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Mechanisms of CO oxidation on high entropy
spinels†
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The CO oxidation reaction on (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn)2O4 and (Cr,Mn,Fe,Co,Ni)3O4 high entropy

spinel oxides was studied for what concerns its mechanism by means of operando soft X-ray absorption

spectroscopy. In the (Cr,Mn,Fe,Co,Ni)3O4 high entropy spinel, CO oxidation starts at ca. 150 1C, and

complete conversion to CO2 is obtained at ca. 300 1C. For the (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn)2O4 spinel

oxides, in contrast, the reaction starts at ca. 200 1C, and complete conversion needs temperatures of the

order of 350 1C. Concerning the reaction mechanism, we found that, in both cases, Mn is the active

metal, via the Mn(II)/Mn(III) redox couple. CO is found to adsorb on surface Mn(III) sites and reduces them

to Mn(II). The Mn(III) oxidation state is recovered by O2, yielding CO2. All the other transition metals are

found to be inactive and act just as spectators. These findings are discussed in the framework of the

present knowledge on high entropy oxides.

Introduction

Low-temperature CO oxidation is perhaps the most extensively
studied reaction in the history of heterogeneous catalysis.
The importance of this reaction resides in applications such
as cleaning air and lowering internal combustion engine
emissions.1,2 As such, the catalytic oxidation of CO is employed
in a variety of applications ranging from individual breathing
air purifiers to submersible air compressor systems, when
driven by diesel or petrol engines. An ideal catalyst for this
reaction should therefore meet the conditions of low tempera-
ture activity and moisture stability. Platinum group metals are
not poisoned by water, but their working temperature is usually
above 100 1C.1 Among noble metal catalysts, gold is water
tolerant and highly active even at low temperatures, but it
requires to be deposited in the form of nanoparticles on
transition metal oxides.3 In addition, water is considered a
promoter for CO oxidation on gold.4,5 The development of
active and stable catalysts without noble metals for low-
temperature CO oxidation under near ambient conditions
remains a significant challenge. Under the trade name of

Hopcalite, a variety of manganese and copper spinels with
different compositions are used at the moment in several
devices for air purification from CO.6 Hopcalite catalysts,
however, are not particularly active at near-ambient tempera-
tures and are also deactivated by the presence of moisture.7

Among the metal oxides, the Co3O4 spinel is the most active
for CO oxidation,8 even below a temperature of –54 1C, but
is severely deactivated by trace amounts of moisture (about
3–10 ppm) that are usually present in the feed gas.9,10 In
normal feed gas, most of the active sites of Co3O4 are covered
by H2O, so the adsorption of CO and oxygen is appreciably
hindered.11 Significant increases in the CO adsorption strength
in the presence of water were recently proposed as an addi-
tional source of deactivation.12

The mechanism of the reaction involves reactive CO adsorp-
tion on the surface Co(III) cation with the formation of Co(II),13–16

and oxidation of the adsorbed CO by surface oxygen coordinated
with three Co(III).

In the quest for new catalysts for CO oxidation, the proto-
typical high entropy oxide (HEO) Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O,
bearing the rock-salt structure, has been recently found to be
active in the reaction at quite low temperature.17 In HEOs, it
was initially proposed that configurational entropy leads to the
stabilization of a single-phase crystal structure in multicompo-
nent (five or more) systems, compensating for unfavorable
enthalpy contributions.18,19 Although this rationale has been
recently questioned,20–22 the interest in HEOs is still growing,
due to the potential of obtaining novel properties by exploiting
the enormous number of possible elemental combinations, the
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facile synthesis, and the possibility of exploiting several synthetic
routes for obtaining highly reproducible materials. Over the last
few years, HEOs have been synthesized in a wide variety of crystal
structures other than the rock salt, such as spinels,23–25

fluorite,26–28 perovskites,29,30 and many more.31–33

Recently, we investigated the mechanisms of the CO oxida-
tion reaction on the Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O HEO, by means
of operando soft X-ray absorption spectroscopy (Soft-XAS)
experiments at the transition metal (TM) L2,3-edges.34,35 Briefly,
the main results of our investigation are: (i) Cu is the only active
metal, and all the other TMs do not participate in the catalytic
cycle; (ii) the reaction proceeds via reactive adsorption of CO on
surface Cu(II) sites to give Cu(I); (iii) Cu(II) is restored by external
oxygen, thus desorbing CO2 from the surface; (iv) the role of
configurational entropy is likely to stabilize the Cu(II) oxidation
state, that is easily and irreversibly reduced to Cu(I) in pure
CuO, thus preventing the catalytic cycle to take place on this
last simple oxide.

Spinel oxides have been largely employed as catalysts for the
CO oxidation. As a matter of fact, a number of recent studies have
investigated the catalytic activity of various spinel catalysts for CO
oxidation, with the most promising results observed in manganese-
containing catalysts in combination with other metals such as
copper and cobalt. In CuMn2O4

36 and CuMn2O2,37 manganese plays
a critical role in forming the active species Mn3+ and Mn4+, facilitat-
ing a redox cycle that enhances oxygen transfer and improves the
material ability to oxidize CO at low temperatures. The synergy
between copper and manganese generates effective catalytic centers
that are strongly dependent on the Cu/Mn molar ratio.38

Furthermore, MnCo2O4 exhibits high activity for CO oxida-
tion at moderate temperatures (30–300 1C) due to its substan-
tial surface area and the interaction between manganese and
cobalt.39 Additionally, among the series of catalysts Mn5Co1Ox

synthesized by Bulavchenko et al.,40 the one calcined at 400 1C
demonstrates the best catalytic performance, primarily attrib-
uted to a high surface concentration of Mn4+ species.

Therefore, manganese (Mn) plays a crucial role in enhancing
catalytic activity, particularly in comparison to spinel materials
lacking manganese. For instance, (Mn0.11Co0.89)(Co1.03Mn0.97)O4,
developed by Hudy et al.,41 shows significantly higher surface
areas and smaller crystal sizes compared to other spinels like
pure Co3O4, which is directly correlated with improved catalytic
performance for CO oxidation. Specifically, Mn–Co samples
exhibit better selectivity for CO adsorption and conversion due
to their increased oxygen mobility and optimal electronic band
structures.

Based on the above, we aim in this paper to extend our
investigation to the (Cr,Mn,Fe,Co,Ni)3O4 (hereby referred to as
S5) and (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn)2O4 (here referred to
as S8) high entropy spinels that we found to be active in the CO
oxidation reaction, also using operando Soft-XAS experiments at
the transition metal (TM) L2,3-edges. We take advantage of the
fact that, compared to XAS in the hard X-ray regime, Soft-XAS in
the total electron yield (TEY) mode combines two unique
features, i.e. the capability of directly monitoring the density
of empty 3d states for TMs and (ii) the surface sensitivity,

which, due to the low value of electron escape depth, limits
the thickness of the probed sample to few atomic layers below
the surface.42–45 This approach allows answering the main
questions concerning the reaction mechanisms of TM-based
heterogeneous catalysts, namely the local electronic structure
of the transition metals, their oxidation states, the nature of the
active surface site, and possible changes of all these properties
thereof during the reaction course. As a final point, we note
here that XAS is element selective, and this allows coping with
the chemical complexity of these systems.

Results and discussion
Metal oxidation state, cation distribution, and total
configurational entropy for the spinels

The K-edge XAS spectra of TMs provide direct information on
the oxidation state of the metals and their cation distribution
on the tetrahedral and octahedral sites of the spinel structure.
We point out that this is bulk information, as the penetration
depth of X-rays in this energy range is of the order of few
microns. In principle, the edge energy position can be fitted
against standards to yield a precise value for the oxidation state.
However, this is made difficult in the current case, due to the
presence of two cationic sites that make the spectral shape of
the edge quite complicated.

Therefore, we here refer to the methods used in our previous
paper in the case of (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn)2O4, for
which we found the cation distribution corresponding to the
formula (Mg0.2Mn0.2Zn0.2Fe0.1Co0.3)T(Al0.2Cr0.2Mn0.2Fe0.15Co0.15-
Ni0.1)2

OO4,23 where the superscripts T and O refer to the tetra-
hedral and octahedral sites, respectively. The K-edge spectra of
the two spinels are reported in Fig. 1. Briefly, this method
consists of the simultaneous comparison of the spectral shape
of the XANES and the intensity of the pre-edge peaks at different
metal K-edges with those of selected standards.

Concerning the oxidation state of TMs, we found that Cr is
in the Cr(III) oxidation state, Mn is in the mixed Mn(II) + Mn(III)
oxidation state, Fe is in the mixed Fe(II) + Fe(III) oxidation state,
Co is in the mixed Co(II) + Co(III) oxidation state, and Ni is in the
Ni(II) oxidation state. Following the same procedure for the
(Cr,Mn,Fe,Co,Ni)3O4 spinel, we found that Cr is in the Cr(III)

Fig. 1 Cr, Mn, Fe, Co and Ni K-edge XAS spectra of the S5 and S8 high
entropy spinels at RT. The spectra of Cr2O3, Mn3O4, Fe3O4, Co3O4 and NiO
are also shown for references of the oxidation state.
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oxidation state and in the octahedral sites, Mn is in the mixed
Mn(II) + Mn(III) oxidation state and both in tetrahedral and
octahedral sites, Fe is in the mixed Fe(II) + Fe(III) oxidation state
and both in tetrahedral and octahedral sites, Co is in the mixed
Co(II) + Co(III) oxidation state and both in tetrahedral and
octahedral sites, and Ni is in the Ni(II) oxidation state and only
in the octahedral sites.

We then have the formula (Mn0.2Fe0.4Co0.4)T(Cr0.3-

Mn0.2Fe0.1Co0.1Ni0.3)2
OO4. Using the equation Sconfig ¼

�R
P
i;T

wi ln wi þ 2
P
i;O

wi ln wi

 !
for the configurational entropy,

we have Sconfig = 5.9R and Sconfig = 4.5R, for the two spinels,
respectively. Remarkably, the two spinels have a similar cation
distribution for what concerns the transition metals: the only
remarkable differences concern Mn, which is slightly more
oxidized in S8 than in S5, and Fe, which, according to the
pre-edge peak intensity, shows a more pronounced occupation
of tetrahedral sites in S5 than in S8.

These conclusions are supported also by the L2,3-edge spec-
tra reported in Fig. 2.

We here remind that the L3,2-edge spectra of 3d transition
metals are dominated by large peaks due to electronic transi-
tions from 2p to the empty valence 3d states, transitions to the
4s states being in principle of negligible intensity. Due to the
localized character of both 2p and 3d orbitals in the 3d metals,
these transitions can be treated as quasi-atomic in nature, and,
therefore, can be used for a truthful assessment of oxidation
states and local coordination. Another point to note is the fact
that the localised nature of the 3d states and the strong overlap
between 2p and 3d states allow a simple treatment of these
transition in terms of multiplet calculations.45

For both spinels, the spectra at RT present remarkable
similarities, confirming that both the mean oxidation state
and the cation distribution are very similar. In Fig. 2, the
spectra of Cr2O3, Mn3O4, Fe3O4, Co3O4, and NiO are also shown
for better reference of the oxidation state. It should be noted
that Mn3O4, Fe3O4, and Co3O4 are normal spinels, with the
transition metals in both tetrahedral and octahedral sites.
Cr2O3 has a corundum structure, with Cr in a slightly distorted

octahedral environment, and NiO has a rock-salt structure, with
Ni in a regular octahedral coordination. The comparison of the
spectra of the S8 and S5 spinels with the corresponding
standards, therefore, confirms the assignation of the cation
distribution and oxidation state, with the possible exception of
Co, for which the spectra at the Co L2,3-edges are remarkably
different with respect to that of Co3O4. However, this disagree-
ment can be explained by taking into account that the cation
distribution for Co in S8 and S5 significantly differs from what
is expected for a normal spinel, both having a significant
amount of Co in the tetrahedral sites. Indeed, it can be shown
that Co(III) in the tetrahedral sites gives sizable spectral inten-
sity in the region around 777 eV.46 This is confirmed by multi-
plet calculations as reported in Fig. S1 (see the ESI†).

Mechanism of CO oxidation

The determination of the mechanisms of CO oxidation over the
high entropy spinels implies the determination of the active
metal(s), their oxidation states, and possible changes thereof
during the course of the reaction. To this aim, and taking
advantage of the atomic selectivity of XAS, we performed the
operando experiment at the transition metal L2,3-edges at 250 1C
and under two different atmospheres: the stoichiometric CO + 1/
2O2 gas mixture and then pure O2 for re-oxidising possible
reduced species (see the Experimental section for further
details). We decided to conduct the mechanistic experiment at
250 1C as at this temperature the two spinels show a remarkable
difference in their catalytic activity, as detailed below.

In addition, we here remark that, compared to K-edge XAS,
transition metal L2,3-edge XAS directly probes the metal valence
states, as the 2p - 3d transitions are directly accessible via
dipolar transitions observing the Dc = �1 selection rule. More-
over, in the TEY detection mode, the technique is surface
sensitive and, therefore, is an election probe for the identifi-
cation of the oxidation states of transition metals at the surface,
and possible modifications thereof.

Fig. 3 displays the Cr, Fe, Co and Ni L2,3-edge XAS spectra of
S8 and S5 under the two different atmospheres: note that in the
stoichiometric CO + 1/2O2 gas mixture, and at 250 1C, both
spinels are active in the CO oxidation reaction (see the ESI† for
additional details). It is well evident that no changes are
detected for all four transition metals; therefore, we conclude
that the active sites for the catalytic reaction do not involve Cr,
Fe, Co, or Ni.

Fig. 4 shows the CO oxidation activity of the S5 and S8
spinels, determined as explained in the Experimental section.
It is quite apparent that the S5 spinel is more active than S8: on
the S5 spinel, the CO conversion starts to be noticeable at ca. 1501,
while complete conversion is obtained at ca. 300 1C. For S8, a
reasonable conversion is obtained only at 200 1C, while complete
conversion is reached at 350 1C. We also observe that at 250 1C the
two spinels show a remarkable difference in the catalytic activity,
and this explain our choice to conduct the mechanistic experi-
ments at this temperature. In Fig. 4, therefore, the Mn L2,3-edge
XAS spectra of the S8 and S5 spinels at RT and 200 1C in He, at
250 1C in the stoichiometric CO + 1/2O2 gas mixture, and then at

Fig. 2 Cr, Mn, Fe, Co and Ni L2,3-edge XAS spectra of the S5 and S8 high
entropy spinels at RT. The spectra of Cr2O3, Mn3O4, Fe3O4, Co3O4 and NiO
are also shown for references of the oxidation state.
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220 1C in O2, are shown. When heating the samples in He at ca.
200 1C, a marked increase in the intensity of the peak at ca.
639.2 eV is detected in both cases. This peak is assigned to Mn(II)
on the basis of literature data and multiplet calculations (see the
ESI† for additional details). Therefore, this increase in intensity
can be attributed to a partial reduction of Mn(III) to Mn(II). This
reduction, in turn, may be attributed to the removal of adsorbed
surface oxygen species near Mn, creating surface oxygen deficient
Mn surface sites.

For the S8 spinel, in the stoichiometric CO + 1/2O2 gas
mixture at 250 1C, this increase is largely more pronounced,
while the peak amplitude can be reduced by stopping the CO
flow and flowing only oxygen on the sample. These results show
unequivocally that the CO oxidation on the S8 HEO spinel
involves the reactive adsorption of CO on the Mn(III) sites at the
surface, causing a charge transfer from CO to Mn, thus leading
to Mn(II). Then, the adsorbed CO is oxidised by oxygen to give
CO2 reoxidizing Mn(II) to Mn(III).

For the S5 spinel, the results are rather similar, but the
intensity of the Mn(II) peak at ca. 639.2 eV is slightly decreased
in the stoichiometric CO + 1/2O2 mixture at 250 1C, and the
reduction in amplitude by flowing pure oxygen at 220 1C is also
less pronounced. In addition, a marked increase in the inten-
sity of the Mn(II) peak is detected in heating in pure oxygen at
250 1C: we do not have a definitive explanation for this, but we

can suggest that it may be due to the desorption of some
hydroxyl species and to the formation of defective surface sites.

Despite the fact that there are some differences in the
behavior between the S5 and S8 spinels, it remains certain that
on both materials CO oxidation proceeds via reactive adsorp-
tion of CO on surface Mn(III) sites to produce Mn(II)–CO
adsorbates, which are then re-oxidized to Mn(III) by oxygen,
yielding CO2. The catalytic cycle is outlined in Fig. 5A.

Although a full catalytic characterization on these systems is
well beyond the aims of this work, we point out that additional
information on the activity towards the CO oxidation reaction
by the S5 and S8 spinels can be obtained by analysing the gas
composition downstream of the operando Soft-XAS cell. This
can be done as a micro-GC is placed on the exhaust gas pipeline
(see the Experimental section). In Fig. 5B, the ratio of the
integrated areas of the GCI peaks of CO2 and CO + O2 are
plotted vs. time for the two spinels. It is quite apparent that, at
250 1C, the S5 spinel is more active than S8, confirming the
data in Fig. 4. Several factors can add in this case to explain the
different phenomenology: differences in the rate of reaction
between reduction and oxidation on the two spinels, the presence
of multiple adsorption sites on the surface, the difference in the
surface area between the two spinels, etc. The width of the peaks
in the diffraction patterns in Fig. 5C points towards a grain
dimension in the mm range in both cases, suggesting that the
differences in the surface area are not relevant in this case.
Indeed, the two samples have very similar values of the surface

Fig. 3 Operando Cr, Fe, Co and Ni L2,3-edge XAS spectra of the S8 and S5
HEO materials.

Fig. 4 CO oxidation activity and operando Mn L2,3-edge XAS spectra
of the S8 and S5 HEO materials: the energy region between 638.5 and
640.5 eV is shown on an enlarged energy scale for better evidencing the
peak of Mn(II).
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area, as determined by BET: for S5 and S8, we found 1.40 �
0.01 m2 g�1 and 1.70 � 0.01 m2 g�1, respectively.

We can note as a general remark that the activity of a catalyst is
the result of a fine balance in the terms that concur to the
stabilization of the surface active sites and the absorbed species
on the surface. This is schematized by the Sabatier principle: the
strength of adsorption should be neither too strong nor too weak.
In this respect, we note that configurational entropy is high for
both spinels, and in both cases, it acts as the stabilizing term.

This is also demonstrated by the powder diffraction patterns
shown in Fig. 5C, showing that the spinel structure is stable
during the course of the reaction. However, configurational
entropy is much higher for the S8 spinel than for the S5: it
could be concluded that the Mn(II)/Mn(III) redox couple is
stabilized by configurational entropy in both cases, but, for
S8, this stabilization is too large.

Experimental
Synthetic procedures

Crystalline (Cr,Mn,Fe,Co,Ni)3O4 and (Co,Mg,Mn,Ni,Zn)(Al,-
Co,Cr,Fe,Mn)2O4 were prepared by a sol–gel approach starting
from the corresponding metal nitrates, mixed in the stoichio-
metric amounts and dissolved in water together with an excess
of citric acid. The as-prepared solution was heated overnight at
80 1C under stirring, and the obtained gel was heated in an
oven at 120 1C and finally calcined at 1000 1C for 12 h. All the
starting reagents were purchased at an analytical grade from
Sigma-Aldrich and were used without further purification.

Material characterization

Both samples was first checked for phase purity by X-ray
diffraction (XRD) using a D8 Advance diffractometer (Bruker)
with Cu Ka radiation. The chemical homogeneity at the atomic

level was proved by scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS) for the S8 spinel,
using a Tescan Mira3XMU microscope operating at 20 kV and
equipped with an EDAX EDS analysis system. See ref. 23, for
additional details. The cation distribution and inversion degree
of the two spinel materials were determined by means of X-ray
absorption spectroscopy (XAS) at the Cr, Mn, Fe, Co, Ni, and Zn
K-edges. All the measurements were made at the XAFS beam-
line of the ELETTRA synchrotron radiation facility. The spectra
were acquired at room temperature in transmission mode. For
the measurement, an appropriate amount of powder, weighted
to give an edge jump close to 1 in logarithmic unit, was
thoroughly mixed with cellulose in an agate mortar and pestle,
and then pressed to pellets. The ring current and energy were
200 mA and 2.4 GeV, respectively. A Si(111) double-crystal
monochromator was used ensuring high-order harmonic rejec-
tion by detuning the second crystal. A water-cooled, Pt-coated
silicon mirror was used to obtain vertical collimation of the
beam. The spectra were aligned in energy using a reference
metal foil for energy calibration and measured simultaneously
with the sample. For the XANES analysis, the spectra were first
pre-edge subtracted after fitting the pre-edge region with
a straight line, and then normalized to unit absorption at
400 eV after the edge, where the EXAFS oscillations are not
visible anymore. The procedure was performed using the
Athena code.47 For the (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn)2O4

spinel, the results have been already reported.23

Catalytic tests

Catalytic tests were performed by means of a tubular quartz
reactor. ca. 5 mg of each of the spinels were loaded in the
middle of the reaction tube and held in place by means of
quartz wool. The reactor was then placed in a tubular furnace,
and was feed by a stoichiometric CO + O2 mixture. The CO2

concentration in the exhaust pipeline of the reactor was
measured by means of a non-dispersive infrared CO2 sensor
(gravity, Dfrobot SEN0219). The sensor was completely embedded
in the gas flowing out of the reactor, and its response was
converted in CO2 concentrations by means of a National Instru-
ment data acquisition interface, after calibration with a standard
(Linde, 99.999%). The BET specific surface area (SSA) of the
materials was measured by N2 adsorption/desorption at liquid
nitrogen temperature using a Micromeritics Tristar II 3020 V1.03
apparatus, after out-gassing at 300 1C for 1 h under N2 stream.

Soft-XAS experiment

For the Soft-XAS experiment, a small amount of the spinel
materials (5 mg ca.), in form of loose powder, was hand pressed
on the sample holder of the reaction cell of the APE beamline at
the ELETTRA synchrotron radiation facility. All the measure-
ments were performed keeping the sample grounded through
the picoammeter and applying a positive bias voltage of 40 V to
the membrane. The cell is mounted in the UHV chamber of the
APE-HE beamline, coaxially with the X-ray beam. The experi-
ment was performed following the same procedure explained
elsewhere.34 The measurements were performed at the Cr, Mn,

Fig. 5 (A) Scheme of the catalytic cycle involving the Mn(II)/Mn(III) redox
couple on the S5 and S8 high entropy spinels. (B) Comparison of the
activity of the S5 and S8 spinels. The graph shows the time evolution of the
ratio of the integrated area of the CG peaks of CO2 and CO + O2 over the
two spinels. (C) X-ray powder diffraction patterns of the S5 and S8 spinels
as prepared (yellow and green curves) and after (cyan and purple curves)
the catalytic reaction.
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Fe, Co, and Ni L2,3-edges. Surface sensitivity is obtained by
collecting the XAS spectra in total electron yield mode: the
estimated probed depth is ca. 3–4 nm.44 To ensure for maximum
gas purity, especially concerning water and carbon oxides, the
He carrier gas was passed through a liquid N2 trap before
entering the cell. The spectra at all the edges have been back-
ground subtracted by fitting the pre-edge with a straight line,
and then normalised to unit absorption after the L3 edge. The
experiments were conducted in flowing He (50 standard cubic
centimeter per minute, SCCM), either pure or with the addition
of CO (2 SCCM), O2 (2 SCCM), or with the stoichiometric CO + O2

mixture (2 + 1 SCCM, respectively). All gases were supplied by
Linde, with a purity of at least 99.999%. The CO2 concentration
in the exhaust pipeline of the APE operando cell was measured by
means of an Agilent 490 Micro Gas Chromatography System,
equipped with two chromatographic columns connected to the
cell gas-line output: the first column is a volamine, heated to
110 1C. It uses He as a carrier gas, enabling the detection of CO2

and CO; the second column is a molecular sieve, heated to 40 1C,
with N2 as a carrier gas, and it was not used in this experiment.

Conclusions

The mechanisms of the CO oxidation reaction over the (Cr,Mn,Fe,-
Co,Ni)3O4 (S5) and (Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn)2O4 (S8) high
entropy spinels have been investigated by means of operando soft X-
ray absorption spectroscopy, extending our previous investigation.33

In both cases, we found that the reaction proceeds via the Mn(II)/
Mn(III) redox couple, according to the catalytic cycle shown in
Fig. 5a. All the other transition metals are inactive and act as
spectators. Given the chemical complexity of the two spinels, the
atomic selectivity of X-ray absorption spectroscopy is a crucial factor
for allowing mechanistic investigations.

The S5 spinel is more active than the S8 spinel, and this
result can be explained by the fact that the stabilizing config-
urational entropy term is higher for S8 than for S5. This is an
important result in the framework of the science of high
entropy oxides, as these materials are often studied for applica-
tions concerning catalysis or as materials for lithium batteries.
As a general conclusion, we can here remark that all these
applications require a certain degree of reactivity of the
involved material, and configurational entropy is always a
stabilizing term, lowering the reactivity; in other terms, in the
search for reactivity, adding stability is not always a good quest.
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S. DeBeer, Elucidation of Structure-Activity Correlations in
a Nickel Manganese Oxide Oxygen Evolution Reaction
Catalyst by Operando Ni L-Edge X-ray Absorption Spectro-
scopy and 2p3d Resonant Inelastic X-ray Scattering, ACS
Appl. Mater. Interfaces, 2019, 11(42), 38595–38605, DOI:
10.1021/acsami.9b06752.

43 K. Wiese, A. M. Abdel-Mageed, A. Klyushin and R. J. Behm,
Dynamic changes of Au/ZnO catalysts during methanol
synthesis: A model study by temporal analysis of products
(TAP) and Zn LIII near Edge X-Ray absorption spectroscopy,
Catal. Today, 2019, 336, 193–202, DOI: 10.1016/j.cattod.
2018.11.074.

44 L. Braglia, M. Fracchia, P. Ghigna, A. Minguzzi, D. Meroni,
R. Edla, M. Vandichel, E. Ahlberg, G. Cerrato and P. Torelli,
Understanding Solid-Gas Reaction Mechanisms by Oper-
ando Soft X-Ray Absorption Spectroscopy at Ambient Pres-
sure, J. Phys. Chem. C, 2020, 124(26), 14202–14212, DOI:
10.1021/acs.jpcc.0c02546.

45 H. Ikeno, F. M. F. De Groot, E. Stavitski, I. Tanaka and
I. Multiplet, calculations of L2,3 X-ray absorption near-edge
structures for 3d transition-metal compounds, J. Phys.: Con-
dens. Matter, 2009, 21(10), 104208, DOI: 10.1088/0953-8984/
21/10/104208.

46 R. Edla, L. Braglia, V. Bonanni, A. Miotello, G. Rossi and
P. Torelli, Study of Gaseous Interactions on Co3O4 Thin
Film Coatings by Ambient Pressure Soft X-ray Absorption
Spectroscopy, J. Phys. Chem. C, 2019, 23(40), 24511–24519,
DOI: 10.1021/acs.jpcc.9b05433.

47 B. Ravel and M. Newville, ATHENA, ARTEMIS, HEPHAES-
TUS: data analysis for X-ray absorption spectroscopy using
IFEFFIT, J. Synchrotron Radiat., 2005, 12, 537–541, DOI:
10.1107/S0909049505012719.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 4
/1

8/
20

26
 4

:5
3:

47
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1039/d1cp03946f
https://doi.org/10.3390/catal13010129
https://doi.org/10.1016/j.resenv.2020.100003
https://doi.org/10.1016/j.cattod.2023.114085
https://doi.org/10.1016/j.mset.2019.06.003
https://doi.org/10.1007/s11244-020-01230-1
https://doi.org/10.1039/D2CY00388K
https://doi.org/10.1021/acsami.9b06752
https://doi.org/10.1016/j.cattod.&QJ;2018.11.074
https://doi.org/10.1016/j.cattod.&QJ;2018.11.074
https://doi.org/10.1021/acs.jpcc.0c02546
https://doi.org/10.1088/0953-8984/21/10/104208
https://doi.org/10.1088/0953-8984/21/10/104208
https://doi.org/10.1021/acs.jpcc.9b05433
https://doi.org/10.1107/S0909049505012719
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp04359f



