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Phase-DependentCatalyticOxidationof SecondaryAlcohols
UsingSpinelCobaltiteCatalystsUnder Liquid- andGas-Phase
FlowConditions
Alberto Tampieri,*[a] Federica Romanelli,[a, b] Michael Pittenauer,[a] Thomas Lederer,[a]

and Karin Föttinger*[a]

Selective partial oxidation of alcohols is a straightforward syn-
thetic pathway to access aldehydes and ketones, important
building blocks for the chemical industry. The catalytic oxida-
tion of higher secondary alcohols is challenging, which entails
the need for low temperatures to preserve the selectivity or, in
practice, the use of a liquid phase. In this work, we explored
the applicability of Co-based spinel oxides as alternatives to
noble metal-based supported catalysts for the oxidation of alco-
hols such as 2-butanol and 2-propanol. We developed a small-
scale tri-phasic process in flow operable for consecutive weeks
and using technical grade porous catalysts, en route to more

industrially-relevant systems, focusing on the practical aspects
of the process. Co3O4, MnCo2O4, NiCo2O4, ZnCo2O4, and CoFe2O4

were synthesized by combustion and characterized by XRD, SEM,
EDX, XPS, N2-physisorption, and FT-IR spectroscopy. The same
catalysts were tested in batch in the liquid phase to explore the
impact of the reaction conditions on the reaction outcome and
to rule out flow-specific effects. Gas phase reactions unveiled
the different behavior of the same catalysts in different environ-
ments, highlighting phase-specific effects such as the beneficial
(liquid phase) versus inhibiting (gas phase) impact of Mn doping.

1. Introduction

Selectively oxidizing a functional group and/or partially oxidizing
a substrate, while preventing complete oxidation, requires highly
selective catalysts with tailor-made properties.[1] Primary alco-
hols can be selectively oxidized to aldehydes, but over-oxidation
can likely occur, leading to the formation of carboxylic acids;
secondary alcohols can be oxidized to ketones, which are gen-
erally not further oxidized as ketone oxidation can only occur
through C─C bond cleavage.[2] Oxidations of alcohols are tra-
ditionally carried out in anaerobic conditions using oxidizing
stoichiometric reagents such as CrO3, KMnO4, MnO2, SeO2, and
Br2,[3] leading to both economic and environmental concerns.
Hence, the imperative is to develop green, selective, and effi-
cient aerobic catalysts for alcohol oxidation, utilizing molecular
oxygen.[4] Several homogeneous catalysts have been developed
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in the past decades based on transition metals;[5] on the other
hand, heterogeneous catalysis offers important advantages over
homogeneous processes in terms of product isolation, catalyst
separation, and recycling, and it has a higher potential for the
development of sustainable chemical processes.

The main application of alcohol oxidation in the industry
is, by far, the oxidation of methanol to formaldehyde.[6] The
Perstorp–Reichhold Formox process is an oxidative dehydro-
genation over a mixed Fe and Mo oxide operating at relatively
mild conditions (∼300 °C). The more widely used BASF process
uses Ag and consists of two distinct steps: pure dehydrogena-
tion followed by hydrogen combustion. As the first step is highly
endothermic, it requires high temperatures (∼700 °C). Never-
theless, the BASF process is four times more popular than the
oxide-based process, especially due to the relatively low pro-
ductivity and selectivity of the latter. This clearly highlights the
importance of researching novel active and selective hetero-
geneous catalysts. Moreover, achieving good selectivities with
higher alcohols is more challenging.[7] This may require lower
process temperatures and, in many cases, imply the need for
a liquid phase. The presence of a solvent, which can inter-
act with the reaction species, with the surface, and with the
adsorbed intermediates, greatly increases the complexity of the
system.[8] On top of that, in aerobic oxidation, the oxidant is a
gas, resulting in an intricate triphasic system.

Aldehydes and ketones are important intermediates in the
synthesis of pharmaceutically active agents, antioxidants, agro-
chemicals, and fine chemicals. 2-Butanone (methyl ethyl ketone,
MEK) is typically used as a solvent, or it is employed for produc-
ing 2-ethyl hexanol, 2-ethyl hexanoic acid, and polyvinyl butyral,
and for manufacturing plasticisers, rubber accelerators, and syn-
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thetic resins. The commercial production of MEK is typically
based on the dehydrogenation of 2-butanol (2-BuOH) over Cu
and Zn catalysts (occurring under harsh reaction conditions).
However, the production of MEK through the oxidation of 2-
BuOH is gaining interest because it offers the opportunity to
work in mild conditions.[9] The oxidation of 2-BuOH to MEK has
been studied on Pt/γ -Al2O3

[10] and Au nanoparticles.[11] Spinel-
based systems have also been studied, including supported
Mn3O4,[9] and MnCo2O4 was tested as a catalyst for the selective
oxidation of 1-butanol to butyraldehyde;[12] however, the pro-
cess formed significant amounts of undesired acetaldehyde and
propionaldehyde.

Recent studies of alcohol oxidation in the liquid phase
tend to focus on supported nanoparticles or single-atom cat-
alysts of metals such as Au, Ru, Pd, and Pt (Table S1),[13]

which are highly active and selective with respect to their non-
noble counterparts.[7] The rate-determining step (RDS) is widely
acknowledged to be the activation of the C─H bond on the α-
carbon. The stability of supported metal catalysts is a critical
drawback of such catalysts, especially in terms of sintering of
nanoparticles and leaching due to the chelating effect of the
reaction species. More resilient toward leaching is the class of
oxide catalysts, which are bulk materials. On the other hand,
the surface of such catalysts is generally ill-defined, presenting
a challenge in identifying active sites and understanding reac-
tion mechanisms. Nevertheless, the use of oxides allows great
freedom in the modulation of the surface properties, e.g., by
changing the distribution of cations and their oxidation states.

Among the oxides that are especially suitable as oxidation
catalysts are the spinels AB2X4. A2+ and B3+ are metal cations,
while X2− is an anion from the oxygen group.[14] The cubic spinel
compounds belong to the space group Fd3m. In this struc-
ture, one-eighth of the tetrahedral and half of the octahedral
interstices are occupied by cations.[15] Two extreme distribu-
tions of the cations are possible, albeit spinels with intermediate
distributions are commonly observed: the normal distribution
(A)[B2]X4, and the inverse distribution (B)[AB]X4, where the ions
indicated by square brackets occupy octahedral sites, and the
ions indicated by parentheses are located in tetrahedral sites.[15]

An array of chemical and physical methods can be employed for
the synthesis of spinels, spanning from solid-phase,[16] solution-
state,[17] and vapor-phase methods.[18] Notably, spinel oxides
with controllable composition, structure, valence, and morphol-
ogy have emerged as effective catalysts in various chemical
reactions, among which are NOx reduction,[19] CO oxidation,[20]

CO2 reduction,[21] hydrogen evolution reaction,[22] oxygen reduc-
tion reaction,[23] oxygen evolution reaction,[24] formaldehyde
oxidation,[25] methane combustion,[26] urea oxidation.[27] Spinels
containing earth-abundant transition metals have also been
used as catalysts for partial alcohol oxidation in the liquid phase.
High catalytic activity and selectivity were reported for the oxi-
dation of benzyl alcohol over CuCo2O4 and Cu0.25Mn2.75O4;[28]

MnCo2O4 and CoMn2O4, the latter being tetragonal, were also
tested in the same reaction, with the Co-rich cubic spinel being
the most active.[29] Co1+xFe2–xO4 spinel nanowires with different
compositions were tested as catalysts for the oxidation of 2-
propanol to acetone, both in the liquid and gas phase.[30] The

activity of the catalyst increased exponentially with increasing
Co content. The catalytic activity was inhibited by the presence
of Fe cations, which affect the electronic structure, and the active
sites are constituted by ensembles of coordinatively unsaturated
CoIII. The presence of water in the liquid phase reaction is ben-
eficial, whereas water vapour in the gas phase reaction lowers
the reaction rate. Moreover, in the liquid phase, the catalyst
shows substantially higher stability and reusability than in the
gas phase.

In this study, we tested five Co-based spinels, Co3O4,
MnCo2O4, NiCo2O4, ZnCo2O4, and CoFe2O4, in the partial oxida-
tion of 2-BuOH to MEK. In contrast to other studies focusing on
the oxidation of 2-propanol in the gas phase with dopants in
low quantities (Co:M = 16:1),[31] or in the liquid phase focusing on
Co1+xFe2–xO4 and performing the reaction in batch„[30] we tested
our stoichiometrically doped catalyst in the liquid phase in flow:
the operation in flow is fundamental in order to assess the indus-
trial feasibility of the catalytic process, as it allows better defining
of the parameters for future scale-up.[32] Operation in flow allows
following the evolution of the catalyst activity over time, which
is important to evaluate the stability of the catalysts. This is pre-
cious information to aid the transition from homogeneous to
heterogeneous oxidations of higher alcohols in the pharmaceuti-
cal and fine chemistry industry.[33] The catalysts were synthesized
via the combustion method and characterized by XRD, SEM, EDX,
XPS, N2-physisorption, and IR spectroscopy. Finally, we also per-
formed reactions in batch for comparison, and in the gas phase
to assess the impact of a liquid phase on the process, oxidizing
2-propanol to acetone.

2. Results

2.1. Synthesis, Phase Characterization, and Stability

The prepared cubic spinels share the same reflections, which
are only slightly shifted according to the size of the unit cell
(Figure 1a). The cell parameters obtained after Rietveld refine-
ment are reported in Table 1, while the information provided
about the spinel configuration has not been experimentally esti-
mated, but refers to the configurations reported in the literature
as the most stable ones for a composition. Spinel cobaltite is,
in general, the most stable phase at low temperatures, which
ensures stability during storage and enables low-temperature
processing for its synthesis. Co3O4, which is a normal spinel,[34]

has a broad range of stability in air, spanning from room temper-
ature to about 900 °C,[35] above which it turns into a monoxide.
The addition of Mn to the framework makes MnCo2O4 an inverse
spinel,[36] meaning that Mn significantly alters the distribution
of cations. This also seems to influence the size of the unit cell,
which is bigger for MnCo2O4 than for Co3O4. As a result, it can
be inferred that the M─O bonds would be longer. MnCo2O4

behaves rather similarly to Co3O4 upon heating, with the cubic
spinel phase stable up to about 1000 °C.[37] The situation is dif-
ferent for NiCo2O4, which is also an inverse spinel.[36] Unlike Mn,
which is much more versatile in terms of oxidation states, Ni2+

is the only available state for Ni under these conditions; hence,
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Figure 1. a) Powder X-ray diffraction patterns of the prepared catalysts; SEM micrographs of the synthesized b) Co3O4, c) MnCo2O4, d) NiCo2O4, e) ZnCo2O4,
and f) CoFe2O4; g) EDX maps of MnCo2O4; h) EDX spectrum of MnCo2O4; i) N2-physisorption profile of Co3O4.

all Co in the solid would be Co3+ as a result. The cell parameter
and M─O bond lengths are also comparatively bigger. The pres-
ence of Ni also stabilizes the monoxide phase, which might form
during the oxidation.[38] Similarly, ZnCo2O4 also introduces Zn2+

only dopants, substituting all Co2+, and stabilising the monox-
ide phase;[39] however, ZnCo2O4 is a normal spinel.[40] The cell
parameter of ZnCo2O4 is more similar to that of Co3O4, highlight-
ing a trend of the dependence of the cell sizes on the normal
versus inverse distribution. CoFe2O4 is different from the rest of
the samples as it is a ferrite. FeCo2O4 is not stable at room tem-
perature: it disproportionates into two cubic spinels, a Co-rich

normal spinel like Co3O4, and an inverse one like Fe3O4.[41] On
the other hand, CoFe2O4, which is also inverse, is stable over a
very broad range of temperatures. Iron has a stronger preference
for the Fe3+ oxidation state, whereas Co should be almost exclu-
sively present as Co2+. CoFe2O4’s diffraction pattern is strongly
shifted toward lower angles, and the cell parameter is much
higher than that of cobaltites.

The Rietveld refinement yielded the crystallite sizes of
the materials. For most samples, the crystallite size remained
almost unchanged during calcination. Only the crystallites of
NiCo2O4 (intense conversion of monoxide material into spinel)
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and CoFe2O4 grew significantly; all materials but the latter are
nanocrystalline (< 100 nm). Finally, to assess the stability of the
crystal structure under different reaction conditions, PXRD mea-
surements were performed on catalysts after the catalytic tests
(Section S5). While Co3O4 and MnCo2O4 are stable, for ZnCo2O4

and NiCo2O4, the formation of monoxide phases was detected.
The crystallite size of the catalysts did not change significantly
during batch catalytic tests, while a more relevant growth was
observed in flow conditions due to the much longer time of
exposure of the catalyst to reaction conditions.

2.2. Characterization

Scanning electron micrographs of the prepared spinels
show that these solids share the same porous morphology
(Figure 1b–f). The formation of solids with such porous frame-
works is a consequence of the selected synthesis method,
forming a large amount of gases as bubbles and cavities,
trapped in the final solid material. This is also the source of
the very low apparent density of the catalysts. Looking at SEM
images at 20,000x or 25,000x magnification, we could identify
open macropores ranging from approximately 0.5 to 3 μm.
Analyzing the samples at 50,000x magnification, it was possible
to detect secondary porosity due to cavities in the material
with diameters below 0.05 μm. Due to its magnetic properties,
CoFe2O4 could only be analyzed at a lower magnification.

N2-physisorption measurements were performed on cobaltite
catalysts before, after 6-h batch catalytic tests in reference oper-
ating conditions, and after a flow catalytic test. The resulting
adsorption and desorption isotherms have a shape similar to the
one depicted in Figure 1i. The adsorption branch corresponds
to a type II isotherm, typical for nonporous or macroporous
adsorbents. This shape is the result of unrestricted monolayer-
multilayer adsorption up to high values of P/P0. The hysteresis
loop is a type H3 loop, usually given by non-rigid aggregates
of plate-like particles, but also if the pore network consists of
macropores that are not entirely filled with pore condensate.[42]

Comparing this information with the SEM images, it is clear that
the hysteresis loop is given by the large cavities in the solids’
structure. The specific surface area of each sample was calcu-
lated using the Brunauer–Emmett–Teller model (BET). The results
are reported in Table 2. The specific surface of the solids directly
obtained from the solution combustion step was about double,
but it decreased during the calcination step. Nonetheless, the
obtained values are comparable with those reported in the lit-
erature for spinel oxides synthesized via solution combustion.[43]

The exposure to the reaction environment in the batch reac-
tor caused a slight increase in the specific surface area of all
tested catalysts. This behavior could be due to particle breakage
caused by the stirring, which would make the internal porosity of
the catalyst (observed by SEM) accessible to the gas, thus lead-
ing to an increase in the exposed surface. At any rate, the pore
network does not seem to be altered by the batch process, as
the shapes of the physisorption profile before and after reac-
tion match (Figure S14a,b). Conversely, during the flow reaction,
the catalyst powder is pelletized (Figure S31). With Zn, for exam-
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Table 2. Results of the N2-physisorption, EDX, and XPS characterizations.

Entry Sample Surface area before
reaction (m2/g)

Surface area after batch
reaction (m2/g)

Co:M in the bulk obtained by
EDX (atom:atom)

Co:M on the surface obtained
by XPS (atom:atom)

1 Co3O4 13 15 – –

2 MnCo2O4 20 22 2.00 0.77

3 NiCo2O4 7 13 2.04 1.16

4 ZnCo2O4 22 23 2.33 0.79

Entry Sample Surface area after flow reaction (pellet) (m2/g) Surface area after flow reaction (ground pellet) (m2/g)

5 ZnCo2O4 20 28

ple, the surface area of the catalyst does not change significantly
(Table 2, entry 5), whereas the isotherm profile of the pellet is sig-
nificantly different as it presents a more pronounced hysteresis
(Figure S14c). This change could be associated with a change in
the pore structure from cylindrical and/or more regular pores in
the starting material to inkbottle-shaped pores in the pellet.[44]

The pellet was ground and analyzed again (Figure S14d), and the
physisorption profile obtained is more similar to the original one,
with a comparable surface area.

Energy-dispersive X-ray spectroscopy was used to determine
the bulk elemental composition of the cobaltite catalyst sam-
ples. In all analyzed catalysts, the metal ions appeared to be
completely dispersed in the structure, and the composition of
the catalysts is largely homogeneous throughout the samples.
The corresponding EDX maps for O, Mn, and Co of MnCo2O4

are reported in Figure 1g. Quantitative elemental analysis, per-
formed by comparing the intensities of peaks corresponding to
the different elements in the EDX spectra, showed that the ratio
between the amount of Co and the amount of guest metal M
(Mn, Ni, or Zn) in the bulk of the solid was close to the nominal
value (Table 2). In ZnCo2O4, Co was slightly more abundant than
expected.

X-ray photoelectron spectroscopy (XPS) measurements were
performed to study the surface composition of Co3O4, MnCo2O4,
NiCo2O4, and ZnCo2O4 samples. The results concerning the
quantification of elements on the catalyst surfaces are reported
in Table 2. The observed distributions of metals differed substan-
tially from those observed in the bulk through EDX measure-
ments. For all analysed samples, the ratio between the amount
of Co and the amount of guest metal M (Mn, Ni, or Zn) deviated
from the nominal value of 2, and all surfaces were found to be
depleted in Co. In MnCo2O4 and ZnCo2O4 the guest metals were
even more abundant than Co. The spectrum of Co3O4 includes
the two spin-orbit split peaks (2p1/2 and 2p3/2) associated with
the 2p electron energy level of Co, and their satellites (Figure 2a).
The presence and the abundance of different oxidation states of
Co affect the shape of these peaks. Comparing the spectra of
Co3O4 before and after catalytic tests with other spectra reported
in the literature,[45] it appears that both the divalent and the
trivalent oxidation state of Co were present on the surface and
that no substantial changes occurred during the reaction (Table
S4). In line with our expectations, this suggests that the catalyst
was not reduced to CoO or metallic Co, which could happen in
case of an intense oxidation-via-dehydrogenation (but is unlikely

due to the highly oxidative environment), or hydroxylated to
Co(OH)2, due to reaction with water. Importantly, no significant
change in carbon content was observed (Table S3), implying
that the recovered catalyst does not contain any carbon-based
deactivating surface matter. Therefore, it can be inferred that
the higher contribution of the water/organics component to
the O 1s spectrum is due to the presence of adsorbed water
(Figure 2b, and Table S4). The Co 2p spectra of all MxCo3-xO4

materials match with previously reported data. The Co 2p spec-
trum of CoFe2O4 is severely distorted by the presence of the
underlying Fe LMM peak that hampers the fitting;[46] the spectra
of MnCo2O4 and NiCo2O4 resemble that of Co3O4,[12,47] whereas
the one of ZnCo2O4 presents significantly more prominent satel-
lite peaks.[48] The O 1s peak distribution of all fresh samples is
similar to that of the Co3O4 sample. The peak of MnCo2O4 is con-
siderably shifted toward higher binding energy. Finally, the M
2p spectra of the MxCo3−xO4 materials also match the previously
reported ones (Figure 2c).[12,46–48] In particular, Mn in MnCo2O4 is
present in multiple oxidation states (Table S4), including Mn4+,
which is typically observed in this type of material.[18a,49] Mn3+

is the main oxidation state present, followed by Mn4+. Mn2+, if
any is present, is negligible. The presence of Mn in higher oxida-
tion states at/near the surface is a main difference between the
various cobaltite compounds.

Fourier transform infrared spectroscopy in attenuated total
reflectance mode (FT-IR/ATR) was used to investigate metal-to-
oxygen vibrations and to check for the presence of organic
compounds on the catalyst surface after reaction. In all mea-
sured spectra, two intense bands associated with the OB3 and
ABO3 vibrations of the spinel lattice (560 and 660 cm−1 for Co3O4)
were detected.[50] It is interesting to compare the position of
these two peaks in the spectra of the spinels (Figure 3). The
position of the peaks fits the trend of the normal/inverse con-
figuration and the bond lengths. In general, the wavenumber
of a vibrational mode is related to the strength of the bond
and to the masses of the atoms involved: the stronger the bond
(i.e., the larger the force constant associated with its vibration)
and the smaller the reduced mass of the system, the larger the
wavenumber. Since Mn has a lower atomic mass than Co, we
would expect that MnCo2O4 vibrates at slightly higher wavenum-
bers than Co3O4, the bond strengths being equal. However, the
opposite happens, suggesting that the metal-to-oxygen bond
might be weakened by the presence of Mn in the lattice, cor-
roborating the XRD results. The infrared spectra resulting from

ChemCatChem 2025, 17, e00778 (5 of 15) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 2. XPS spectra of a) Co 2p regions of the cobaltite samples, b) O 1s region, and c) metal M 2p region of the MxCo3−xO4 samples.

the analysis of the cobaltites before and after catalytic tests
are shown in Section S8. No organic compounds seem to be
retained by the examined catalysts after the washing. By focus-
ing on the 1000–4000 cm−1 region of the spectrum of Co3O4 after
the reaction, two additional peaks at 1600 and 3300 cm−1 can be
observed, corresponding to the bending and stretching modes
of water, respectively.

2.3. Flow Liquid-Phase Testing

The conditions were initially optimized over a three-week period
using Co3O4 as a standard catalyst. This experiment aimed to

explore the effect of different operating conditions (liquid feed
flow rate, pressure, and temperature) on the reaction outcome
and to investigate the catalyst stability. The gas flow rate was
kept constant, while different temperatures, pressures and liquid
flow rates were selected within the operating conditions inter-
vals reported in Table S5, while ensuring liquid phase conditions.
The results of the optimisation test are presented in Figure 4.
The experiment was initially carried out at 30 bar and 200 °C,
feeding 0.3 mL/min of liquid feed solution. Co3O4 proved to be
catalytically active in the oxidation of 2-butanol to MEK, with 6%
conversion and 5% yield. Only 2-butanol and MEK were detected
in the liquid-phase samples, whereas, in the gas phase, the only
detected by-product was CO2, presumably generated by further

ChemCatChem 2025, 17, e00778 (6 of 15) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

 18673899, 2025, 22, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202500778 by T
echnische U

niversität W
ien, W

iley O
nline L

ibrary on [13/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ChemCatChem
Research Article
doi.org/10.1002/cctc.202500778

Figure 3. ATR-IR spectra of the prepared catalysts (M-O vibration range).

oxidation of MEK. Therefore, considering that no increase in the
carbon content was observed by XPS, we assume that the gap to
100% selectivity corresponds to CO2. After four days of operation
in the same conditions, the liquid feed flow rate was lowered
to 0.1 mL/min, leading to an increase of both the conversion
(10%) and the yield (6%) as a result of the increase in the res-

idence time of the reacting mixture in the reactor. Then, the
operating pressure was increased to 40 bar. This had the effect
of increasing the oxygen concentration, and the conversion and
yield increased even further (13% and 8%, respectively). After
that, over a period of six days, the temperature was progressively
increased to 215, 230, and 245 °C. Increasing the temperature
above 200 °C did not enhance the yield of MEK, even though
the conversion of 2-butanol increased at 245 °C (up to 17%). The
concentration of CO2 in the gas-phase products increased, sug-
gesting that, in these conditions, a larger fraction of MEK was
further oxidized to CO2 and H2O. Obviously, raising the tem-
perature above 200 °C reduced the selectivity to the desired
reaction product. Moreover, below 245 °C, the conversion does
not significantly increase upon heating.

The expected increase in activity at higher temperatures
seemed to be counterbalanced by a simultaneous deactivation
of the catalyst, which might be due to a rearrangement in the
oxide, including crystal growth, or by deposition of carbona-
ceous and/or organic matter. Indeed, when the temperature was
lowered again down to 200 °C (days 15 and 16), a lower activ-
ity (6% conversion) was observed with respect to days 7 and 8,
when the reactor had been operated under the same conditions.
Finally, the temperature was further reduced to 185 and 160 °C. As
expected, this led to a drop in the catalytic performance, both
in terms of conversion (6% and 3%) and yield (3% and 1%). At
160 °C, almost no CO2 was detected in the gas phase. This sug-
gests that, at lower temperatures, the catalyst is less active but
more selective toward MEK. The chosen optimal conditions are
a trade-off between catalyst activity and selectivity; 13% conver-
sion and 8% yield were obtained on day 7, at 200 °C with 40 bar
oxygen pressure and 0.1 mL/min liquid flow rate. These were
selected as optimal operating conditions for comparing different
catalyst compositions. A catalytic test was conducted using an
aqueous solution of MEK as the feed for the oxidation with the
flow reactor loaded with Co3O4. The purpose of this experiment
was to examine the formation of compounds resulting from the
successive oxidation of MEK. The analysis of reaction products

Figure 4. Conversions and yields of the liquid-phase catalytic oxidation of 2-butanol to MEK over Co3O4 in a flow reaction: screening of reaction conditions;
the parameters in red changed from the previous set of conditions.

ChemCatChem 2025, 17, e00778 (7 of 15) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 5. Yields of the liquid-phase catalytic conversion of 2-butanol to
MEK in flow reactions: screening of catalyst compositions. Conditions:
200 °C, 40 bar O2, 0.1 mL/min liquid flow rate.

was performed qualitatively, revealing only CO2 as a detected
product. Despite most of the MEK still being present at the reac-
tor outlet, the production of CO2 appeared significantly higher
compared to the 2-butanol feed.

After selecting the optimal operating conditions, we investi-
gated the activity of Co3O4 and of the other Co-containing spinel
oxides (CoFe2O4, ZnCo2O4, NiCo2O4, and MnCo2O4) (Tables S7
and S8). Figures S15–S19 illustrate the conversion of 2-butanol
and the yield of MEK for each of them. Figure 5 compares the
MEK yields obtained using the various catalysts. The activity of
Co3O4 slightly increased during the first days of operation, reach-
ing a maximum of 8% yield after three days, but then decreased
again from day 4 on, and reached a plateau of around 6% after
a total of seven days of operation. The values of the conver-
sion ranged between 9% and 16%. CoFe2O4 was found to be
inactive in the oxidation of 2-butanol: no MEK and CO2 were
formed, and no decrease in the concentration of 2-butanol was
detected. When testing ZnCo2O4 and NiCo2O4, minor amounts of
MEK (corresponding to 0.3% and 0.5% yields, respectively) were
detected in the liquid products for the entire duration of the cat-
alytic tests. At the same time, a non-negligible decrease in the
concentration of 2-butanol was observed, and CO2 was detected
in the gas phase. On the other hand, MnCo2O4 proved to be
the best among all tested catalysts, reaching up to 15% yield of
MEK, and outclassing Co3O4 by far. Comparing the conversion of
2-butanol and the concentration of CO2 in the gas-phase with
those observed for Co3O4, it appears that MnCo2O4 is superior
to Co3O4 also in terms of selectivity to MEK. The catalytic perfor-
mances of MnCo2O4 proved to be stable during the seven days
of catalytic testing.

2.4. Batch Liquid-Phase Testing

The oxidation process was also carried out in a laboratory batch
reactor, equipped with an internal PTFE liner. Co3O4 was selected
as a reference to study the effect of different parameters (tem-
perature, catalyst loading, catalyst composition, and pressure,
conditions reported in Table S10) on the catalytic activity. The

Figure 6. Yields of the liquid-phase catalytic conversion of 2-butanol to
MEK in batch reactions: comparison of different operating pressures and
catalysts. Temperature: 200 °C.

results are reported in Figures 6 (light blue), S20, and S27. For
each catalyst and for each set of operating conditions, three
catalytic tests with different contact times (2, 4, and 6 h) were
performed. The effect of the reaction temperature on the cat-
alytic activity was tested with Co3O4 at 160 and 180 °C. In
accordance with the results of the continuous flow catalytic
tests, increasing the temperature led to an increase in the yield.
The effect of the catalyst loading was investigated at 200 °C
and 22 bar with 0.4 g of catalyst loading, half of the reference
amount, leading to an almost proportional decrease in the yield.

The effect of different catalyst compositions on the catalytic
activity was studied by testing the cobaltites ZnCo2O4, NiCo2O4,
and MnCo2O4 at 200 °C and 22 bar, with 0.8 g catalyst loading
(reference conditions). Similarly to what we found in the continu-
ous flow catalytic tests, ZnCo2O4 and NiCo2O4 were characterized
by low catalytic activity and very low selectivity to MEK, whereas
MnCo2O4 was significantly more active than Co3O4. To study the
effect of the pressure, a catalytic test was carried out at 200 °C
and 44 bar with 0.8 g Co3O4 and MnCo2O4 (Figure 6). Like in the
continuous flow catalytic tests, the increase in O2 pressure led to
a significant increase in the yield of MEK.

2.5. Gas-Phase Testing

The prepared Co3O4 and MnCo2O4 catalysts were also tested
in the gas phase oxidation of 2-propanol to acetone (Figure 7).
Over Co3O4, activity is detected from 70 °C on, with a local
maximum in the activity at 195 °C. The concentration of the
produced acetone plateaus from around 250 °C on, while the
conversion increases until the maximum temperature of 400 °C.
CO2 is the main byproduct, and its concentration profile expe-
riences a steep increase at 240 °C, after which it also reaches a
plateau. Interestingly, the formation of hydrogen is also detected
at higher temperatures. During cooling, the local maximum in
the acetone formation was not observed. A second cycle was
performed to assess the stability of the catalyst after the first
cycle. The overall trend of the profiles appears to be similar, but
the local activity maximum at 195 °C is not present, and the onset

ChemCatChem 2025, 17, e00778 (8 of 15) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 7. Concentration profile of species in the gas-phase catalytic oxidation of isopropanol to acetone over a) Co3O4 and b) MnCo2O4: first temperature
cycle.

of the reaction is shifted to higher temperatures. The plateau is
shorter, although the maximum conversion is similar. The same
test was performed on MnCo2O4. In this case, the activity onset is
70 °C, much like for Co3O4, and the CO2 formation starts at 235 °C,
but the local maximum is much less pronounced. The profiles
generally follow the same trend. While MnCo2O4 was the most
active catalyst in the liquid phase, its activity in the gas phase
is lower. During the second cycle, the maximum conversion is
considerably lower. For both solids, the spinel phase is converted
into rock-salt, monoxide structures, indicating that the catalysts
are reduced by the process (Figure S30).

Figure 8 contains the quantification data of the two reactions.
Co3O4 is slightly more active than MnCo2O4 at all temperatures
but 250 °C, at which the latter is considerably more active for
both isopropanol and oxygen conversion. In the second cycle,
the 2-propanol conversions are generally lower. Acetone is the
only product until 200 °C, after which CO2 starts forming, reach-
ing constant yields of around 5%. Above 200 °C, hydrogen also
forms, and no plateau is seen in its production.

3. Discussion

Spinel oxide catalysts are active in the liquid-phase oxidation of
2-butanol to MEK. The batch tests at different loadings highlight
the impact of the amount of catalyst on the rates. It is reason-
able to assume that, in aqueous conditions, the reaction occurs
according to the commonly accepted mechanism involving the
dissociative adsorption of the alcohol on the catalyst surface, fol-
lowed by its deprotonation. Both in continuous flow and batch
catalytic tests, the catalyst activity was enhanced by pressure,
i.e., by the concentration of the oxygen dissolved in the aque-
ous medium. Therefore, the reaction mechanism shall be one
in which O2 could be involved in the rate-limiting step. One
option is the Langmuir–Hinshelwood model, in which two sur-
face species are bonded on neighboring sites (Figure 9). In our
case, this entails the dissociative adsorption of O2 on the catalyst
surface, followed by the extraction of hydrogen from the sur-
face alkoxy intermediate, resulting in the production of a water
molecule and a MEK molecule.

A second option is the Mars–van Krevelen mechanism, in
which the hydrogen is extracted by the lattice oxygen contained
in the spinel oxide structure, leaving a vacancy that is then filled
by an oxygen atom coming from an O2 molecule. In this case,
too, hydrogen extraction leads to the formation of H2O and MEK.
While no characterization result or catalytic test points toward
one or the other, the Langmuir–Hinshelwood model is more typ-
ical of noble-metal catalysts, while the Mars–van Krevelen model
is characteristic of oxide catalysts in gas-phase reactions, where
lattice oxygen is available.

Our results show that cobaltite catalysts are relatively stable
in the liquid phase and their activity is preserved over weeks of
continuous operation, while previously it was only demonstrated
by reusability in discontinuous settings. Nevertheless, during the
initial exploratory flow test, the activity of Co3O4 decreased over
time when compared under the same conditions (days 7 and 8
versus 15 and 16, Figure 4). No deposited species were detected
by FT-IR, nor was any chemical modification seen by XPS. The
spinels are completely black, and colour changes cannot easily
be perceived. Previously, it has been proposed that the pres-
ence of the aqueous phase is beneficial because it could dissolve
inhibiting species into water,[30] even more so in a flow system.
The catalyst does not seem to have undergone any considerable
physical changes. The surface area did not decrease during the
process, even though some crystallite growth was experienced
(but stayed nanocrystalline, Table 1). A possible alternative expla-
nation is that the system took time to reach the steady state, and
that the catalyst bed underwent alteration during the process.
The recovered solid turned from a powder, occupying the entire
bed of the cartridge, to a pellet (Figure S31). The pressure and
flow must have compressed the solid, probably facilitated by its
sponginess and low apparent density. The structural collapse did
not reduce the surface area, but decreased the volume of the
empty space within the material, reducing the length of the bed
(hence the contact time between the reaction species and the
solid), and altering the mass transfer phenomena (via the change
of pore structure to inkbottle-shaped pores). The catalytic results
of the test at constant conditions for Co3O4 seem to corroborate
this hypothesis, with the activity decreasing and then stabiliz-
ing (Figure 5), although conversions and yields for other catalysts

ChemCatChem 2025, 17, e00778 (9 of 15) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 8. Quantitative overview of the gas-phase catalytic oxidation of isopropanol to acetone over Co3O4 and MnCo2O4: a) isopropanol conversion; b) O2

conversion; c) acetone and CO2 yields; d) evolution of acetone and H2. Selectivities of acetone and CO2 for e) Co3O4 and f) MnCo2O4. Each figure includes,
for each temperature, the values corresponding to Co3O4 and MnCo2O4 for both the first and the second consecutive temperature cycles on the increasing
temperature ramp.

appear to be more stable over time (Section S9), even though
they share the same spongy morphology and experience crystal-
lite growth. Therefore, we cannot conclusively assign the partial
deactivation of Co3O4 in the test at constant conditions to nei-
ther a crystallite growth, nor a change in the surface area or pore
network due to pelletization. The analysis of the ground pel-
let revealed that the pores did not undergo a major irreversible
change, but instead, the new porosity was created by the par-
ticles compacted by the pressure. While other works focus on
the use of nanoparticle catalysts in alcohol oxidation, with highly
controlled shapes, precise compositions, and well-defined sur-
faces to make them more active and selective, the core of our

work is the development of a more industrially relevant flow
process. Such catalysts might not be suitable for prolonged
flow operation because their structure might be altered, and,
on top of that, the flowing fluid phase would wash the parti-
cles away, requiring a special filter. Furthermore, the resulting
bed would be densely packed, causing a high-pressure build-
up, which would compress the bed, causing clogging. While we
developed a working continuous flow system with our nanocrys-
talline combustion cobaltites in the form of micro/macroscopic
porous powders, our study shows that particles with a rela-
tively fragile and expanded framework, even though beneficial
for the catalysis, might not be ideal candidates for such a pro-

ChemCatChem 2025, 17, e00778 (10 of 15) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 9. Possible alcohol oxidation mechanisms.

Scheme 1. Byproduct formation pathways.

cess. More sturdy and compact materials, such as those prepared
by coprecipitation or thermal decomposition of salts, may be
more suitable for industrial processes.

The selectivity to MEK was generally found to be below
100%. As shown by gas-phase GC analyses, CO2 was detected
as a reaction byproduct, suggesting that MEK might be con-
sumed by consecutive oxidation to CO2 and H2O, as confirmed
by the mechanistic experiment of the MEK oxidation. Interest-
ingly, no other byproducts were detected, neither in the liquid
nor in the gas phase. A scheme of possible reaction mech-
anisms leading to byproduct formation through consecutive
oxidation of MEK is reported in Scheme 1. MEK, as a ketone,
may undergo acetalization-like reactions with oxygen-containing
compounds such as water, an equilibrium reaction that favors
the ketonic form. If acetalization occurs with lattice oxygen, addi-
tional decomposition events may follow. C─C cleavage could
result in the formation of a carboxylate and an alkyl fragment,
inducing further MEK oxidation. Carboxylates could undergo
hydrolysis, releasing the corresponding acid (either propionic or
acetic acid in this case), but no such compounds were observed
in our mixtures.

This absence might be explained by the fact that carboxy-
late salt hydrolysis typically occurs in acidic conditions, and our
medium is nonacidic. Consequently, the carboxylate may either

bind to the surface (although no related species were observed
by FT-IR) or undergo decarboxylation. The remaining alkyl frag-
ments, likely bound to lattice oxygens, may undergo various
desorption pathways. They could hydrolyze into corresponding
alcohols or, less likely, alkanes; they could be selectively oxi-
dized to corresponding aldehydes; or they could simply combust
to form carbon dioxide and water. Given the absence of any
of the mentioned compounds except CO2, the latter scenario
is proposed. The experiment using MEK as the only reaction
species in the feed provides more insights into this process.
Despite the fact that most MEK passed through the catalyst
bed unreacted, the CO2 production was significantly higher
than with a 2-butanol solution feed. This suggests that CO2

primarily originates from MEK, hinting to a consecutive oxida-
tion rather than a breakdown of an intermediate, such as the
alkoxide, in a 2-butanol oxidation scenario. While the forma-
tion of CO2 lowers the selectivity by consuming the desired
product, the absence of other organic compounds in the reac-
tion products can also be interpreted as an advantage in terms
of product separation. Concerning the effect of temperature,
continuous flow catalytic tests using Co3O4 showed that increas-
ing the temperature enhances both the catalytic activity and
the yield, while the selectivity toward MEK is higher at lower
temperatures.

ChemCatChem 2025, 17, e00778 (11 of 15) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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The screening of the catalyst composition showed that
MnCo2O4 was superior to all other catalysts both in terms of
yield and selectivity; substituting Mn for Co also has the addi-
tional bonus of significantly decreasing the cost of the catalyst
(Table S1, 27% decrease). Assuming that the migration of metal
cations during the calcination step is fast enough and that
the synthesized catalysts have a distribution of cations close to
the thermodynamic one, some observations can be made. The
improved performance of MnCo2O4 might be attributed to its
inverse spinel structure, in contrast to Co3O4, which has a nor-
mal spinel structure. In this view, Mn could have the effect of
boosting the activity by pushing half of the Co3+ cations from
octahedral to tetrahedral sites, positively influencing the Co3+

ensembles that have been previously proposed as active sites.[30]

However, NiCo2O4, which is poorly active and selective, has an
inverse spinel structure, too. Therefore, the inverted distribu-
tion alone cannot be the reason for the improved activity, even
though it could be a contributing factor. The same applies to
the longer M─O bonds in inverse configurations, which would
entail more labile lattice oxygens, therefore more prone to reac-
tion. Our results point to an enhancement connected to specific
features of Mn, such as, for example, its large number of possible
oxidation states. Interestingly, Mn was mostly present as Mn3+

and Mn4+, according to XPS. The redox properties of Mn may
be the key to its activity boost. The surface enrichment in Mn,
as estimated by XPS, could have amplified this effect. Much like
NiCo2O4, in ZnCo2O4, the guest metal can arguably be present
only as a Zn2+ cation. This implies that Co is present only in the
form of Co3+, supposedly the active species; moreover, ZnCo2O4

is a normal spinel, and it could be argued that ZnCo2O4 is a
direct analogue of Co3O4, whose Co2+ cations were substituted
by Zn2+. In this view, the catalytic results suggest that the low
activity of ZnCo2O4 is either due to an absence of a synergetic
effect of Co2+, or an inhibiting effect by Zn2+, promoted by the
enrichment in Zn on the surface. Conversely, Fe prefers the triva-
lent Fe3+ form; thus, all Co in CoFe2O4 should be Co2+. CoFe2O4

was tested in flow conditions and proved to be completely inac-
tive, implying that Co2+ alone does not take part in the catalysis;
Fe3+ also inverts the spinel, increasing the M─O bond length,
and might have an inhibiting effect as well. The effect of the
addition of Fe3+ to Co3O4 has been extensively studied in a pre-
vious work on 2-propanol oxidation over Co1+xFe2-xO4.[30] Even
very small additions of Fe3+ in the framework of Co3O4, which
was the most active composition, caused the activity to drop.
Acetic acid was formed at higher temperatures, while we never
detected any such byproduct; this effect could be the result of
the different catalyst preparations or of the flow conditions.

Interestingly, while MnCo2O4 is most active in the liquid
phase at 200 °C, it is less active than the Co3O4 in the gas phase.
The enhanced Mn activity might be a liquid-phase effect related
to the presence of a solvent, or attributed to the milder condi-
tions. During the gas phase reaction, the catalysts were reduced
to a monoxide, which is not the case for the liquid phase
reaction. A main difference of the reaction in the liquid phase
compared to the gas phase is the milder conditions, in particu-
lar the lower temperature, but also an excess of oxygen. These
factors may help to keep the Mn in higher oxidation states and

enable its promotional effect, which may be lost when the cat-
alyst gets reduced during the gas phase reaction. The higher
activity of MnCo2O4 compared to Co3O4 is, however, seen at
250 °C in the gas phase reaction, which is also the point of high-
est selectivity toward acetone. The negative effect of Mn doping
in the gas phase was also observed in another work.[31] The local
maximum in activity for Co3O4 observed at 195 °C is attributed
to pure oxidative dehydrogenation, as acetone and water are the
main products. However, even at 200 °C—the same temperature
as the catalyst screening in the liquid phase—and even at a low
oxygen conversion, an increase in hydrogen content is detected;
the formation of hydrogen in other reports on similar systems
is either not observed or not discussed. In aerobic oxidations
proceeding via pure dehydrogenations, the alcohol is oxidized
without the intervention of oxygen by forming molecular hydro-
gen, which is then combusted into water in a separate step. The
net reactions, hence the observed products, are the same, but
the mechanism would be completely different. We attribute the
H2 formation setting in at around 240 °C for Co3O4 and 235 °C for
MnCo2O4 mainly to alcohol dehydrogenation, and some contri-
bution by total oxidation, which can be recognized by the CO2

rising simultaneously with H2. Closer to the temperature maxi-
mum of 400 °C, significant contributions of dehydrogenation of
2-propanol can be seen. This points to reaction mechanisms in
the gas and in the liquid phase which might be completely dif-
ferent. At higher temperatures, the total oxidation of 2-propanol
is observed, which likely brings about the reduction of the spinel
into a monoxide, as observed by XRD. As the selectivity pro-
files of the first and second consecutive cycles are in general
very similar, except for some smaller shifts in temperature, we
consider the catalyst reduction not to play a main role in deter-
mining the product distribution. The main difference concerns
the absence of the low temperature maximum in acetone and
water formation in the second cycle. This might be related to the
consumption of certain oxygen species; however, this requires
further investigation.

4. Conclusion

We developed an aerobic oxidation process for 2-butanol, our
model substrate for a challenging secondary higher alcohol.
This reaction has a higher industrial interest as it produces the
important ketone MEK, compared to isopropanol oxidation to
acetone, which is the standard model reaction in the field but
is industrially less relevant. We studied the process using spinel
cobaltites as catalysts, which are complex materials, and in the
liquid phase, with all the additional complexity that having a
solvent phase entails. The spinels contain earth-abundant and
relatively low-cost elements and could serve as a viable alterna-
tive to noble-metal-based catalysts, commonly employed in the
oxidations of higher alcohols. Our work aims to help bridge the
gap from the previously reported processes using well-defined
nanoparticular spinels, to real conditions, using a more indus-
trially relevant setup consisting of a liquid-phase flow reactor
and technical grade catalysts, produced by a cheap, quick, and
dirty combustion synthesis. The use of flow conditions rather
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than batch ones, which is the most common setup in the litera-
ture for this system, allowed us to properly study the stability of
the catalysts. Our active catalysts, Co3O4 and MnCo2O4, are sta-
ble over long periods of time, albeit the macroporous structure
collapsed into a pellet during the process. The prepared cata-
lysts were stoichiometrically substituted cobaltites rather than
doped, and this highlighted the impact of the presence of a
metal in the framework, showing how the presence of Ni, Zn,
and Fe is strikingly detrimental. Among the prepared samples,
MnCo2O4 stood out as it outperformed the standard Co3O4 cat-
alyst, and it is also cheaper in terms of starting materials. The
boosted performance is attributed to Mn-specific effects, prob-
ably redox in nature, instead of an amplification of the activity
of the Co3O4 framework. The process favors the desired partial
oxidation to MEK, but with considerable total oxidation to CO2.
No other byproducts are detected. We also performed the liquid-
phase reactions in batch to test different conditions and rule out
flow-specific effects, and in the gas phase, providing useful com-
parisons. Our catalysts behave differently in this last setting, with
the Mn boosting effect turning into an inhibiting one, in line
with previously reported data. The results highlight liquid phase-
specific effects and the possibility that the reaction mechanism
in the gas phase is completely different. On the same line, we
experience the formation of hydrogen in the gas phase, which
is often not experienced or reported in other works; this also
provides interesting insights into alternative reaction pathways.

5. Experimental Section

5.1. Catalyst Synthesis

The spinel oxides were synthesized via the solution combus-
tion method, starting from 50 mL aqueous solutions (deion-
ized water, SIMPLICITY UV water purification system, Merck Mil-
lipore, 18.2 M�·cm @25 °C) of metal nitrates (Fe(NO3)3�9H2O (for
analysis, 99+%, ThermoScientific), Co(NO3)2�6H2O (reagent grade,
98%, Sigma-Aldrich), Zn(NO3)2�4H2O (for analysis, ≥98.5%, Merck),
Ni(NO3)2�6H2O (for analysis, ≥99%, Merck), and Mn(NO3)2�4H2O (for
analysis, ≥98.5%, Merck)) and using 3 equiv of glycine as a fuel
(99%, Alfa Aesar). The mixture was poured into a beaker and heated
until complete evaporation and combustion. The obtained solid was
pulverized by grinding. All oxides but CoFe2O4 were not single-
phase spinels, and the specified oxidative thermal treatment was
performed to achieve phase purity: Co3O4 (300 °C, 2 h), MnCo2O4

(300 °C, 2 h), NiCo2O4 (450 °C, 4 h), ZnCo2O4 (450 °C, 8 h). CoFe2O4

also underwent a thermal treatment to remove residual carbon from
the combustion from the surface and to anneal the material (450 °C,
8 h).

5.2. Catalyst Characterization

Powder X-ray diffraction (PXRD) patterns were measured on a PAN-
alytical X’Pert powder diffractometer, operating in Bragg–Brentano
geometry. The diffractometer was equipped with a Cu LFF X-ray
tube operated at 45 kV and 40 mA (Cu Kα), a BBHD mirror, a
Malvern PANalytical MPD Pro (PW3050/60 goniometer) with 200 mm
goniometer radius, and an X’Celerator semiconductor detector
(RTMS “real-time multiple strip” technology). Measurements were
performed for diffraction angles 2θ ranging from 20° to 80° with a

step size of 0.0201°. The samples were prepared according to the
flat-specimen technique, using a flat Si single crystal wafer as a sam-
ple holder. PXRD patterns were interpreted using the program X’Pert
HighScore Plus. The crystallite sizes and the cell parameters were
calculated from diffraction patterns using Rietveld refinement. The
XRD profiles of the samples after reaction are included in Section S5
for the liquid phase reactions and in Section S11 for the gas phase
ones.

SEM and EDX analyses were performed using a FEI Quanta FEG
250 Scanning Electron Microscope, at 5 kV accelerating voltage and
∼10 mm of working distance in high vacuum mode. The micro-
graphs were taken on samples that were previously coated with
Au:Pd 60:40 for 30 s with 30 mA using a Q150T S sputter coater (Quo-
rum Technologies). The thickness of the deposited layer was about
8 nm. EDX measurements were performed in conjunction with SEM
using an Octane Elite Super detector, with an acceleration voltage
of 20 kV.

N2-physisorption measurements were performed to calculate
the specific surface area of the samples from the respective adsorp-
tion isotherms by applying the Brunauer–Emmett–Teller (BET) the-
ory. The measurements were performed using an ASAP2020 adsorp-
tion analyser (Micromeritics), after degassing the sample under
vacuum (< 13 μbar) at 300 °C for 6 h. The surface area calculation
(for 0.5 < P/P0 < 0.3) was automatically performed using the pro-
gram ASAP 2020 V4.00. The results of the analyses of ZnCo2O4 are
included in Section S6.

The XPS measurements were performed using a custom-built
SPECS XPS spectrometer equipped with a monochromatized Al-
Kα X-ray source (μFocus 350). The samples were loaded as a
powder onto the sample holder using double-sided carbon tape.
The binding energy of adventitious carbon (284.8 eV) was used
for energy calibration. XPS data evaluation was carried out with
CasaXPS software, employing Scofield sensitivity factors and the
Shirley background type. The details of the quantification and the
full quantification data are included in Section S7.

The FT-IR/ATR characterisations were performed using a Spec-
trum Two FT-IR Spectrometer (Perkin Elmer) equipped with a LiTaO3

detector. Measurements were carried out using 16 scans at a 4 cm−1

resolution between 400 and 4000 cm−1 (MIR). For the measurement,
the powder was pressed on the crystal with a metal cylinder. The full
spectra before and after the reaction are included in Section S8.

5.3. Flow Liquid-Phase Catalytic Testing

Deionized water (Simplicity UV water purification system, Merck
Millipore, 18.2 M�·cm @ 25 °C), 2-butanol (99%, Sigma Aldrich),
and oxygen (99.999% vol., Messer) were used as reagents to con-
duct liquid-phase catalytic tests in both flow and batch conditions.
The testing was performed on a Phoenix Flow Reactor system
(ThalesNano), comprising a gas module, a liquid–gas mixer, an HPLC
pump (Azura P4.1S, Knauer), and a pressure module. The scheme
and depiction of the system are shown in the Supporting Informa-
tion (Figures S1–S3). The powder with a grain size > 65 μm was
packed in a tubular cartridge (CatCart, 70 mm, 0.76 mL, ThalesNano)
and inserted into a stainless-steel cartridge holder inside the fur-
nace of the reaction system. After the reactor set-up was assembled,
the same start-up procedure was followed for each catalytic test.
The system was pressurized under oxygen at the desired pressure
and heated up to the desired temperature with a heating rate of
10 °C per min. A 1% vol. (0.11 M) aqueous solution of 2-butanol, pre-
viously degassed in an ultrasonic bath for 30 s, was then flown at the
desired flow rate. The liquid phase was collected discontinuously in
an ice-cooled, custom-made glass cold trap and was analysed with
an offline GC-FID, while the uncondensed gases exited from the top

ChemCatChem 2025, 17, e00778 (13 of 15) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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of the cold trap and were analyzed by an online GC-FID/TCD. The
details of the GC analyses are described in Section S3. At the end
of each catalytic test, the 2-butanol solution feed was stopped, and
deionized distilled water was fed to the reactor for a few hours.
Then, the liquid feed was stopped again, keeping only the gaseous
oxygen feed for another few hours. The furnace was turned off and,
once it had reached ambient temperature, the system was depres-
surized. After that, the gas feed was stopped, and the reactor was
disconnected from the system and put inside an oven at 120 °C for
overnight drying.

5.4. Batch Liquid-Phase Catalytic Testing

The batch reactor set-up was composed of a PTFE gasketed auto-
clave reactor with an internal thermocouple and a PTFE liner
(300 mL Series 4760 Pressure Vessel, Parr Instrument Company), a
self-manufactured internal PTFE cap, a magnetic stirrer with heat-
ing plate (C-MAG HS 7 digital, IKA), an external thermocouple and a
custom-made external aluminium heating jacket. The catalyst pow-
der (0.4 g or 0.8 g) was weighed directly inside the PTFE liner.
A magnetic stir bar was put inside the liner. 100 mL of 2-butanol
solution was poured into the PTFE liner, which was put inside the
lower part of the stainless-steel reactor. The PTFE cap was mounted
on the upper part of the reactor, which was then closed and
sealed. The reactor was pressurized with oxygen up to the selected
initial pressure (corresponding to a higher pressure once the reac-
tor was heated). The autoclave was positioned in the aluminium
block on the heating plate, and the heating and magnetic stirring
(500 rpm) were turned on. The heating was regulated from the
heating plate. As the reactor temperature increased, the pressure
increased, too. The time zero was defined as the point at which
the system reached an internal temperature of 20 °C lower than
the desired reaction temperature (due to the long time required
to reach the desired temperature). After the desired time, the heat-
ing and the magnetic stirring were turned off, and the reactor was
removed from the aluminium jacket. The reactor was cooled down
until it reached ambient temperature. Then, it was slowly depres-
surized and opened. All the liquid droplets were collected from the
walls of the upper and lower parts of the reactor, from the liner
walls, and from the liner cap using a glass pipette, and they were
mixed with the slurry remaining in the liner. To separate the liquid
from the solid, the slurry was transferred to a vial and centrifuged
at 4500 rpm for 12 min in a 2–16P centrifuge (Sartorius). The clari-
fied solution was finally filtered in a syringe filter (0.2 μm pore size
CHROMAFIL Xtra PTFE-20/25, Macherey-Nagel). The solid remaining
at the bottom of the vial was washed with deionized distilled water
and filtered using a paper filter (4-12 μm pore size DP 1506 110,
Hahnemühle). Finally, it was dried in ambient air for an entire night.

5.5. Flow Gas-Phase Catalytic Testing

The catalytic tests were performed in a reaction setup consisting of
a quartz tube, equipped with an online MS (Gas analysis system,
OmniStar, Pfeiffer Vacuum). The reactor was loaded with 20 mg of
catalyst, and a pretreatment was performed: the solid was heated
to 250 °C with a heating rate of 10 °C/min in 20 vol% synthetic air,
with argon being the carrier, at a total flow of 50 mL/min, and this
temperature was kept for 30 min. The catalytic tests were performed
in 3.8 vol% 2-propanol/3.8 vol% O2, oxygen contained in synthetic
air, with argon being the carrier. The sample was heated to 400 °C
with a heating rate of 2 °C /min, and after 30 min, the sample was
cooled to 50 °C with a cooling rate of 2 °C/min. The heating cycle
was repeated a second time under the same conditions.
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