939, Criegee et al. detected 2-cyclohexene-1-hydroperoxide to
be the main product of cyclohexene autoxidation and clarified
its structure.* Sridhar and coworkers investigated the
uncatalyzed decomposition of 2-cyclohexene-1-hydroperoxide
and found 2-cyclohexene-1-ol and 2-cyclohexene-1-one to be
the main products even in the absence of 0,.” It can therefore
be deduced that the aerobic oxidation of cyclohexene at least
partially occurs autocatalytically forming 2-cyclohexene-1-
hydroperoxide with high selectivity.

The autoxidation of cyclohexene renders the
decomposition of the hydroperoxide intermediate to be the
key step for selective cyclohexene oxidation. Thus, the use of
a heterogeneous catalyst offers the possibility to selectively
decompose 2-cyclohexene-1-hydroperoxide into one of the
desired products, enabling the formation of high-value
chemicals in high yields.

For this purpose, highly active catalysts are needed.
Transition metal oxides have raised much interest because of
their low cost and their potential to replace conventional
noble metal catalysts. Especially, oxides with spinel structure
were found to be highly stable under extreme reaction
conditions and flexible with regard to the variety of metal
ions with different valencies incorporated into their lattices.®
Spinel oxides consist of a close-packed cubic lattice of oxygen
anions with the general formula AB,0,, where A can be a
group IIA metal or a transition metal cation with the
oxidation state 2+ and B is a group IIIA metal or transition
metal cation in the 3+ oxidation state. In a normal spinel
structure like ideal Co;0,, the A*" jons occupy one-eighth of
the tetrahedral holes and the 3+ species occupy half of the
octahedral voids. In contrast, within an inverse spinel such
as ideal CoFe,O,, the A*' ions and half of the B*" ions
exchanged their positions.”

In addition to the occupation of octahedral and
tetrahedral sites within the spinel structure, the particle size
and the resulting facets of the particles also play an
important role. While it is generally accepted that conversion
increases with increasing specific surface area, our recent
studies show that larger Co;0, particles with consequently
smaller surface areas can nevertheless lead to higher
conversion due to the exposure of catalytically more active
facets with, for example, multiple coordinatively unsaturated
COuys ' sites.?

Because of their high stability, their large variety of
materials and also semiconducting properties, spinel oxides
are applied in many fields, such as Li-ion batteries,’
photodegradation of pollutants,'® water oxidation,"* and
electrochemical oxygen evolution reaction.” In addition, Co-
based transition metal oxides have already been applied in
liquid-phase oxidation reactions in our previous studies.”**’

Spinel oxides can be synthesized by several methods, such
as mixed powder synthesis,” co-precipitation,'® sol-gel
synthesis,"® hydrothermal synthesis,>® and spray and freeze
drying.>' Among these methods, the continuous and scalable
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spray-flame synthesis is a suitable method providing high
specific surface areas, small nanoparticle sizes, and well-
controlled catalyst compositions.'*??

In the present work, we report on the liquid-phase
oxidation of cyclohexene in acetonitrile with molecular O,
over a series of spray-flame synthesized Co,Fe; O, spinel
nanoparticles under mild conditions. To date, to the best of
our knowledge, no comparable study has been reported on
the liquid-phase cyclohexene oxidation over mixed Co-Fe
spinel oxides. We aim at understanding the effect of Fe
substitution into the Co;0, spinel structure on the reaction
mechanism of cyclohexene oxidation. The Co,Fe;_,O4
nanoparticulate materials were characterized in detail, and
their catalytic properties were systematically elaborated.
Kinetic investigations, a reusability test and the influence of
H,0 were studied over the best-performing catalyst CoFe,O,.
The decomposition of H,0, and tert-butyl hydroperoxide
(TBHP) was carried out to mimic the decomposition of the
key intermediate 2-cyclohexene-1-hydroperoxide to correlate
the rates of cyclohexene oxidation and peroxide
decomposition and, thereby, identify the active sites.

Results and discussion

Catalyst characterization

A series of Co,Fe;_, 0, (x 0, 0.5, 1, 1.5, 2, 2.5, 3)
nanoparticulate materials was synthesized by spray-flame
synthesis using dissolved metal nitrates as precursors with a
concentration of 0.2 M. The detailed synthesis procedure can
be found elsewhere.'*?* After synthesis, the samples were
heat-treated at 250 °C for 2 h in air to remove adsorbed
organic and water residuals from the particles surface.

The N, physisorption-derived specific surface areas
determined by applying the BET equation were high, ranging
between 87 and 151 m”> g ' (Table 1). Assuming
monodisperse and spherical particles, average particle sizes
of 8.3 to 12.0 nm were calculated (Table 1). The count mean
diameters based on TEM images resulted in particle sizes
between 8.4 and 11.1 nm with homogeneous particle size
distributions, which are in agreement with the BET-based
particle sizes (Table 1). Nevertheless, according to the
analyzed TEM images, besides spherical particles, a
reasonable number of faceted particles were identified (Fig.
S17). All catalysts show a single crystalline nanostructure with
high crystallinity but crystallographically disordered
structures (Fig. 1 and S1f). The EDX elemental mapping
identified a homogeneous distribution of Co and Fe for all
samples (Fig. S31) and on average, the experimental Co/Fe
ratios were similar to the desired nominal ones summarized
in Table 1.

The HAADF-TEM images of Co;0, and CoFe,0, were used
to determine the lattice spacings of the spinel nanoparticles.
For Co;0,4, a distance of d = 0.234 nm was recorded in
agreement with the theoretical lattice spacing of dyoo = 0.24
nm (Fig. $21).>* For CoFe,0,, a significantly higher number
of hexagonal shaped particles was found, indicating (111)
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Table 1 Specific surface areas, particle sizes determined by N, physisorption and TEM, bulk and surface Co/(Co + Fe) ratios based on EDX and XPS

analyses of the Co,Fes_,O, samples

Specific surface area Particle size”

Particle size”

Sample [m* g™ [nm] [nm] Co/(Co + Fe)*  x(Co,Fe;_,0,)° Co/(Co + Fe)?  x(CosFe; O,)°
C0,0, 118 8.3 1.1 1 3 1 3

Co,.5Feq 50,4 87 12.0 8.8 0.82 2.47 0.84 2.51

Co,Fe 0,4 128 8.3 8.8 0.67 2.01 0.68 2.04

CoysFe, 50, 151 7.5 8.4 0.51 1.54 0.52 1.55

Co,Fe, 0, 129 8.8 8.7 0.33 0.99 0.36 1.07
CopsFe,s0, 122 9.4 9.9 0.18 0.53 0.18 0.55

y-Fe,0, 111 10.5 9.2 0 0 0 0

“ Estimated from the specific surface areas assuming spherical particles. ” Determined by TEM. ¢ Determined by EDX. ¢ Determined by XPS.

surfaces.”® The determined lattice spacings of 0.509, 0.476
and 0.480 nm agree with the theoretical value of d;1; = 0.484
nm, suggesting that (111) surfaces are dominant for
CoFe,04,.>® Whereas  (100)-oriented  surfaces  expose
coordinatively unsaturated metal cations, which are fivefold
coordinated at the octahedral sites of the spinel (M%), those
octahedrally coordinated metal cations are only threefold
coordinated at the (111) surfaces (M§.).>> Metal cations with
a lower coordination number are assumed to be more
catalytically active.

XRD patterns were recorded for the Co,Fe;_,O, catalysts
(Fig. 2). A cubic spinel structure was identified for all
samples. For Co;0,, the pattern fits better to the reference
pattern of a cobalt-deficient spinel phase than to
stoichiometric Co30,. With increasing Fe content, the
reflections start shifting to lower 26 angles as expected. Based
on the XRD patterns, the iron oxide sample (x = 0) cannot be
clearly identified, because the magnetite (Fe;0,) and
maghemite (y-Fe,O3) phases have both almost identical lattice
parameters. Crystal structure analysis was performed by
Rietveld refinement resulting in lattice parameters, which
amount to 8.08, 8.38 and 8.36 A, well-fitting to the literature-
reported values of 8.08,>” 8.38,>° and 8.35 A (ref. 29) for
Co30,4, CoFe,0, and y-Fe,03, respectively. The reported lattice
constant of Fe;0, is 8.39 A,* indicating the presence of
y-Fe,0; instead of Fe;0, (Fig. S47).

T
R
d3¢= 0,480 nm

Fig.1 TEM and HAADF-STEM images of CoFe,O,4 with lattice spacings.
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Raman spectroscopy was applied to investigate the
electronic structure and the cation occupation of the
tetrahedral and octahedral sites in the spinel structure of the
Co,Fe;_,0, samples (Fig. 3). The recorded spectra clearly
show five bands, which can be assigned to Ay, E, and three
F,; phonon modes originating from lattice vibrations of the
cubic spinel structure. With increasing Fe amount in the
samples from Coz0, to CoysFe; ;04 a redshift of the A,
mode was observed corresponding to the symmetric Co®>'-O
stretching vibration of the octahedral sites, which indicates a
lower occupancy of Co®" ions at octahedral sites and a
starting phase transition towards an inverse spinel.***' The
intensity of the F,,(3) mode at 195 cm ' also decreased,
indicating the lower occupation of tetrahedral voids by Co>*
ions.*” Similarly, the intensity of the E, mode at 481 cm™,
corresponding to different motions of the AO,-tetrahedral
unit,’* also decreased. The F,,(3) mode at 475 cm™' of
CogsFe, 50, and CoFe,O, corresponds to the vibration of
Co”" ions in octahedral voids,*® while the A;4(1) mode (688
em™) of both samples corresponds to the symmetric
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Fig. 2 XRD patterns of the Co,Fes ,O4 (x = 0, 0.5, 1, 15, 2, 2.5, 3)
samples and corresponding reference patterns taken from the ICSD
database (CozO,4: ICSD 36256, CoFe,O4: ICSD 109044, FezO4: ICSD
26410, y-Fe,Os: ICSD 172906).

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Raman spectra of the Co,Fes ,O4 (x = 0, 0.5, 1, 1.5, 2, 2.5, 3)
samples.

stretching of oxygen atoms with respect to Fe** cations in
tetrahedral voids.>* The Raman spectrum of the iron oxide
sample indicates the formation of the Fe;O, and the y-Fe,O;
phase,®® which is a Fe*"-vacant spinel structure. It is deduced
that the samples CoFe,0,4, Co,sFe,s0, and y-Fe,O; have a
predominantly inverse spinel structure.

FTIR spectra were recorded in the frequency range
between 800 and 400 cm ™, reflecting fundamental vibrations
of metal-oxygen bonds in crystalline solids (Fig. S51). The
two bands for normal Co,0, at 656 and 552 cm ' fit to
previously reported values corresponding to Co** in
tetrahedral and octahedral voids, respectively.>® The band at
541 cm ' for inverse y-Fe,O; is assigned to tetrahedrally
coordinated Fe®', while the band at 381 cm™" originates from
octahedral Fe®*.***” The shifting and vanishing of the
recorded signals shows the transition from normal to inverse
spinel with increasing Fe amount incorporated into the
Co;z0, spinel structure.

The Co,Fe; O, samples were further characterized using
X-ray photoelectron spectroscopy (XPS) to examine the
oxidation states and the surface composition of the catalysts.
The Co 2p region in Fig. 4 shows the Co 2p;,, and Co 2pz,
signals at 794.8 and 779.7 eV, respectively.’® The intense
shake-up satellite peak at 787 eV can be assigned to Co”",
which was increasing with increasing Fe amount. Co*'only
exhibits a weak satellite peak at 790 eV indicating a decrease
in Co®" concentration with increasing Fe amount.'® For the
samples Co,sFe, 0, and CoFe,O,4, only Co>" was identified
as expected, whereas the other samples contain mixed Co>*/
Co’" oxidation states. For Co;0,, a value of 60% Co*' was
determined with respect to the total Co amount on the
catalysts' surface. Fig. 4 displays the Fe 2p,,, and 2p;,, peaks
at 724.1 and 710.7 eV, respectively. The peak intensities
gradually increased with increasing Fe amount in the
Co,Fe;_,0, samples. The positions of the 2p;, peak and the
satellite peak at 718.4 eV indicate the presence of Fe*" for all

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 XP spectra of the Co 2p and Fe 2p of the Co,Fe; ,O4 (x = O,
05,1, 15, 2, 2.5, 3) samples.

samples. For Fe**, both peaks would be shifted to lower
binding energies."*** The C 1s region shows a distinct peak
at 284.5 eV, which corresponds to C-C bonds and was used
as a reference for calibration. The O 1s peak at 529.5 eV can
be fitted by contributions of bulk and surface O (Fig. S67).
The surface composition of the Co,Fe;_,O, samples is
summarized in Table S1.f The calculated surface Co/Fe ratios
based on the XPS measurements agree with the bulk Co/Fe
ratio determined by EDX, indicating similar bulk and surface
compositions for all samples (Table 1).

Mossbauer spectroscopy measurements at 4.3 K were
performed to additionally identify and verify the oxidation state
of Fe in the Co,Fe;,O, samples (Fig. S71) with the applied
methodology for evaluation of experimental spectra being
illustrated in the ESIt in detail. A magnetically ordered sextet
structure was recorded, which can be reproduced sufficiently
for most of the samples by two subspectra representing the
spinel tetrahedral A- and octahedral B-site. The sites were
identified by their characteristic isomer shifts of 6 = 0.37 mm
s™' for the A-site and 6 ~ 0.47 mm s~ for the B-site relative to
a-Fe at room temperature.*>*" As no third subspectrum, which
could be assigned to Fe*" ions, was observed for any sample,
only Fe*" was identified in agreement with the XPS results.
While for x > 1 no Fe*" is to be expected due to the presence of
Co®", the absence of Fe** for x = 0 indicates that this sample is
oxidized to maghemite (y-Fe,O3). Upon rising the Co-fraction x,
a gradual change in the structure of the Mossbauer spectra can
be observed, resulting in lower average hyperfine magnetic
fields By visible in Fig. S7A,i as well as increasing spin canting
due to the enhanced magnetic anisotropy of CoFe,O, and the
trend towards antiferromagnetic ordering of Co;0, for higher

Catal. Sci. Technol., 2022, 12, 3594-3605 | 3597
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values of x (Fig. S7Bt). Fe ion site occupation can be extracted
directly from the relative A- and B-site subspectral intensities
and thereby, the distribution of Co®>" ions on the different
lattice positions can be inferred up to x = 3 when assuming that
Co’" is placed on octahedral positions exclusively, as illustrated
in the ESL} Following this approach, inversion parameters in
the range of ca. 0.75 were found for x < 1, pointing towards the
tendency of Co>" to be placed preferably on octahedral sites,
corresponding more closely to the inverse spinel structure. For
x > 1 the inversion parameter gradually decreases, as Co®" is
placed on B-site positions, reaching a minimum value of ca.
0.25 for x = 2.5 when approaching the normal spinel structure
of C0;0,.** Here, one has to consider that for x = 1.5, due to
the increasing spin frustration, applying the external field no
longer yields better subspectral resolution. Still, even from zero
field spectra, general trends in site occupancy can be extracted
to some degree, displaying an evolution in the inversion
parameter consistent with results from Raman spectroscopy.

In summary, we successfully synthesized a series of
Co,Fe;_,0, catalysts with chemical compositions close to the
nominal ones, high specific surface areas ranging from 87 to
151 m> ¢!, and small particle sizes between 8.3 and 12.0
nm. XRD measurements identified phase-pure samples of a
cubic spinel structure. For x = 0, Rietveld refinement and
Raman spectroscopy indicated the presence of the Fe**-
vacant structure y-Fe,O;. XPS and Mdssbauer measurements
both demonstrated the absence of Fe*” species in all
samples. Raman and Mossbauer spectroscopy showed the
tendency of Co0;0,, Co,sFeys0, and Co,FeO, towards the
normal spinel phase, whereas CoFe,O,, Co,sFe,s0, and
y-Fe,0; were found to have a predominantly inverse spinel
structure. The lattice spacing of CoFe,O, indicates a
dominant (111) surface, exposing coordinatively unsaturated
MY, metal sites.

Cyclohexene oxidation over Co,Fe;_,O,

The catalytic properties of the Co,Fe;_,O, nanoparticulate
spinel catalysts in cyclohexene oxidation were studied under
mild reaction conditions in acetonitrile using molecular O,
as oxidizing agent. Initial experiments on the variation of
the stirring speed showed that a speed of agitation of 600
rpm is suitable to exclude external mass transfer limitation
(Fig. $8%).

After 6 h, all catalysts revealed a moderate to high catalytic
activity with degrees of conversion ranging from 44 to 69%
(Fig. S9t), which is comparable to the degree of conversion
(75%) over spray-flame synthesized LaCoO; perovskite
oxides."*'® The comparison of Co;0, and y-Fe,O; clearly
shows the superior activity of the Co-containing catalyst after
6 h. In cyclohexene oxidation, Co;0, achieved a significantly
enhanced conversion as well as a lower selectivity to
2-cyclohexene-1-hydroperoxide. These results indicate a faster
hydroperoxide decomposition, leading to an increase in
2-cyclohexene-1-one selectivity. In contrast, cyclohexene

oxidation over y-Fe,O; was characterized by a slow
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hydroperoxide decomposition, so that the ketone selectivity
is lowered by 12% in comparison to C0;0,.

The comparison of the Co,Fe;_,O, catalysts containing
both Co and Fe clearly shows a positive effect of Fe
substitution on the initial catalytic activity (Fig. 5). With
increasing Fe amount up to CoFe,O, (x = 1), the degree of
conversion gradually increased from 14.3 to 23.0% after 0.5
h, whereas a blank reaction resulted in only 4.8% conversion
(Fig. S10t). The increase in conversion was accompanied by a
decreased hydroperoxide selectivity by 24.5%, indicating a
faster decomposition, which results in higher product yields.
However, the product selectivity was not affected, leading to
the assumption that the catalyst is mainly involved in the
formation and decomposition of the intermediate
2-cyclohexene-1-hydroperoxide. When the Fe content is
further increased beyond CoFe,O, (x < 1), the catalytic
activity dropped as shown by the low degree of conversion of
14.4%, and the hydroperoxide selectivity became the highest
within the whole catalyst series at 75.5%, identifying y-Fe,O;
to be least active for cyclohexene oxidation.

The correlation of specific surface areas and particle sizes
of the investigated catalysts with their catalytic activity
excludes strong microstructural effects (Fig. S117).

The comparison with the catalytic activity of spray-flame-
synthesized LaCoO; nanoparticles for cyclohexene oxidation
we presented in a previous study indicates a comparable
catalytic activity of the herein presented CoFe,O,
nanoparticles but a lower selectivity to 2-cyclohexene-1-
hydroperoxide."® Compared to other Co-based catalysts
presented in literature reports, our CoFe,O, achieves
significantly higher degrees of conversion at similar or
shorter reaction times (Table S27).

The CoFe,O, catalyst was chosen for further kinetic
investigations, as it had the highest catalytic activity in
cyclohexene oxidation with molecular O,. As expected, a strong
influence of temperature on cyclohexene oxidation was
observed (Fig. S12}). Cyclohexene conversion was limited to

-4
100 I cyclohexene conversion @ reaction rate 1x10
—&— 2-cyclohexene-1-ol —m— cyclohexene oxide
90 & 2-cyclohexene-1-one #— 7-oxabicyclo[4.1.0]heptane-2-one
-—2- 1e-1-hydroperoxi 1,2-diol L 9x10°®
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% |
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Fig. 5 The influence of Fe substitution into Co,Fes_,O4 spinel catalysts
on cyclohexene conversion, product selectivity and initial reaction
rate. Reaction conditions: 20 mmol cyclohexene, 30 mL acetonitrile,
50 mg catalyst, 80 °C, 10 bar O,, 600 rpm, 0.5 h.
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38.7% at 60 °C, whereas at 100 °C nearly full conversion of
91.4% was recorded after 6 h. Additionally, hydroperoxide
decomposition strongly increased at higher temperatures,
resulting in its complete decomposition at 100 °C. Thus,
product selectivity is enhanced and 2-cyclohexene-1-one
becomes the main product of cyclohexene oxidation with a
selectivity of 28.2%. Meanwhile, 2-cyclohexene-1-ol selectivity
decreased, indicating the further oxidation of 2-cyclohexene-1-
ol to the corresponding ketone. This led to strongly increasing
ketone/alcohol ratios, which amount to 1.9 at 60 °C and 7.6 at
100 ©°C. However, the product distribution within the
epoxidation products was not that strongly affected by
temperature, as the cyclohexene-1,2-diol/cyclohexene oxide
ratio only slightly decreased from 3.2 to 2.5. Nevertheless,
higher temperatures shifted cyclohexene oxidation to the
epoxidation pathway, as the ratio of allylic/epoxidation
products decreased from 3.2 to 1.3. The catalytic data at
different temperatures were used for the Arrhenius analysis.
The degrees of cyclohexene conversion at different
temperatures as a function of time are shown in Fig. 6A. Based
on previous studies, cyclohexene oxidation over transition
metal oxide catalysts is assumed to follow first-order reaction
kinetics."*'® The linearized plots based on first-order reaction
kinetics were well suited for linear regression (R> > 0.98),

Cyclohexene conversion [%]

Time [h]

-0.5

-2.5

R? = 0.995

31E,=58.14 1.9 kJmol"

T T T T T
265 27 275 28 28 29 295
10° T [KT)

3.05

Fig. 6 Kinetic investigations of cyclohexene oxidation over CoFe,O,.
(A) Cyclohexene conversion as a function of time at different
temperatures, and (B) the Arrhenius plot based on first-order kinetics.
The rate constants k were determined according to Fig. S12D.f
Reaction conditions: 20 mmol cyclohexene, 30 mL acetonitrile, 50 mg
catalyst, 10 bar O,, 600 rpm, 6 h.
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suggesting that cyclohexene oxidation over CoFe,O, follows
first-order reaction kinetics (Fig. S12D+).

The Arrhenius analysis resulted in an apparent activation
energy of 58.1 k] mol ™" (Fig. 6B). A reusability test was carried
out to investigate the stability of the CoFe,O, catalyst in
terms of cyclohexene conversion and product selectivity (Fig.
S13t). Four oxidation runs were performed, resulting in high
and essentially equal degrees of cyclohexene conversion
between 66.9 and 68.0%, which is in the range of
experimental error and identifies CoFe,O, to be a highly
reusable catalyst under these mild oxidation conditions. Only
a slight decrease in hydroperoxide decomposition by 5% was
observed after the second run, resulting in a lower selectivity
to 2-cyclohexene-1-one, indicating that the catalyst plays a
crucial role in hydroperoxide decomposition. After the
reusability test, a similar XRD pattern of phase-pure spinel
structure of high crystallinity (Fig. S147) and similar TEM
images (Fig. S151) were recorded, confirming the high
stability of CoFe,O, during cyclohexene oxidation.

As water is produced as a by-product in several reaction
steps of cyclohexene oxidation, its influence on the catalytic
activity was investigated by adding water to the initial
reaction mixture (Fig. S167). The initial reaction rate of
cyclohexene oxidation was clearly suppressed. Nevertheless,
cyclohexene conversion was only lowered by 5% after 6 h,
and the hydroperoxide selectivity increased at low reaction
times but reached a comparable value after 6 h. This was
observed for almost all reaction products, indicating that
H,0 may block the active sites of CoFe,0, at the beginning
of the reaction, but the adsorption of the reactant is favored.

Mimicking 2-cyclohexene-1-hydroperoxide decomposition

Cyclohexene oxidation underlies an enormously complex
reaction network, in which 2-cyclohexene-1-hydroperoxide
plays a key role. The decomposition of 2-cyclohexene-1-
hydroperoxide can lead to the formation of several reaction
products (Scheme 1). Thus, the heterogeneously catalyzed
decomposition of the hydroperoxide intermediate is the main
target for selective cyclohexene oxidation. Within cyclohexene
oxidation reactions, the hydroperoxide decomposition rate
may be influenced by many factors, as the reaction
mechanism and several correlations within the reaction
network have not been fully clarified yet. Therefore, we
implemented less complex peroxide decomposition reactions
to mimic the hydroperoxide decomposition kinetics during
cyclohexene oxidation over the CoFe; O, catalysts using
H,0, and TBHP as surrogates (Fig. S177). Fig. S18F shows the
evolved O, volume as a function of time for both reactions.
To avoid microstructural effects, the initial reaction rates
normalized to the surface areas of the catalysts were
calculated (Fig. 7). For H,0, and TBHP decomposition,
CoFe,0, exhibited the highest reaction rates, whereas pure
Co30, and y-Fe,O; showed a low catalytic activity, which is in
agreement with the catalytic results of cyclohexene oxidation.
Thus, these results indicate a synergistic effect of Co and Fe
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(A) Volcano plots as a function of Co content for cyclohexene conversion and selectivity to 2-cyclohexene-1-hydroperoxide after 0.5 h, (B)

initial reaction rates of H,O, decomposition after 3 min and (C) initial reaction rates of TBHP decomposition after 5 min normalized to the surfaces

areas of the Co,Fes_,O, catalysts.

in Co.Fe;,O, nanoparticles, which improves the
decomposition rates of hydroperoxides such as 2-cyclohexene-
1-hydroperoxide, TBHP and H,O,, resulting in the following
activity ranking of the catalysts:

CHHP: Co;> Co;5> Coy> Cop5> Coz> Cops5> Cog
H,0,: Co;> Coy5> Cop> Coy5> Coz> Cogs5> Cog
TBHP: Co;> Coys= Cops5> Copy> Coo> Coy5> Cos

The Co,Fe;_,O, catalysts show an equal order of activity for
2-cyclohexene-1-hydroperoxide and H,0O, decomposition with
CoFe,0, as the most active sample. Both reactions exhibited a
drastic decrease in activity over the samples containing a
higher Fe amount than CoFe,O, (x < 1). This activity drop was
less pronounced in TBHP decomposition, resulting in a slightly
different activity order, but the overall trend on TBHP
decomposition is very similar to 2-cyclohexene-1-hydroperoxide
and H,0, decomposition (Fig. 7).

The rate constants for H,O, decomposition over the
Co,Fe; ,O, series are summarized in Table S3,f again
identifying CoFe,O, to be the most active catalyst with a rate
constant of k = 0.679 s The comparison with CoFe,O, spinel
samples from literature reports clearly shows a superior
catalytic activity of the spray-flame synthesized CoFe,0, sample
(Table S47). Cota et al.*® and Goldstein et al,** who both had a
leading role in the research on peroxide decomposition in the
last century, prepared CoFe,O, samples enabling surface-area-
normalized rate constants of k; = 0.071 s ' m > and ks = 0.120
s~ m™? in alkaline solution, respectively, which are significantly
lower compared with our catalyst (ks 0.527 s' m™).
Onuchukwu et al® also studied H,O, decomposition in
alkaline solution over CoFe,0, synthesized by co-precipitation
and obtained a mass-normalized rate constant of k,, = 14 s *
g~', which is one fifth of the spray-flame synthesized CoFe,O,
(km = 67.9 s g). Mimani et al.*® synthesized CoFe,0, by a
low-temperature decomposition approach and obtained a
reaction rate constant of k; = 0.232 s ' m 2, while CoFe,O,
materials synthesized by co-precipitation and sol-gel method
led to significantly lower reaction rate constants of k., = 0.037
s g"and k, = 0.04 s m™?, respectively.”*

3600 | Catal Sci. Technol, 2022,12, 3594-3605

Interestingly, the H,O, decomposition experiments using
Co30, and CoFe,O, synthesized by a precursor
decomposition approach and direct co-precipitation revealed
Co;0, to be more active than CoFe,0,.'” This observation
can be attributed to the platelet-like structure and the
significantly smaller specific surface areas (~30 m> g') of
these catalysts. Furthermore, unlike for the herein presented
Co030,4, the surfaces of the CozO, sample in literature
synthesized by co-precipitation were (111)-oriented.

Earlier studies on H,0, decomposition over Co- and Fe-
based spinels showed that it is not the incorporation of Fe,
but rather the change of cation distribution within the spinel
structure playing a crucial role in the high catalytic activity of
Co-Fe mixed oxide catalysts. This assumption is supported
by the low activity over y-Fe,O;. Table S5 shows the
theoretical cation valency distribution and spinel type of the
prepared samples based on the crystal field stabilization
energy of the transition metal ions.*” With increasing Fe
amount incorporated in the spinel structure, a change from
normal to inverse spinel and an increase of Co>" ions located
at octahedral voids is predicted. This was corroborated by
our experimental results from Raman and Mossbauer
spectroscopy, showing a clear trend towards a predominantly
inverse structure with increasing Fe content.

Anthony and  Onuchukwu®®  investigated  H,0,
decomposition over two series of Ni,Fe;_,O, and Cu,Fe;_,O,
catalysts. The authors highlighted the importance of the
electron exchange by redox couples and were not able to
demonstrate any significant influence of Fe present in the
spinel samples. Similarly, Onuchukwu and Zuru*® prepared a
Co,Fe;_, O, spinel series by co-precipitation and investigated its
catalytic activity in H,0, decomposition. They found
Co,sFe; 50, to be the best catalyst and explained this
observation by the presence of each 0.5 mol Co®>" and Co®" per
formula unit in the octahedral voids of the spinel, enabling an
optimal electron exchange between the redox couple within the
octahedral sites.”> However, H,0, decomposition was carried
out in a highly alkaline environment. The present study
identifies CoFe,O, to be the most active catalyst in acetonitrile,
which does not contain the Co*'/Co®" redox couple at the
octahedral sites. Mimani and Patil’® found cobaltites to

This journal is © The Royal Society of Chemistry 2022
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significantly better decompose H,O, than ferrites, identifying
the importance of Co species for H,O, decomposition.

Goldstein and Tseung®" also investigated the complete series
of Co,Fe;_, O, in H,0, decomposition with 0 < x < 3 under
basic conditions and proposed a ranking of redox couples:

[Co**-Co*]p > [Co*"-Fe*']p > (Co* )y >> [Fe*'~Fe®*]o > (Fe*)r

Based on these results, the superior activity of Co;0, compared
with Fe;0, becomes clear, as Co®" ions in tetrahedral voids are
much more active than Fe*" ions in octahedral voids. [Co®']o
exhibited the highest activity in H,O, decomposition.
Moreover, a higher activity of [Co®>"], was found when the
adjacent octahedral site ion was Co®" instead of Fe**. Although
0.5 mol redox couple of Co®*/Co*" is present in the octahedral
voids in Coy sFe; 504, 1 mol [Co**], per formula unit is present
in the spinel structure of CoFe,O, resulting in the highest
concentration of [Co®>"], in the whole Co.Fe; 04 series
justifying its outstanding catalytic activity. The samples x = 1.5
to x = 3 all have the same amount of 1 mol Co>" ions per
formula unit present in the spinel structure, but 0.5 mol Co**
is present in octahedral voids for x = 1.5. Thus, this sample
should have a higher activity, whereas the samples x = 2, x =
2.5 and x = 3 should exhibit similar activities (Table S5t). The
comparison of Co;0, (x = 3) containing 1 mol (Co*"); with
Coy.5Fe, 504 (x = 0.5) exhibiting 0.5 mol [Co®], suggests Co;0,4
to be more active than Co,sFe, 504, whereas Fe;O4 (x = 0) is
expected to show the lowest activity in terms of H,O,
decomposition as it contains no Co®>" ions. Based on these
considerations, Goldstein and Tseung** proposed the following
activity ranking for the Co,Fe;_,O, samples:

Co; > Coy.5 > Co, = Coy5 = Coz > Cog 5 > Cog

This order is fully consistent with the obtained order of the rate
constants as a function of the catalyst composition for H,O,
and 2-cyclohexene-1-hydroperoxide decomposition (Fig. 7). For
TBHP decomposition, the activity order based on the produced
0, volume is consistent, too, but the area-normalized rate
clearly shows deviating results suggesting additional influences
on TBHP decomposition besides the catalyst composition.
Thus, the high catalytic activity of CoFe,0, can be presumably
referred to the high concentration of octahedrally coordinated
Co®" cations, so that the incorporation of Fe leads to a
beneficial change of the cation distribution within the spinel
structure, while the Fe cations themselves might play a minor
role for the catalytic activity.

The reaction mechanism of H,0, decomposition by
ferrous and ferric salts was investigated by Haber and Weiss
in 1932 and extended by Barb in 1949.°>°® They proposed
H,0, decomposition to be a radical chain reaction
mechanism involving ‘OH and HO,  radicals as well as HO™
and HO, anions. Fe*" is proposed to be the active site for
H,0, decomposition being oxidized to Fe’" and forming OH~
anions and ‘OH radicals, which initiate the radical chain
reaction. The inferior activity of Fe*" in H,0, decomposition

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Proposed reaction mechanism for H,O, decomposition
over Co?* based on the Haber-Weiss mechanism.5%%3

is confirmed by the lowest catalytic performance of y-Fe,O3,
which is a Fe*"-free structure. Similar to Fe*" in the Haber-
Weiss mechanism presented in Scheme S1;f we propose Co>"
to initiate a comparable reaction mechanism of H,0,
decomposition with a superior catalytic activity compared
with Fe** and propose an analogous reaction mechanism for
H,0, decomposition over Co>" (Scheme 2).

The presence of divalent Co cations at octahedral sites of
the spinel structure is thus essential for the decomposition of
peroxides. This observation is directly connected to the
surface termination of particles, as different facets
preferentially expose different cations. Sojka et al*
investigated the surface structure of spinel nanocrystals by
DFT + U calculations and TEM and found the (111) facet to be
the most prominent facet with 67.5% of the overall surface
area of truncated octahedral CoFe,O, nanoparticles. This
correlates with our findings, since TEM images of CoFe,O,
indicate a higher number of truncated octahedral particles
with hexagonal and square surface planes (Fig. 1). Moreover,
they calculated the surface composition of the (100), (110)
and (111) facets by a slab model demonstrating the octahedral
cations to be most pronounced on the surface of the (111)
facet. For this reason, three-fold coordinated, coordinatively
unsaturated Coz.>" species in octahedral sites are highly
exposed at CoFe,O, nanoparticles acting as most active sites
for peroxide decomposition reactions. In contrast, Coz;04
particles were reported to predominantly expose the (100)
surface, which was also indicated for Co;0, in this study. In
cubic Coz0O, nanoparticles, five-fold coordinated divalent
cations are exposed at the (100) facets, which can be regarded
as significantly less active, since more strongly unsaturated
cations allow higher catalytic activity. Overall, the
coordinatively unsaturated Co;.2" cations at octahedral sites
on the (111) terminated surface of CoFe,O, can be assumed to
be the most active sites for peroxide decomposition.

Conclusions

A series of Co,Fe;_,O, nanoparticulate catalysts with x = 3, 2.5,
2, 1.5, 1, 0.5 and 0 was prepared by spray-flame synthesis and
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characterized in-depth by N, physisorption, XRD, TEM, XPS, FT-
IR, Raman and Mossbauer spectroscopy. The Co,Fe; O,
samples were found to have chemical compositions close to the
nominal ones, high specific surface areas ranging from 87 to
151 m? g™* and small particle sizes between 8.3 and 12.0 nm.
The cation distribution was evaluated by Mdssbauer
spectroscopy, being consistent with trends also seen in
theoretical estimates based on the crystal field stabilization
energy. The application of Co,Fe;_,O, catalysts in cyclohexene
oxidation resulted in a volcano plot with the highest catalytic
activity at x = 1 (CoFe,O,4). Cyclohexene conversion gradually
increased with decreasing Co amount from x = 3 to x = 1.
Simultaneously, the selectivity to the key intermediate
2-cyclohexene-1-hydroperoxide decreased, indicating its faster
decomposition. Beyond this Co amount (x < 1), the catalytic
activity strongly decreased again. The product selectivity was
poorly affected by the Co and Fe amount incorporated into the
Co,Fe; O, catalysts, identifying the catalysts to mainly
accelerate the decomposition of the hydroperoxide. Kinetic
investigations were performed using the most active catalyst
CoFe,0, revealing first-order reaction kinetics with an apparent
activation energy of 58 kJ mol ™. A reusability test confirmed the
excellent stability of the CoFe,O, nanoparticles in cyclohexene
oxidation. In addition, we were able to decouple 2-cyclohexene-
1-hydroperoxide decomposition from the complex reaction
network of cyclohexene oxidation by investigating the rates of
H,0, and TBHP decomposition. A very good agreement of the
decomposition rates of 2-cyclohexene-1-hydroperoxide, H,O,
and TBHP was found, identifying CoFe,O, as the most active
catalyst for all three reactants, suggesting that 2-cyclohexene-1-
hydroperoxide is also decomposed following the Haber-Weiss
mechanism with octahedral Coz.>* exposed at the (111) facets
as the most active sites.

Experimental
Materials

Co,Fe;_,O, nanoparticles were synthesized using the metal
precursors of cobalt(u) nitrate (Co(NO;),-6H,O, >99.0%,
Honeywell) and iron(m) nitrate (Fe(NOj3);-6H,0, >99.9%,
Sigma-Aldrich). As solvents, ethanol (>99.9%, VWR) and
2-ethylhexanoic acid (>99%, Alfa Aesar) were used.

For  cyclohexene  oxidation, cyclohexene  (99%),
2-cyclohexene-1-one  (98%),  2-cyclohexene-1-ol  (95%),
cyclohexene oxide (98%), 7-oxabicyclo[4.1.0]heptane-2-one
(98%), cyclohexane-1,2-diol (98%) and 1,2-dichlorobenzene
(99%) were purchased from Sigma-Aldrich. Acetonitrile in
analytical reagent grade was bought from Fisher Chemicals.
All reagents were employed without further purification.

Catalyst synthesis

The synthesis of spinel nanoparticles was performed in a
spray-flame reactor described previously in detail.>*>> Metal
nitrates were used as precursors and dissolved in a mixture
of 35 vol% ethanol and 65 vol% 2-ethylhexanoic acid. The
precursor solutions contained a total metal-ion concentration
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of 0.2 M. The solutions were injected via syringe pumps to a
capillary of an external-mixing atomizing nozzle at a constant
flow rate of 2 mL min™'. Fine spray was formed by the
interaction of the liquid flow with the dispersion O, gas (6
slm, Air Liquide, technical). The spray is ignited by a
continuously burning premixed pilot flame of methane (3
slm, Air Liquide, N25, 99.5%) and oxygen (5 slm). The pilot
flame itself is surrounded by a sheath-gas flow (140 slm,
compressed air) to stabilize the flame and shield it from the
reactor walls. Downstream the reaction chamber, a
quenching gas flow of compressed air was added to control
the sintering of the particles and the off-gas temperature at
values lower than 130 °C in order to prevent the damage of
the filter membrane which is used to collect the particles
during the synthesis process.

Methods

X-ray diffraction patterns were recorded in a PANalytical
X'Pert PRO operated with Cu-K,, radiation (0.15406 nm, 40
kv, 40 mA). The diffraction intensity was recorded at 26 =10-
60° with a step size of 0.05°.

N, physisorption measurements were performed at 77 K
in a Quantachrome Nova2000. The specific surface areas
were determined from the adsorption isotherm using the
BET method.

Ncy,0 ~ N
X =@ y
Ny,
Ny —Npo
S = P P;
Ncy,0 ~ Ny
1 dncy

 Mear-Sper dt

High-resolution and high-angle annular dark-field scanning

transmission electron microscopy (HR-TEM, HAADF-STEM),
and energy dispersive X-ray  spectroscopy (EDX)
measurements were performed at a probe-side aberration-
corrected JEM-2200FS (JEOL, Akishima, Japan) with an
acceleration voltage of 200 kV.

Fourier-transform infrared spectroscopy was carried out in
a Vertex 80 from Bruker using a KBr beam splitter, a DigiTect
DLaTGS detector, and a mid-infrared light source from 400 to
4000 cm ™" in combination with an ATR sample holder.

Raman spectra were recorded using a Renishaw InVia
confocal Raman microscope with a 633 nm laser operating at
1% of the total laser power (15 mW).

X-ray photoelectron spectra were obtained using a ULVAC-
PHI device (Versaprobe II) using a XPS twin anode with
Mg Ko & Al Ko, a spot size of 100 um, and an energetic
resolution of ~0.5 eV. The calibration of the spectra was done
using the C1s adventitious carbon C-C binding energy at
284.8 eV. The obtained data were fitted based on fixed
positions, fixed contributions of the specific peaks to the
overall signal as well as fixed FWHM. Using this procedure, a

This journal is © The Royal Society of Chemistry 2022
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satisfactory overall fit was obtained in which nearly no area
was left unfitted.

Mossbauer spectra were recorded in transmission geometry
at 4.3 K with and without applying an external magnetic field,
using a °’Co(Rh) radiation source, liquid helium (magnet)
cryostats, 20-35 mg of each nanoparticle powder and a velocity
transducer operating at constant acceleration.

Catalytic oxidation reactions

Oxidation reactions were carried out in a 100 mL autoclave
reactor equipped with a Teflon liner (Parr Instruments). 50
mg catalyst were dispersed in 30 mL acetonitrile. 20 mmol
cyclohexene and 4.5 mmol 1,2-dichlorobenzene as the
internal standard for GC analysis were added. The autoclave
was purged with oxygen for three times and pressurized to 10
bar. Subsequently, the reaction mixture was heated to 80 °C.
The reaction was initiated by switching on the stirrer to 600
rpm. Samples were taken through an online sampling system
after 0.5, 1, 2, 4, and 6 h, and analyzed by GC. The catalyst
was separated by centrifugation.

To test the reusability of the catalyst, four reaction runs
were carried out under standard conditions. After each run,
the catalyst was separated by centrifugation, washed three
times with 5 mL acetonitrile, and dried overnight at room
temperature.

For the investigation of cyclohexene oxidation in the
presence of H,0, 3 mL H,O were added to the initial
standard solution whereas all other reaction conditions
remained unchanged.

Conversion (X), selectivity (S), the area-related reaction
rate (r) normalized to the mass (mc,) and the specific surface
area (Sgpr) of the catalyst were calculated, in which ngy, o and
np,o denote the initial molar amount of cyclohexene and the
respective product at ¢, respectively, and n¢, and np denote
the molar amount of cyclohexene and the respective product
at a defined time ¢. The carbon balance was higher than 97%
in all experiments.

Gas chromatography

Gas chromatography analysis was carried out in a 7820 A GC
from Agilent Technologies. It was equipped with an Agilent
DB-XLB column (30 m x 180 um x 0.18 um) and an FID
detector. The injection volume was set to 0.5 uL with a split
ratio of 75:1, a split flow of 30 mL min™", and an inlet
temperature of 260 °C. The column was first kept at 80 °C for
5 min. Subsequently, the oven was heated to 170 °C with a
rate of 15 °C min~". Afterwards, it was heated with a ramp of
30 °C min~" up to 300 °C to avoid deposits of the PPh; in the
column. The end temperature was kept for 1 min.

TBHP decomposition

TBHP decomposition was carried out in a peroxide
decomposition setup (Gasmess-5, Fig. S171). 50 mg catalyst
were dispersed in 30 mL acetonitrile. The solution was
heated to 60 °C and stirred at 600 rpm. 500 pL TBHP were
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added and the gas volume measurement was started
immediately. The decomposition reaction was run for 6 h.

H,0, decomposition

H,0, decomposition was carried out in a peroxide
decomposition setup (Gassmess-5, Fig. S171). 10 mg catalyst
were dispersed in 30 mL acetonitrile. The solution was kept at
30 °C and stirred at 600 rpm. 80 uL H,0, (30 wt%) were added
and the gas volume measurement was started immediately.

The decomposition reaction was run for 30 min.
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