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Aerobic Cyclohexane Oxidation Catalyzed by
Vanadium-Substituted LaCoOs Perovskites in the Liquid Phase

Akhil Hareendran,?! Takuma Sato,®! Leon Miiller,!) Anna Rabe,[! Krishnan Ravi,!
Dongsheng Zhang,?! G. Wilma Busser,[@ Catalina Leiva-Leroy,® Heiko Wende,!

Hartmut Wiggers,! Christof Schulz,!“ Alexander Schnegg,*®! and Martin Muhler

Spray flame-synthesized LaV,Co,.,O; perovskites (x = 0.00, 0.01,
0.03, 0.05, 0.3, and 0.5) were found to enhance the KA oil (mixture
of cyclohexanol and cyclohexanone) selectivity in the aerobic
liquid-phase oxidation of cyclohexane. The KA oil selectivity sig-
nificantly improved even for a low vanadium doping of x = 0.01,
and for x = 0.03, conversion and KA oil yield reached 22.5% and
17.1%, respectively, under mild reaction conditions of 120 °C and
15 bar O,. Kinetic investigations performed over LaV¢3C004703
exhibited a first-order-like reaction with a low apparent acti-
vation energy of 44.8 kJ mol~', which is ascribed to the Co**
fraction generated upon doping V, which decomposes the cyclo-

1. Introduction

The aerobic oxidation of cyclohexane provides an environ-
mentally sustainable method to synthesize KA oil as opposed
to traditional, less eco-friendly reactions.'3! Since the further
oxidation of KA oil results in adipic acid, nylon-6,6 could be syn-
thesized indirectly via cyclohexane oxidation.[*! Unfortunately,
these processes are often associated with the use of toxic and
non-ecofriendly oxidizing agents such as nitric acid.[*%! Hence,
alternative synthesis routes are of high relevance in an environ-
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hexyl hydroperoxide (CHHP) intermediate. Radical scavenging
studies combined with the electron paramagnetic resonance
(EPR) spin trap studies identified C¢H;;00°, C¢H;;0O°, HO®, O,"~,
and C¢Hy® as the active free radicals. Post-reaction characteri-
zation revealed the partial reduction of Co** to Co*" and pre-
sumably of V>* to V4 during cyclohexane oxidation. A plausible
catalytic cycle is proposed based on an initial proton-coupled
electron transfer (PCET) process where the higher-valent cations,
such as Co** and V°*, are reduced to lower-valent Co** and V**,
which further participate in a Haber-Weiss cycle, decomposing
the CHHP intermediate.

mentally responsible society using molecular oxygen to oxidize
traditional hydrocarbons with suitable catalysts.

The selective oxidation of cyclohexane is capable of gen-
erating KA oil, although this process is challenging due to
the relatively lower stability of the product compared with
cyclohexane.*'®! The KA oil is easily oxidized to secondary prod-
ucts above specific conversion thresholds (Scheme 1). These
byproducts often include diols, diones, carboxylic acids, and
aldehydes. Therefore, maintaining steady KA oil selectivity is
often challenging as C—H bond activation and breaking require
high reaction temperatures!™ A few attempts have been
made to oxidize cyclohexane either solvent-free or by using
homogeneous catalysts.!>2%! However, this reaction can also
be carried out by using a suitable solvent and novel het-
erogeneous catalysts, resulting in significantly milder reaction
conditions./#-2!

La-based perovskites are reported to be efficient catalysts in
hydrocarbon oxidation reactions.?*2%! Perovskites can be gener-
ally represented as ABOs;, where A and B are transition metals
with different ionic radii. The A cation is usually larger than
the B cation and often includes either lanthanides or alka-
line metals. These sites can also be further partially substituted
(A1<A%B,B03) to form mixed metal perovskites, thereby tuning
their properties. One of these properties is the formation of oxy-
gen vacancies that make them potential oxidation catalysts.”’-°]
Some of these La-based perovskite catalysts are also reported
to facilitate C—H bond activation and its breaking.*%3?! Further
transition metal combinations have to be studied to design,
develop, and predict the rational properties of potentially suit-
able catalysts. In particular, V as a dopant is recognized for its
influence in promoting electron transfer processes in various cat-
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Scheme 1. Reaction network of cyclohexane oxidation.

alytic systems, including the oxygen evolution reaction.®3% This
showcases the scope of V as a potential dopant in hydrocarbon
oxidation reactions that involve proton-coupled electron transfer
(PCET).!

One of the missing factors is to link the catalytic structure
to the selectivity distribution. With free radicals being the active
species, the catalyst could also play a crucial role in selectively
maintaining their population.

Currently, there is a lack of mutual correlations between
catalytic structure, radical population, and product selectivity
in order to effectively identify the catalytic properties in per-
ovskites. Therefore, a thorough temporal monitoring of the
catalytic structure and the free radicals during the reaction
is a leap forward in understanding heterogeneously catalyzed
cyclohexane oxidation.

Herein, we report on the catalytic liquid-phase oxidation
of cyclohexane over LaV,Co.,O; perovskites, attempting to
correlate structure, generated radicals, and product selectivity
during cyclohexane oxidation. The positive effect of increasing
the V content on catalytic performance was confirmed and sys-
tematically investigated through screening experiments. Kinetic
investigations varying the initial cyclohexane concentration,
reaction temperature, and O, pressure were carried out to study
their impact on the reaction profile. Radical scavenging studies
combined with spin trap electron paramagnetic resonance (EPR)
spectroscopy studies facilitated the identification and quantifi-
cation of the free radicals formed. In combination with these
results, correlations were made with the KA oil and byproduct
yields to gain insights into selectivity improvement in cyclohex-
ane oxidation, supported by post-reaction characterization using
techniques such as solid-state EPR, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), H, temperature programmed
reduction (TPR), and Raman spectroscopy under reaction
conditions.
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Figure 1. X-ray diffraction patterns of the as-synthesized LaV,C0;.4O3
nanoparticles. Reference spectrum: ICSD 153993 (orthorhombic LaCoOs).

2. Results and Discussion
2.1. Characterization of the As-Synthesized Catalysts

Figure 1a shows the XRD patterns of the spray flame-synthesized
LaV,Co;,O3 nanoparticles, where “x" represents the V content in
at%. In general, V5 (0.54 A) can be well incorporated into the
perovskite lattice, since Co3* (0.55 A) has a similar ionic radius.
The XRD patterns confirm the presence of an orthorhombic
phase based on the reference pattern (ICSD: 153993). The per-
ovskites are found to be phase-pure up to 5% V doping, and its
further increase results in phase segregation as indicated by the
very broad reflection around 28.78°. The reflections are relatively
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40 1f oil yield. The reaction profile of the individual catalysts is shown
in Figure S1. As soon as LaCoO; (x = 0.00) was introduced, con-
351 version increased to 17.1% with a higher KA oil yield of 15.2% and
— 30 —=— Cyclohexane Conversion (%) /{/i 1.9% of byproducts. The beneficial effects of LaCoOs as a cata-
S lyst for cyclohexane oxidation have already been reported in our
2 25 13 14 previous work.>) Compared with the uncatalyzed reaction, the
= cyclohexyl hydroperoxide (CHHP) intermediate was completely
g' 20 5 e decomposed in the presence of LaCoOs. Incorporating 1at% of V
® into LaCoO;s further enhanced conversion to 20%, and the V dop-
2 15 ing up to 3 at% yielded KA oil as the major product at an even
8 104 [0%5 10 19 19 higher degree of conversion with only 5% byproducts. Table S2
15 17 14 summarizes the corresponding product selectivities. The blank
5] |97 reaction is associated with the highest CHHP selectivity of 9%
after 6 h. Upon adding LaV,Co,,0s, negligible amounts of CHHP
0 . T T T . . . (selectivity < 2%) were obtained. A high selectivity of KA oil

Blank 0.00 0.01 0.03 0.05 03 05

x (atomic %)

Figure 2. Conversion-yield profile of screening LaV,Co140; for cyclohexane
oxidation. Reaction conditions: 120 °C, 1.00 mol/L cyclohexane, 25 mg
catalyst, 15 bar O,, 600 rpm, and 6 h.

broad compared with those of the reference material, indicating
low crystallinity. The cell parameters together with the crystal-
lite sizes are summarized in Table S1. With rising V content the
c-axis lattice parameter was found to be increasing indicating
Co-O bond elongation. Doping V in the +5 oxidation state intro-
duces excess positive charge, possibly leading to the generation
of vacancies and/or Co?*. The crystallite size amounted to about
10 nm except for x = 0.5. N, physisorption experiments were per-
formed to derive the specific surface areas (BET equation) of the
nanoparticles (Table S1) in the range from 80 to 110 m?/g.

2.2. Catalytic Screening and Kinetic Investigations

The spray flame-synthesized LaV,Co:,O; nanoparticles were
applied in the liquid-phase oxidation of cyclohexane. Previous
studies using Co-based perovskites as catalysts confirmed the
positive influence in selective cyclohexane oxidation.!”! The sub-
stitution of V into LaCoO; may enhance the catalytic properties
due to the generation of oxygen vacancies and/or Co?*. The
reaction was carried out based on our previous work, where
cyclohexane was oxidized using molecular oxygen in acetonitrile
at 120 °C.1%!

Owing to its relatively lower thermal stability, KA oil is
easily further oxidized to secondary products such as shown in
Scheme 1. These are mainly cyclohexane-1,2-diol, cyclohexane-
1,2-dione, cyclohexane-1,4-diol, cyclohexane-1,4-dione,
2-hydroxycyclohexanone, and 7-oxabicyclo[4.1.0]heptan-2-one.
Further oxidation could also lead to the formation of adipic acid
or even CO,, but this is not identified in this work. In reference
to our previous work, the reaction parameters were set at 120 °C,
1.00 mol/L, 15 bar O,, 600 rpm, and 6 h.!%*]

Figure 2 shows the overall conversion-yield profile obtained
with the LaV,Co;4O; catalysts. A conversion of 11.5% was
achieved for the uncatalyzed reaction after 6 h with 9.65% KA
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(95%) was achieved for LaVonCogg90; at a relatively high con-
version of 20%. Table S3 summarizes a comparison of this work
with other studies on Co- and V-based catalytic cyclohexane
oxidation.

For LaVg3C004703, 17.1% KA oil was obtained at a conversion
of 22.5%. Even though further increments in V enhanced conver-
sion, the undesired byproduct formation was significantly higher.
Therefore, the role of the catalyst is to increase the conversion
threshold up to which KA oil is still stable.””! The byproduct yield
increased up to 12% when the V content increased to 5 at%. At
50 at%, a conversion of 33.4% was obtained with 19% KA oil. The
maximum KA oil yield of approximately 19% was also achieved
for lower V contents of 1 and 3 at%. Thus, the higher V contents
catalyze the reaction efficiently, leading to higher conversion,
but do not enhance the KA oil selectivity.

Owing to its relatively higher conversion and appreciable
V content, LaV(03C009;03 was chosen for kinetic investigations.
The standard reaction parameters were set as 130 °C, 15 bar O,,
600 rpm, 6 h and 25 mg catalyst. A temperature of 130 °C in con-
trast to screening at 120 °C was chosen in correlation with the
radical scavenging and EPR experiments, since the radical gener-
ation and detection were better at this temperature. The increase
in conversion with increasing initial cyclohexane concentration is
shown in Figure 3a. The cyclohexane concentration was varied as
follows: 0.75, 0.85, 1.00, and 1.15 mol/L. A maximum KA oil yield of
25% was observed for a conversion of 32.1% at 1.15 mol/L. The KA
oil yield is strongly dependent on the initial cyclohexane concen-
tration, and optimizing its concentration can therefore facilitate
to achieve the maximum KA oil selectivity at a particular reaction
temperature. Figure 3b shows the linearized plot of the reaction
rate as a function of the initial cyclohexane concentration. The
linear regression of the plot reveals first-order reaction kinetics
with respect to cyclohexane at a constant pressure of 15 bar O,.
The individual reaction profiles of the concentration variations
are shown in Figure S2.

The conversion and yield after 6 h as a function of the reac-
tion temperature is shown in Figure 3c. The reaction profile at
each applied temperature is shown in Figure S3. The reaction at
110 °C resulted in a conversion of 10.8% with an induction period
of 1 h (Figure S3). At 120 °C, the conversion increased to 22.5%
with a KA oil yield of 17%. Traces of CHHP intermediate are also
identified for both reactions after 6 h. A higher KA oil yield of
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Figure 3. a) Effect of cyclohexane concentration on the conversion-yield profile, b) linearized plot of the reaction rate over LaV(3C009;03 as a function of
the initial cyclohexane concentration, c) effect of reaction temperature on cyclohexane oxidation, d) Arrhenius analysis based on first-order reaction
kinetics. Optimized reaction conditions: 130 °C, 1.00 mol/L, 15 bar O,, 25 mg LaV(3C009703, 600 rpm, and 6 h.

30% is obtained when the temperature is increased to 130 °C.
The increase is associated with a higher degree of cyclohex-
ane conversion (41%), where 11% byproducts are also obtained.
Despite the conversion increase to 47%, the KA oil is significantly
oxidized to byproducts at 140 °C. A lower KA oil yield of 19%
and byproduct yield of 28% is obtained during the reaction at
140 °C. The temperature variation confirmed the dependence of
KA oil stability on reaction temperature. This further supports
our previous findings where KA oil is stable only up to a certain
conversion threshold, depending on the catalyst.”! Figure 3d
shows the Arrhenius analysis based on the temperature variation
experiments. The rate constants were derived based on first-
order kinetics (Equation S2). An apparent activation energy of
44.8 kJ/mol is determined with high accuracy (R> = 0.996) under
the applied reaction conditions.

Figure S4a shows the effect of O, pressure on cyclohexane
oxidation over LaV3C00;05 using 5, 10, 15, and 20 bar. The
pressure decrease to 5 bar resulted in a cyclohexane conver-
sion of 40% with a 30.8% KA oil yield, confirming an increased

ChemCatChem 2025, 0, 01190 (4 of 11)

reaction rate at lower O, pressure. This finding aligns with our
previous studies, which demonstrated that increased O, pressure
enhances the radical recombination rate, resulting in a lower
degree of conversion.!”! At higher O, pressure, CsH;00° radi-
cals are highly abundant, increasing the rate of termination.!36-38!
External mass-transfer limitations were checked by varying the
stirring speed of the reactor at 500, 600, and 700 rpm. As Figure
S4b shows, the stirring speed did not significantly influence the
conversion-yield profile of the reaction. Internal mass transfer
limitations were absent as the synthesized nanoparticles were
non-porous. The individual reaction profiles of the O, pressure
and the stirring speed variations are shown in Figures S5 and S6.

The reusability of LaV(03C004,03 as a catalyst was tested by
using it in three consecutive reactions, as shown in Figure S7a.
The conversion-yield profile remained comparable even after the
three reaction cycles. Conversion remained between 26.7% and
27.2% with a KA oil yield of 19.3%-19.8% over the cycles. The
structural integrity of the catalyst was confirmed by the XRD
pattern after three reaction cycles (Figure S7b).
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Figure 4. a) Cyclohexane conversion in the presence of different radical
scavengers, b) radical amount determined as EPR intensity of DMPO
adducts in solution, both plotted versus reaction time. Reaction conditions:
130 °C, 1.00 mol/L cyclohexane, 15 bar O,, 600 rpm, 6 h, 2 mol% of radical
scavenger, 25 mg LaV03C00970s.

2.3. Radical Scavenging and EPR Spin Trap Studies

To study the presence and influence of free radicals, scaveng-
ing experiments were performed using different radical scav-
engers. TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) can be
used to scavenge nearly all types of free radicals®®*?! and has
been widely employed as a spin trap in EPR spectroscopy.l*"!
While peroxyl and superoxyl radicals can be scavenged using
p-benzoquinone (PBQ), hydroxyl and alkoxyl radicals are scav-
enged using tert-butanol (TBOL).[>#3! The influence of the dif-
ferent radical scavengers on cyclohexane conversion is shown
in Figure 4a. As a reference, the catalyzed reaction at 130 °C
is included as the blank experiment (orange). The addition of
both TEMPO and PBQ quenched the reaction leading to no
observable conversion (<1%) even at the 6™ h.

While scavenging using TEMPO confirmed free radicals as
the active species during reaction, PBQ confirmed the signifi-
cant influence of peroxyl radicals (CsH;;O0°, O,"7) in conversion.
Although scavenging aimed at C4H;;0°, HO® using TBOL also has
a similar effect till the 4™ h, a conversion of about 6% is obtained
at the 6™ h. Despite this fluctuation at the 6™ h, conversion
is still significantly lower than for the blank experiment (41%).

ChemCatChem 2025, 0, 01190 (5 of 11)

Therefore, it has to be concluded that both peroxyl and alkoxyl
radicals significantly influence the conversion of cyclohexane. To
monitor the individual radicals present during cyclohexane oxi-
dation, spin trap studies using EPR spectroscopy were carried
out. The spin trap 5,5-dimethyl-1-pyrrolin-N-oxide (DMPO) was
added to the reaction solution to determine the radical amount
present after different reaction times. Figure 4b shows the evo-
lution of the integrated EPR signal directly proportional to the
radicals present in the reaction solution after reaction times from
1 to 6 h with increments of 1 h. Although radicals may both
originate directly from the reaction in the reactor or from auto-
oxidation processes in the EPR tube, the number of trapped
radicals after varying reaction times clearly differs. In the samples
measured after 1, 2, and 3 h, the radical content of the solutions
increases steadily, decreases at 4 h, and then reaches a value
almost twice as high after 5 h as after 3 h. This time course cor-
relates with a steep increase in the KA oil yield in cyclohexane
oxidation in the first 3 h and a levelling off of the KA oil yield
after 4 h. However, the time course and the shape of the EPR
spectra (Figure S8) differ significantly from those in our recently
published study on cyclohexane oxidation over Fe-substituted
LaCo0s.%! Unlike in the latter case, cyclohexane oxidation over
LaV03C009703 seems to involve the formation of O, radicals
over longer reaction times (>3 h) (see Figure S8), which appears
to be accompanied by the increased production of byproducts.
The mechanism behind this process is not yet understood and is
currently the subject of further investigation.

2.4, TBHP Decomposition Over LaV; ¢3C009703

An investigation on the catalytic ability to decompose the
hydroperoxide intermediate was performed as shown in Figure
S9a,b. Since CHHP is difficult to synthesize and stabilize, tert-
butyl hydroperoxide (TBHP) was used as a model peroxide
intermediate. The setup to measure the evolved O, during TBHP
decomposition is shown in Figure S9a. The catalytic ability to
decompose the hydroperoxide intermediate can then be related
to the evolved O, volume. To study the catalytic influence
on hydroperoxide decomposition, the thermal influence has to
be kept minimal. The blank experiment performed at 50 °C
confirmed a negligible effect of temperature on TBHP decom-
position, as it yielded less than 0.5 mL O, even after 6 h. Upon
introducing non-doped LaCoO;, the evolved volume increased
to about 7.2 mL at the 6™ h. When LaV,3C000,0; (fresh) was
added, the volume further increased to 9.65 mL, confirming the
beneficial effect of V as a dopant. Additionally, LaV(03C009,03
after cyclohexane oxidation (spent) was also used to study its
influence on hydroperoxide decomposition. Interestingly, the
spent catalyst yielded a relatively higher O, volume of 10.8 mL
after 6 h. Similar to our previous investigations, a potential sur-
face change of the catalyst during cyclohexane oxidation has to
be assumed to have occurred.>! A possible explanation would
be the reduction of the surface during cyclohexane oxidation,
resulting in more exposed Co?* sites. Advanced characteriza-
tion techniques have to be employed to further understand the
modified catalytic surface.
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Figure 5. Characterization of the fresh and spent LaV03C004703
nanoparticles after reusability studies using a) XRD and b) Raman
spectroscopy.

2.5. Post-Reaction Characterization of LaV(3C0.9;05

As shown in Figure 5a,b, the post-reaction XRD and Raman
measurements confirmed the structural integrity of the catalyst
being preserved during the reaction. The XRD patterns do not
show any significant changes of the major peak characteristics
in the spent catalyst with a relatively lower intensity at higher
diffraction angles. The Raman spectra exhibited similar shifts
for the catalysts before and after reaction, which correspond to
those reported in literature.** The ICP-MS measurements after
reaction further demonstrate the stability of the catalyst and
are summarized in Table S4. The morphologies of the fresh and
spent catalysts were studied using high-resolution transmission
electron microscopy (HR-TEM) as shown in Figure S10. No sig-
nificant changes related to the structure or morphology of the
non-porous nanoparticles were observed, and the characteristic
lattice fringes of 0.275 nm (100) were maintained, thereby further
confirming the preservation of structural integrity.[*>°!

Figure 6a shows the EPR spectra of the fresh (black) and
spent (red) LaCog7V00305 powder samples recorded at 15 and
298 K. In the fresh sample, a broad and asymmetric line with a
maximum at an effective g value of g* ~ 5.6 was observed. This
spectrum was assigned to high-spin (HS, S = 3/2) Co?".!*! No
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vanadium-related signal was detected in fresh samples, suggest-
ing that the oxidation state of V is either 3+ or 5+ . In the spent
sample, an increase in EPR intensity of the HS Co?" signal was
observed, as well as an emergence of V**. Although V** could
be clearly identified by its characteristic EPR line shape,®! quan-
tification revealed that only a sub-percent fraction of the total
vanadium content in the sample was in the paramagnetic V4"
state.

The changes in surface oxidation states were investigated
using XPS. The Co 2p spectrum of the fresh and spent cat-
alyst after normalization at 779.8 eV is shown in Figure 6b.
The increase in the satellite intensities of the spent catalyst
at 786.5 eV and at 8042 eV confirms the reduction of Co**
to Co?* during cyclohexane oxidation. This is in line with the
EPR results and our previous investigations, where Co-containing
perovskites were found to undergo partial reduction during
reaction to Co?*.! The individual Co 2p spectra of the fresh
and spent catalysts are shown in Figure S11. The peaks (green)
at 779.1, 780.4, 782.2, and 789.2 eV are identified to originate
from an octahedrally coordinated Co**-dominant system.[*”! The
Co?* contributions (blue) are identified mainly in the spent cat-
alyst at 779.6 eV, 7814 eV, and 786 eV. The reduction of Co3"
(0.61 A) to Co?* (0.75 A) facilitates the CHHP decomposition via
the known Haber-Weiss reactions. The O 1s spectra of the fresh
and spent catalysts in Figure S12 also show significant differ-
ences. The peaks appear mainly around 528.7 eV (lattice oxygen)
and 531.0 eV (adsorbed hydroxyl groups). The relatively higher
intensity at 531.0 eV for the spent catalyst further confirms the
CHHP decomposition by Co?*, where water is formed as a cou-
pled product. Subsequent changes are also observed in the
La 3d spectra (Figure S13), where the contribution at 835.5 eV
is increased after reaction. The change in the fine splitting of
La 3ds, spectra might further indicate local changes in oxi-
dation state or electronic rearrangements. The changes in the
C 1s spectra are shown in Figure S14, where higher oxygenate
contributions are observed in the spent catalyst.

The H, TPR measurements shown in Figure 6¢ reveal dif-
ferences in the fresh and spent LaV(3Co09,05 catalysts. The
reduction to metallic Co (peak between 400-600 °C) in the spent
catalyst is significantly higher than for the fresh catalyst. As also
confirmed by XPS, the TPR profiles indicate that the spent cata-
lyst is in a significantly reduced state after cyclohexane oxidation.
The reduction can favor the exsolution of CoO during the reac-
tion and, therefore, the reduction to metallic Co is enhanced in
the TPR profile.’®! The initial consumption peak between 200-
300 °C shows the primary reduction of Co*" to Co?* and is
observed only for the fresh catalyst.[""*?! The absence of this fea-
ture in the spent catalyst points to a significant reduction of
Co** to Co?* during the reaction. As the particle size is also
between 5-10 nm, the calculated degree of dispersion, which is
the fraction of surface atoms, is roughly below 10%,"°3! which in
turn reveals that multiple layers below the surface are involved
during catalysis.

As Figure 6d shows, the field-dependent magnetization at
5 and 300 K of the fresh and spent catalyst further confirms
the changes in the catalyst during cyclohexane oxidation. In
general, both catalysts exhibit paramagnetic behavior. The field-
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Figure 6. a) Solid-state EPR measurements of the fresh and spent LaV(03C0097,03 samples, b) Co 2p XP spectra (normalized), and c) H, TPR profiles of the
fresh and spent LaV(03C0097,03 samples, d) magnetic field dependence of the mass magnetization of fresh and spent LaV03C009;0; at 5 K and 300 K, e)
temperature-dependent magnetization of fresh and spent LaVg03C00.970s.
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Figure 7. Reaction mechanism consisting of homolytic C-H breaking, reduction of the surface by PCET leading to CHHP decomposition via the Haber-Weiss

reaction, and reoxidation by O,.

dependent measurements, especially at 5 K, reveal a relatively
higher magnetization of the spent catalyst. As indicated by
the XPS, TPR, and EPR measurements, the partial reduction of
the catalyst (e. g. diamagnetic Co®* or V°* to paramagnetic
Co?*or V) alters its magnetic properties. Figure 6e shows
the temperature-dependent magnetization, which, even though
there are only minor differences, exhibits a slightly higher mag-
netization for the spent catalyst.

2.6. Mechanistic Considerations

In general, cyclohexane oxidation over La-based perovskites is
assumed to occur via a partial surface reduction caused by the
PCET process during C-H cleavage (initiation).”! Figure 7 depicts
the assumed PCET process occurring on the LaV,Co,,03 surface
during cyclohexane oxidation in more detail. Due to its strongly
ionic nature, the La** coordination results in an increased elec-
tron density around the lattice oxygen. The C-H cleavage leads
to the generation of CsH;;®, an electron, and a proton. While
the lattice oxygen accepts the proton, the higher-valent cations
Co®* and V°* are reduced by the electron to the lower-valent
states Co?" and V**. Therefore, a partial reduction of the surface
is assumed to occur as indicated by the characterization results
obtained with the spent catalyst. The reduced cations Co?* and
V4 then facilitate the CHHP decomposition via the Haber-Weiss
cycle and are re-oxidized by molecular O,. As shown in Figure
S9b, V-doped LaCoO; has a superior activity in TBHP decompo-
sition compared with LaCoOs. Therefore, V as a dopant is also
expected to improve the CHHP decomposition in cyclohexane
oxidation. Figure S15 compares the selectivities of CHHP at sim-
ilar conversion to demonstrate the influence of V in catalytic
cyclohexane oxidation. While the blank reaction yielded a CHHP
selectivity of 14.1%, adding LaCoO; as a catalyst further decom-
posed CHHP efficiently with a final selectivity of 8.7%. Upon V
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doping (x = 0.03), this was further lowered to 4.3%, indicating
enhanced CHHP decomposition compared with LaCoO;s.

A significant formation of superoxide radical anions was iden-
tified by the EPR spin trap measurements. The electrons gener-
ated by the C-H cleavage can also be captured by the oxidant O,,
forming O,"~, which may then be involved in the radical mech-
anism of cyclohexane oxidation. Further time-resolved studies
based on spin trap EPR studies and advanced synchrotron-
based characterization techniques are required to confirm such
a radical pathway and to identify the oxidation state and local
coordination of doped vanadium.

3. Conclusion

Spray flame-synthesized LaV,Co:4Os nanoparticles with varying
vanadium content were found to be active and selective in
the liquid-phase oxidation of cyclohexane. Characterization of
the as-synthesized catalysts using XRD confirmed phase-pure
LaV,Co;,0O3 nanoparticles up to x = 0.1. The beneficial effect of
V doping led to an increasing cyclohexane conversion to 22.5%
with 17.1% KA oil yield for x = 0.03. Kinetic investigations per-
formed over LaVyp3C009,0; resulted in a cyclohexane reaction
order of 1.0 and a low apparent activation energy of 44.8 kJ mol™
due to the Co?* fraction generated upon doping of higher-
valent vanadium that has a superior activity in decomposing the
cyclohexyl hydroperoxide (CHHP) intermediate. Reusability stud-
ies performed over three consecutive runs exhibited comparable
performance, with maintenance of structural integrity confirmed
by the XRD, Raman, HR-TEM, and leaching measurements. The
ability of the catalyst to decompose the CHHP intermediate was
studied using TBHP as a model hydroperoxide, showing that the
spent catalyst evolved more O, than the fresh catalyst.

Radical scavenging experiments and spin trap EPR further
confirmed a reaction-time-dependent free-radical mechanism
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during cyclohexane oxidation, involving C¢H;;00°®, CsH;,O°®, HO®,
0,7, and CgHy;°. Examination of the spent catalyst using solid-
state EPR confirmed a significantly increased Co?* content and
the formation of V4t during cyclohexane oxidation. Further
characterization of the spent catalyst using XPS, H, TPR, and
magnetometry confirmed the spent catalyst to be in a more
reduced state compared with the fresh catalyst. A plausible reac-
tion mechanism based on an initial PCET reaction was proposed,
where lattice oxygen acts as a proton acceptor and the higher-
valent metal cations Co®* and V°' act as electron acceptors
during C-H homolysis. Then, the lower-valent cations Co*" and
V4 participate in a Haber-Weiss cycle, decomposing the CHHP
intermediate, followed by their reoxidation by O,.

4. Experimental Section

4.1. Catalyst Synthesis

Nanomaterials applied for oxidation reaction tests were obtained
by spray-flame synthesis. The setup consists of an in-house devel-
oped spray-flame reactor and a standardized SpraySyn** nozzle,
which is described in preceding publications.[>>*®! The liquid pre-
cursor is composed of metal acetates, La(CH3CO,);-1.5 H,O (Alfa
Aesar, 99.9%), Co(CH3;CO,),4 H,O (Sigma-Aldrich, reagent grade),
and acetyl-acetonate V(CsH;0,); (Sigma-Aldrich, 97%), which were
dissolved in a mixture (35:65 vol.%) of ethanol and 2-ethylhexanoic
acid at 70 °C. A precursor with a total metal ion concentration of
0.2 mol/L was transferred with a constant feed rate of 2 mL/min to
the nozzle of the SpraySyn burner, where the spray was formed. In
the nozzle, the precursor was brought into contact with the disper-
sion gas, a stream of mixed gases (1 slm CH, 4.8 sim O,), and formed
a fine spray. To make sure that the flame is stable and to avoid fluc-
tuations in ignition, a premixed methane/oxygen flat flame (2 sim
CHg, 16 sim O,) on a sintered bronze plate was used. The pilot flame
was stabilized using a sheath gas flow (140 slm compressed air). An
additional gas flow (240 slm compressed air) was used downstream
of the flame for quenching and controlling the off-gas temperature.
The particles were precipitated on a PTFE-coated fiber membrane
filter and collected after synthesis was completed.

4.2. Catalytic Cyclohexane Oxidation and Spin Trap Studies

The reaction was carried out using a Parr stainless steel high-
pressure 4560 reactor equipped with an impeller-based stirring.
Initially, the experiments were optimized at 1.00 mol/L of cyclohex-
ane in 40 mL acetonitrile with biphenyl as the internal standard.
Directly after transferring, the reactor was sealed and pressurized
using molecular oxygen. Following the O, flushing three times, the
reactor was heated to the desired temperature. The stirring followed
once the set temperature was achieved. The samples were taken at
1,2, 4, and 6 h of the reaction with two vials per withdrawal. The one
was treated with previously weighed triphenylphosphine to reduce
the CHHP to cyclohexanol. The CHHP was quantified by subtract-
ing the cyclohexanol amount from the reduced and non-reduced
sample. Kinetic investigations were carried out by varying reaction
parameters such as reaction temperature, O, pressure, initial cyclo-
hexane concentration, and stirring speed. The reaction parameters
were then optimized at 130 °C, 1.00 mol/L cyclohexane, 15 bar O,,
and 600 rpm.

The quantification of the reaction mixture was carried out
using a 7820-A gas chromatograph from Agilent Technologies
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equipped with a DB-XLB column (30 m*180 um*0.18 um). The fol-
lowing set parameters were used: injection volume, 1 pL; split flow,
9.98 mL/min; He flow, 0.4 mL/min; inlet temperature, 260 °C; split
ratio, 1:25; initial pressure, 1.25 bar. Initially, an oven temperature of
80 °C and a hold time of 3 min were applied, and thereafter the
temperature was increased to 140 °C with a heating rate of 17 °C
without hold. Finally, an end temperature of 300 °C was achieved
with a heating rate of 20 °C and 3 min hold time. The relative sen-
sitivity factor (RSF) of biphenyl was set to 1 for quantification using
peak area values. The following equations were used to determine
the conversion, yield, and carbon balance. X; is conversion; n;o and
n; are the initial and final cyclohexane concentrations, respectively;
Y, is the product yield; n, is the amount of product formed.

Sum of Yields (%)
Carbon Balance (%) = —— x 100 1M
Conversion (%)

Njo —n;
Xi: i,0 i (2)
Nio
n
Y=L €)
g Nj,o

Reusability studies were performed via three consecutive reac-
tions with standard reaction conditions: 130 °C, 1.00 mol/L cyclo-
hexane, 25 mg catalyst, 15 bar O,, 600 rpm, and 6 h. Each run
followed a catalyst recovery by centrifugation, acetonitrile wash, and
overnight drying at 120 °C. ICP-MS measurements were conducted
using the reaction solution collected after each run. Measurements
were performed using an iCAP RQ ASX-560 instrument, where the
samples were diluted in ultrapure water (1:10) followed by filtration
and acidification using 300 uL HNOs.

EPR spin trap experiments were carried out using DMPO based
on previous studies.”> The standard procedure followed was mixing
1 mL of the reaction mixture with 1 mg of DMPO at the desired time
interval. To remove the dissolved O, and to improve the spectral
quality, Ar was bubbled for 60 s prior to the spectral accumula-
tion. The samples were transferred to a tube (1.6*1.0 OD/ID mm) and
then placed to a Bruker Magnettech ES5000 bench-top spectrom-
eter. The following parameters were used: 332-342 mT (magnetic
field); 0.05 mT (modulation amplitude); 9.46 GH, (microwave fre-
quency); 15 mW (microwave power). 60 scans were taken first, and
the samples were kept in liquid nitrogen. Further steps followed a
higher acquisition of 2000 scans to obtain a better signal-to-noise
ratio. The recorded spectra were simulated using “EasySpin” from
MATLAB with the function “garlic”.

4.3. Catalytic Characterization

XRD measurements were conducted using a Bruker D8 DISCOVER
with theta-theta geometry, Cu Ko radiation (A = 0.15,406 nm, 40 kV,
40 mA), and an energy-dispersive LYNXEYE XE-T detector. Angles
from 10° to 120° 20 were measured with a step size of 0.02° and a
time per step of 3.0 s. The instrument was further equipped with
a motorized airscatter aperture above the sample holder. The sam-
ples were placed on Si single crystals, and the sample holders were
rotated during the measurements at a rate of 5 min~". All mea-
surements were conducted at room temperature and atmospheric
pressure.

In preparation for BET measurements, about 50 mg of the
samples were weighed and evacuated for 12 h at 200 °C. The mea-
surement was performed in a NOVA 800 from AntonPaar in 9 mm
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cells. The adsorbant used was 99.99 % N, for a 7-point measurement
between 0.04 and 0.3 relative pressure.

Raman measurements were carried out using a LabRAM HR
Evolution spectrometer (Horiba) equipped with a confocal micro-
scope containing a 100 times magnification objective. A green laser
(532 nm, 100 mW, Oxxius) was used for measurements at R.T. by
applying 1% laser power for 300 s with 4 accumulations.

X-band cw EPR were acquired using a Bruker Elexsys E580 EPR
spectrometer equipped with an MD-BGO3 resonator and an ESR 900
He cryostat at 15 K. The EPR spectra were recorded at 15 and 295 K
with 2 mW microwave power, 1400 mT field sweep centered at 700
mT, a modulation amplitude of 0.7 mT, a time constant of 41.96 ms,
a sweep time of 587 s, and a modulation frequency of 100 kHz.

H, TPR measurements were conducted using a stainless-steel U-
tube reactor with a thermal conductivity detector. A pre-treatment
of the catalyst in He at 400 °C for 1 h was followed by cooling to
60 °C. The measurements were then conducted using a gas mix-
ture of 50 mL/min 4.69% H,/Ar heated to 800 °C with a holding
for 60 min and a heating rate of 5 K/min. The temperature was
monitored using a thermocouple inside the reactor every 2 s.

Magnetometry measurements were carried out using a Quan-
tum Design PPMS DynaCool vibrating sample magnetometer. M(H)
curves recorded at 5 K and 300 K were used to analyze the field-
dependent magnetization (£9 T up maximum field) while M(T)
curves recorded by zero field cooled-field cooled (ZFC-FC) curves
with a sweep rate of 3 K min~' between 5 and 300 K under
an applied magnetic field of 0.1 T to investigate temperature-
dependent magnetization.

High-resolution TEM images were collected by utilizing a probe-
side Cs-corrected Jeol JEM 2200FS field emission electron micro-
scope operated at 200 kV acceleration voltage.

Supporting Information

The supporting information is available at free of charge via
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XRD unit cell parameters, surface areas, catalytic screening,
kinetic investigations, radical scavenging studies, reusability
studies, TEM results, ICP-MS measurements, TBHP decomposi-
tion, XPS results.
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