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Janusz Janasa and Zbigniew Sojka *a

A series of mixed cobalt spinel catalysts (MxCo3−xO4 (M = Cr, Fe, Mn, Ni, Cu, Zn)) was synthesized and tested

in the CO-PROX reaction and in sole CO oxidation and H2 oxidation as references. The catalysts were

thoroughly characterized by XRF, XRD, XPS, Raman, and IR spectroscopy, by TEM/STEM/EDX and with SEM

techniques. Depending on the u parameter value (oxygen centricity between the tetra- and octahedral

cations), two types of mixed spinel catalyst with distinctly different catalytic behavior in the CO-PROX

reaction were distinguished. The A-type spinels (Co, Ni, Cu) with u ∼ 0.2625 exhibited overall higher activity

in CO and H2 oxidation and lower selectivity in the high-temperature range (T > 180 °C), whereas B-type

spinels (Cr, Fe, Mn) with u < 0.2625 were less active yet more selective in the high-temperature range. The

work function of the spinel catalysts was found to be a useful concise parameter in accounting for their CO-

PROX performance, supporting the proposed categorization of the mixed spinels. Two heuristic descriptors,

EO2p + kΔ|<χM> − χO| and ΔEM–O = (EM3d − EO2p), based on the position of the oxygen 2p (EO2p) and the

metal 3d (EM3d) band centers and on the average metal <χM> and oxygen (χO) electronegativity difference,

were proposed for the rationalization of the mixed spinel performance in terms of their intrinsic electronic

properties. It was established that the activity depends on the volcano-type fashion of the ΔEM–O values,

whereas the selectivity is correlated with the EO2p + kΔ|<χM> − χO| parameter in a monotonous fashion. The

unique behavior of the Zn–Co spinel results from the lifting of the O2p center above the 3d band center of

the redox Co3+ cations, in contrast to the other mixed spinel catalysts.

1. Introduction

Preferential carbon monoxide oxidation in hydrogen-rich
streams (CO-PROX) is a promising and economically
appealing technology for the purification of H2 down to levels
below 100 ppm,1–3 which is required for practical applications
in polymer electrolyte membrane fuel cells (PEMFC) or in
ammonia synthesis.4–6 The development of highly active,
selective and stable CO-PROX catalysts and a mechanistic
understanding of the reaction course that controls their
activity and selectivity are intensively explored research topics
in catalytic chemistry.7–10

Supported PGM (platinum group metals) systems, such as
Pd/zeolites,11 Pt/Al2O3,

12,13 Au/Al2O3,
14 Au/Ce1−xZrxO2,

15 and
Ru/Al2O3,

16 have high costs and appear to be not selective
enough in the presence of H2O and CO2.

17 Methanation of
CO/CO2, which leads to the undesirable consumption of
hydrogen, is another problem observed for noble metal-
containing catalysts, exemplified by Au/Co3O4.

3 Although
cheaper supported Ag-containing systems exhibit high
selectivity for CO at low temperature, their overall behavior in
the PROX reaction is not satisfactory.18

Catalytic systems based on transition metal oxides, in bulk
or supported forms, provide an alternative class of materials
with promising total CO oxidation19–23 and CO-PROX
activities.8,24 CuOx/CeO2 catalysts are some of the most widely
investigated systems, which profit from the unique oxygen
release and storage properties of the ceria support.25,26

Recently, high activity and stability have been reported for
CoVOx catalysts, where divalent cobalt cations in cobalt oxide
are stabilized by the incorporation of vanadium.27 Another
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important class of CO-PROX catalysts includes oxides of
perovskite (ABO3)

6,28,29 and spinel (AB2O4)
30–32 structures,

where the choice of appropriate A and B cations may be used
for tuning their catalytic performance. The replacement of the
A or B cations in spinels, such as Co3O4 or Mn3O4, by alien ions
can change the valence state of the parent cations. This
significantly influences the formation of the surface oxygen
adspecies and oxygen vacancies, the catalytic chemistry of
which is of prime importance for the oxidation reactions33 and
for the CO-PROX performance in particular. Among spinel
materials, several mixed and supported catalysts, such as
CuFe2O4,

34 NiFe2O4 (ref. 35) or CuMn2O4/CeO2,
36 along with

various cobalt spinel-based systems, including the bare
Co3O4,

37 also ZnxCo3−xO4,
38 Co3O4–CeO2,

39 Co3O4–CuO,
40

Co3O4/ZrO2 and Co3O4/CeO2–ZrO2,
41 ZnCo3O4/Al2O3,

42 have
been reported to exhibit promising CO-PROX performance.

In line with other catalytic oxidation reactions,33,43,44 the
mechanism of the CO-PROX reaction is often discussed in
terms of the involvement of the suprafacial (Langmuir–
Hinshelwood) and/or lattice oxygen species (Mars–van
Krevelen) in the CO and H2 oxidation events, which appear to
be sensitive to the catalyst structure, faceting of the
crystallites and the reaction conditions.37,45–47 Despite the
progress made, some problems related to the intrinsic
structural and mechanistic issues controlling the CO vs. H2

selectivity, as well as the H2O and/or CO2 susceptibility of the
spinel catalyst surface to the active site blocking, remain to
be addressed and understood in more detail. In the case of
mixed spinels, the influence of the cation distribution
between tetrahedral and octahedral sites, and segregation of
oxide phases of the dopant ions on the catalytic performance
are important issues to be resolved. The replacement of the
cobalt cations by alien divalent or trivalent transition metal
ions (M) in the parent spinel ((Co2+)A[Co2

3+]BO4) matrix may
lead to the inhomogeneous distribution of the cations, giving
rise to the formation of a partially inverted spinel structure,
where either the foreign and parent cobalt ions can occupy
the octahedral and tetrahedral sites. The resultant
distribution of the divalent dopants in the mixed cobaltite
spinels can be written as
(M2+

x−λCo
2+

1−xCo
3+

λ)A[M
2+

λCo
3+

2−λ]BO4, and for the trivalent
dopants as (M3+

x−λCo
2+

1−x)A[Mλ
3+Co3+2−λCox

2+]BO4, where 0 <

x ≤ 1, and λ stands for the degree of inversion of the spinel
structure. Since the inversion is driven by the configurational
entropy increase, its extent depends strongly on the thermal
conditions at which the samples were obtained, and
therefore, should be determined specifically for the catalysts
prepared by the applied synthesis method.

Owing to its simplicity, easy scale-up, and application
versatility, combustion synthesis is often used for the
preparation of oxide catalysts.47,48 This method is based on
the redox reaction between metal precursor salts acting as
oxidants (usually nitrates) and organic fuel, often possessing
multiple functional groups that behave as ligands. The fuel
may act as an ion complexant, fostering the homogeneous
mixing of the cations in solution, thereby preventing the

undesired selective precipitation of different metals when
mixed oxide catalysts are prepared.49,50 Upon heating the
sample, self-propagating oxidation initiates the actual
combustion process.51 Combustion synthesis has been often
used for the successful preparation of Co3O4-based catalysts
for applications in various redox reactions.52,53 The resultant
mixed oxide catalysts usually exhibit rather good crystallinity,
small grain size and good dispersion.54 However, the rapid
progression of the highly exothermic reaction may lead to the
formation of structural defects and/or phase segregation.55,56

Herein, we examine the catalytic performance in the CO-
PROX reaction for a series of mixed cobalt spinels containing
alien cations with various numbers of 3dn electrons (Cr, Fe,
Mn, Ni, Cu, Zn). Encouraged by the previous literature,57 the
catalysts were obtained by combustion synthesis and were
thoroughly examined to ascertain their morphology,
structure, oxidation states of the cations and their
distribution between the tetrahedral and octahedral sites.
The observed changes in the activity and selectivity were
rationalized in terms of the catalyst work function, and the
spinel band structure modifications induced by doping.

2. Experimental
2.1. Materials

A series of mixed spinel oxide catalysts, MxCo3−xO4 (where M
= Cr, Mn, Fe, Ni, Cu, and Zn), was synthesized via the
combustion method, using nitrate precursors MĲNO3)2·nH2O
(≥99.0%, Sigma Aldrich) and citric acid (C6H8O7·H2O,
≥99.0%, Sigma Aldrich) as the reagents:

xM NO3ð Þn þ 3 − xð ÞCo NO3ð Þ2
þC3H4 OHð Þ COOHð Þ3 þ x − xn

2
þ 3:5

� �
O2

→MxCo3−xO4 þ 6CO2 þ x n − 2ð Þ þ 6ð ÞNO2 þ 4H2O

In the standard protocol, a mixture of MĲNO3)2·nH2O and

CoĲNO3)2·6H2O with the molar ratio M/Co = 0.5 was dissolved
in 15 ml of distilled water, followed by the addition of 3.34 g of
citric acid. The as-prepared gel was preheated at 400 °C for 15
minutes, then the obtained powder was ground and calcined at
600 °C for 4 hours, and cooled to room temperature.

The synthesized mixed spinel samples are labelled hereafter
as Cr–Co, Mn–Ce, Fe–Co, Ni–Co, Cu–Co, Co–Co and Zn–Co.

2.2. Methods

The chemical composition of the prepared samples was
determined using an Energy-Dispersive XRF spectrometer
(Thermo Scientific, ARL QUANT'X). X-rays of 4–50 kV (1 kV
step) with the beam size of φ = 1 mm, generated by the Rh
anode, were used. The XRF spectra were obtained using the
3.5 mm Si(Li) drifted crystal detector with Peltier cooling.
Calibration of the apparatus was done by measuring a series
of metallic standards, and the quantitative analysis was
performed using the UniQuant software.
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X-ray photoelectron spectroscopy was used to examine the
chemical states of the spinel constituents. The spectra were
recorded on a Prevac XPS instrument with the
monochromatized aluminum X-ray source. The binding
energies were adjusted to the reference C 1s peak at 284.8 eV.
The peak deconvolution was performed with the Casa XPS
software,58 using Gaussian–Lorentzian or Pearson VII line
shapes, and nonlinear Shirley-type background subtraction.

X-ray diffractograms were recorded in the 2θ range of 10–
70° with steps of 0.02° (3 s per step), using a Bruker D8-
advance diffractometer with CuKα radiation (λ = 1.540598 Å).
The obtained XRD diffractograms were thoroughly analyzed
by the Rietveld method, using the Match! Software with
FullProf and the pseudo-Voigt line shape function. The size
of the crystallites and the lattice strains were assessed based
on the Williamson–Hall method.

Laser Raman spectra were recorded using a Renishaw
InVia spectrometer with an excitation wavelength of 785 nm.
The spectra were collected in the range of 100–900 cm−1 with
the resolution of 1 cm−1, and nine scans were accumulated to
ensure a satisfactory signal-to-noise ratio.

The IR spectra were recorded using a Nicolet 6700
spectrometer in the transmission mode. The spectra were
collected in the range of 550–4000 cm−1 upon accumulation
of 64 scans using an MCT detector cooled with liquid N2.

Scanning electron microscopic (SEM) imaging of the samples
was carried out on a Tescan-Vega 3 instrument, equipped with
the LaB6 emitter at the 30 kV acceleration voltage.

The work function (ϕ) measurements were conducted by
dynamic condenser method with a KP6500 probe (McAllister
Technical Services), under vacuum at 10−7 mbar. The
standard procedure includes the standardization of the
pelletized samples (100 mg, φ = 11 mm) at 350 °C for 30
minutes, followed by measurements of the contact potential
difference (CPD) at 150 °C until the signal stabilization. The
work function values were calculated as ϕsample = ϕref − CPD,
where ϕref = 4.2 eV is the work function of the reference
stainless steel vibrating electrode.

Analysis of the morphology and elemental composition of
the samples was performed by means of transmission
electron microscopy techniques, using an FEI Tecnai Osiris
microscope equipped with an X-FEG Schottky field emitter
(200 kV), and a high angle annular dark-field (HAADF)
detector. Mapping of the constituent elements was performed
with energy-dispersive X-ray spectroscopy (EDX), using a
Super-EDX windowless detector system with the 4-sector
silicon drift detector (SDD), and the Bruker Esprit software.
Prior to the microscopic analyses, the samples were
deposited on a lacey carbon film placed on a copper or
golden grid (Agar Scientific, London, UK, 300 mesh).

The multipoint BET specific surface areas of the investigated
samples were determined by N2 physisorption at 77 K using a
Quantachrome Autosorb Station. Before the measurements, the
samples were pretreated at 400 °C in helium.

Temperature programmed reduction (TPR) experiments
with 5% H2 diluted in argon were performed using a

Quantachrome Chembet Pulsar instrument equipped with the
TCD detector. For typical measurements, 12 mg of sample was
placed in a U-shaped quartz reactor and then heated up to 800
°C with the rate of 8 °C min−1 under the 37 ml min−1 gas flow.

The catalytic tests were carried out in a gradient-less
quartz reactor (ϕ = 16 mm, catalyst layer height ∼2 mm),
described and evaluated elsewhere.59 The Peclet (Pe ≈ 0.005)
and Damkohler (Da ≈ 0.1) numbers indicate that a
practically complete mixing regime was achieved for all the
measurements. A QMS spectrometer (hidden) was used for
the detection of the diagnostic lines with m/z = 2ĲH2), 4(He),
18ĲH2O), 28(CO), 32ĲO2), 40(Ar), 44ĲCO2). The mass of the
catalysts was 200 mg, and the temperature was varied from
25 °C to 300 °C, with a heating rate of 10 °C min−1. Prior to
each PROX reaction, the catalysts were standardized by
heating to 600 °C in the 5% O2 gas stream. The gas feed in
the CO oxidation (2% CO in He), H2 oxidation (5% H2 in He)
and PROX reaction (2% CO, 2% O2, 30% H2 and He balance)
was supplied by mass flow controllers (Bronkhorst) with the
total flow rate of 100 ml min−1. The O2 excess with regard to
CO was set to λ = 2. Carbon monoxide conversion (XCO) and
the selectivity of the PROX process towards CO2 formation
were calculated as described elsewhere.60 The surface-
normalized specific activities (apparent conversion rates, ri)
were calculated according to the following:46

ri ¼ X × pi × Fv

R ×T ×m × SBET
=
mol
s m2

where: Fv – total gas flow/ml s−1, pi – partial pressure of

reactant/hPa, X – conversion, R – gas constant/J mol−1 K−1, T
– temperature/K, m – mass of catalyst/g, SBET – specific
surface area/m2 g−1. The samples were heated to 600 °C (10
°C min−1) in the flow of helium (30 ml min−1), and the CO2

signal was detected by QMS.

3. Results and discussion
3.1. Characterization of the mixed spinel catalysts

The phase composition of the synthesized catalyst was
examined by the XRD method. The obtained diffractograms
are shown in Fig. 1a, along with variations of the lattice
parameter and oxygen u parameter upon cobalt spinel doping
(Fig. 1b, Table 1). The latter describes the position of the O
atoms in the spinel unit cell and by influencing the
Madelung energy, it plays an important role in cation
distribution between the octahedral and tetrahedral sites,61,62

redox behavior of spinels,63 as well as the modification of
their surface properties.64

The observed dominant peaks 19.02° (111), 31.26° (220),
36.84° (311), 38.54° (222), 44.80° (400), 55.64° (422), 59.34°
(511) and 65.22° (440) were indexed within the Fd3m space
group, confirming the cubic spinel structure (JCPDS card
#43-1003). Upon introduction of the alien cations into the
spinel matrix the diffraction peaks shifted accordingly,
indicating their successful incorporation.65 The observed line
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broadening may, in turn, be caused either by the lattice
stress due to the ionic radii mismatch, or the grain size effect
(Table S1†).66,67

The sole spinel phase was observed in the case of the Mn–
Co, Cr–Co and Fe–Co samples, whereas for Zn–Co, Co–Ni
and Co–Cu, a small amount of segregated Zn0.85Co0.15O
(∼4%) (marked by circles in Fig. 1), NiO (6.4%, triangles) and
a higher amount of CuO (17.7%, asterisks) were stated. The
crystallite size of the synthesized mixed spinels was
calculated using the Williamson–Hall method, and the
results are collated in Table S1.† For the spinels doped with
Fe, Mn and Cr, the average diameters of the nanocrystals
(20.8–27.4 nm) were distinctly smaller than those for Co–Co
(49.6 nm) and Ni–Co (46.6 nm), whereas for Cu–Co and Zn–
Co they tend to be slightly larger.

As revealed by the SEM imaging (Fig. S1†), the rounded
spinel grains were of uniform size and were agglomerated,
forming rather compact structures in the cases of Cr–Co, Ni–
Co and Zn–Co, while for the Mn–Co, Co–Co and Fe–Co samples
the agglomerates were distinctly more loosely interconnected.
Generally, the grain size decreases upon doping from 220–300
nm for Co–Co, Cu–Co and Zn–Co, to 160–200 nm in the case of
Cr–Co and Ni–Co, becoming the smallest (140–160 nm) for the
Mn, Fe-containing spinels. More detailed insight into the
shape, size and composition of the nanometric spinel

crystallites was obtained by subsequent S/TEM measurements,
and the results are presented in Fig. 2. As can be inferred from
the TEM and HAADF/STEM images (Fig. 2a1–g1 and a3–g3),
overall, the spinel nanocrystals exhibited subhedral shapes.
The highest tendency for agglomeration was observed for
cobalt spinel nanocrystals doped with chromium, iron and
copper (Fig. 2b1, d1 and f1, respectively). The Co–Mn
nanocrystals have a strong tendency for oriented attachment,
forming branched chains (Fig. 2c1). The associated SAED
patterns, presented in Fig. 2a2–g2, confirmed high crystallinity
and the spinel structure of the samples. The results of the
elemental analysis (EDX maps) are presented in Fig. 2. Bare
cobalt spinel nanocrystals (Fig. 2a4 and a5) preserve the
stoichiometric Co :O ratio (0.74) well. Chromium
(Fig. 2b4 and b5), manganese (Fig. 2c4 and c5) and iron
(Fig. 2d4 and d5)-doped nanocrystals exhibited a small variation
in the (M,Co) :O ratio, yet preserving the single spinel
structure. In the case of the Ni–Co, Cu–Co and Zn–Co samples,
apart from the mixed spinel phase, segregated NiO
(Fig. 2e4 and e5), CuO (Fig. 2f4 and f5) and ZnO (Fig. 2g4 and g5)
phases were also observed in accordance with the XRD results.

The observed segregation of ZnO, CuO and NiO minor
phases and their origins, have been discussed previously.68

3.1.1. Bulk and surface composition and cation
distribution of the catalysts. The phase composition of the

Fig. 1 XRD patterns of the synthetized spinel catalysts (a), along with the variation of the lattice parameter (b). The colors of the XRD profiles
correspond to the colors of the chemical symbols of the alien cations in (b). The pink circles indicate a minor ZnO phase, the red asterisk CuO, the
cyan triangles NiO, and the blue squares indicate a secondary Fe–Co mixed spinel phase (see Table 1 for more information).

Table 1 Phase composition, lattice and oxygen u parameters of the spinels synthesized by the combustion method

Catalyst Phase structure Composition/% Spinel lattice parameter/Å Oxygen u parameter

Co–Cr (Cr0.22Co0.78)ĳCo1.15Cr0.85]O4 100.0 8.335 0.261
Co–Mn (Mn0.11Co0.89)ĳCo1.03Mn0.97]O4 100.0 8.254 0.248
Co–Fe (Fe0.34Co0.66)ĳCo1.61Fe0.39]O4 79.9 8.144 0.257

(Fe0.44Co0.56)ĳCo1.03Fe0.97]O4 20.1 8.359
Co3O4 Co3O4 100.0 8.080 0.263
Co–Ni (Ni0.32Co0.68)ĲCo1.39Ni0.61)O4 93.5 8.096 0.264

NiO 6.5
Co–Cu (Cu0.30Co0.70)ĳCu0.42Co1.58]O4 82.3 8.089 0.264

CuO 17.7
Co–Zn (Zn0.83Co0.17)Co2O4 95.9 8.097 0.264

Zn0.85Co0.15O 4.1
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Fig. 2 Microscopic analysis of the morphology and elemental composition of the bare and doped cobalt spinel nanocrystals. TEM images (a1–g1), SAED
patterns (a2–g2), HAADF STEM images (a3–g3), and EDX maps (a4–g5). Color coding: blue: cobalt cations, green: selected dopants, red: oxygen.
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catalysts and location of the cations were investigated using
Raman (RS) and infrared (IR) spectroscopy techniques
(Fig. 3a and b, respectively).

The RS spectrum of the pristine Co3O4 sample shows the
presence of five characteristic bands at 191 cm−1, 516 cm−1

and 617 cm−1 (attributed to the F2g vibrational modes), 477
cm−1 (Eg mode), along with the most intense peak at 688
cm−1 associated with the A1g vibrations in the cubic spinel
structure.69 However, a simple association of the observed
bands with the vibrations of the tetrahedral or octahedral
cations is not straightforward.70 This is caused by the fact
that the RS modes are associated mainly with the movement
of the oxygen atoms.71 Thus, the oxygen vibrations in the
spinel tetrahedra and octahedra are coupled, and only in
favorable cases may they be conditionally treated
individually.70,71 The strongest peak due to the A1g mode has
been attributed to the breathing vibration of the A–O4

tetrahedron,72 which is valid only when the A–O bonds are
much stronger than B–O.73 The A1g vibration consists of the
stretching of the A–O bond and the concomitant deformation
of the three B–O bonds. It has been proposed that the Ag1
vibration is mainly determined by the nature of the highest-
valence cation and its bond distance to the oxygen atoms,
irrespective of whether it is located at the tetrahedral or
octahedral sites.74,75 The F2gĲ1) and F2gĲ2) peaks are sensitive
to the cations occupying the tetrahedron.76 The Eg mode
arises from an asymmetric bending motion of the oxygen
atoms connected to the A and B cations.

The Raman spectrum of Cr–Co reveals characteristic
spinel modes with slight differences in the Raman shifts
(Fig. 3a). An additional broad band (marked by an asterisk)
at the 548 cm−1 was also observed. As the Cr ions exhibit a
strong preference to the occupation of the octahedral sites,
the observed new band can be attributed to the shifted F2g
vibration mode, arising from the partial substitution of Cr3+

for Co3+ in the octahedral sites.77,78 The preferential location
of Cr in the B-sites is also reflected in the broadening of the
Eg and F2g bands. Such location was additionally confirmed
by the XPS spectra and Rietveld analysis of the XRD patterns
(see below). The RS spectrum of the Mn–Co sample is

distinctly different from that of Co3O4, and shows only 3
much broader peaks at 177 cm−1, 488 cm−1 and at 648 cm−1

(Fig. 3a), in accordance with previous findings.79 The
observed significant broadening (F2g (ref. 1)) and coalescence
of the spinel bands, F2g (ref. 2) with Eg and F2g (ref. 3) with
A1g, are associated with a random distribution of the Mn and
Co cations in the octahedral sublattice of the spinel
structure,80–82 and with the lattice strain induced by the
Mn3+ cations (Table S1†), which are Jahn–Teller active. The
apparent decrease in their frequencies with respect to Co3O4

resulted from the expansion of the cell volume due to the
replacement of the low-spin Co3+ cations with a smaller
radius (0.65 Å) by the high-spin Mn3+ cations of the
significantly higher radius (0.785 Å). The obtained RS spectra
for Fe–Co, Ni–Co and Cu–Co do not differ much from that of
the bare Co3O4 sample, in terms of the number of lines and
their shape. Larger deviations in the peak positions and
broadening were observed for Fe–Co than for the Ni–Co and
Cu–Co spinels. In contrast, the Zn–Co catalyst exhibited
significant changes in both the frequencies and intensities of
the resolved bands (Fig. 3a), with the peak at 486 cm−1

becoming the strongest, and a set of additional peaks at 151
cm−1, 206 cm−1 and 710 cm−1, which can be attributed to
ZnO and ZnxCo3−xO4, respectively,

83 in accordance with the
TEM/EDX results (Fig. 2) The significant displacement of the
A1g peak confirmed the localization of Zn in the A-sites.

Among the oscillation modes characterizing the spinel
crystal structure, the F1u vibrations are IR active and involve the
direct movement of the metal A and B atoms, in contrast to the
RS modes. They appear as two strong peaks, clearly observed in
the IR spectra of the examined samples (Fig. 3b). In the case of
Co3O4, they are located at 579 cm−1 (v1) and 667 cm−1 (v2),
usually assigned to the Co3+ vibrations in the octahedral and
the Co2+ vibrations in the tetrahedral sites, respectively.84 The
changes in the position, broadening and/or doubling of those
bands observed in all doped samples confirmed the successful
incorporation of the hetero-ions into the spinel matrix. The
most significant broadening of the v1 and v2 bands was
observed for the samples with the hetero-cations that prefer to
occupy the octahedral sites (Cr, Mn, Fe), which also shifted

Fig. 3 Raman (a) and infrared (b) spectra of the synthetized spinel catalysts.
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towards lower frequencies. Such behavior can plausibly be
related to the deformation of the tetrahedral (squeezing) and
octahedral (elongation) sites, caused by the displacement of
the common oxygen atom from the B into the A atom, as
revealed by the oxygen u parameter (Table 1). Noteworthily, a
distinct peak around 668 cm−1 observed in the v2 bands
resulted from the oscillations of the intact CoO4 groups,
present in the doped cobalt spinels. In the case of the Zn–Co
sample with the zinc cations occupying the tetrahedral sites, all
IR bands were displaced to higher frequencies, despite Zn
being heavier than Co. This observation implies the
enhancement of the Zn–O–Co bond strengths.

The bulk chemical composition and the surface elemental
composition of the catalysts were examined by XRF and XPS,
respectively. The calculated bulk and surface M/Co ratios are
listed in Table S2,† together with the resultant chemical
formula of synthesized catalysts. For determination of the
oxidation states of the cations, narrow-scan XPS spectra of
the corresponding diagnostic 2p regions were obtained (Fig.
S2†). In the case of the Mn–Co sample, the Mn 3s region was
additionally measured. The photoelectron Co 2p spectrum of
the pristine Co3O4 exhibited a Co 2p3/2 peak at 779.9 eV and
a Co2p1/2 peak shifted by 15.2 eV.85,86 Deconvolution of the
2p spectrum (Fig. S2a2†) revealed the presence of the 2p3/2
and 2p1/2 component signals of Co3+ located at 779.84 eV and
794.77 eV, and the corresponding two Co2+ signals at 781.51
eV and 796.29 eV, along with three satellites, S1 at 783.12 eV
and S2 at 788.83 eV (associated with the octahedral Co3+),
and S3 at 804.04 eV (associated with the tetrahedral Co2+).87

In the case of the Cr–Co sample, deconvolution of the Cr
2p3/2 band revealed the presence of three peaks (Fig. S2b†).
Those located at 575.2 eV and 576.4 eV can be assigned to
Cr3+ in the octahedral coordination, probably reflecting the
presence of the Cr–Cr and Cr–Co motifs, whereas the signal
at 579.1 eV corresponds to the minor tetra-coordinated Cr3+

species.88 The calculated Co3+/Co2+ = 0.96 was in agreement
with the lowering of the Co3+ content due to the
incorporation of the Cr3+ cations. For the Mn–Co sample,
apart from the Co 2p and Mn 2p regions, the Mn 3s band
was also analyzed (Fig. S2c†). The Mn 2p region was
deconvoluted considering the complications resulting from
the pronounced spin multiplet splitting,89 and the possible
simultaneous presence of the Mn2+, Mn3+ and Mn4+ cations
(Fig. S2c2,3†). For this purpose, inspired by previous XPS
analysis of the Mn spectrum of manganese oxides,89 we
applied a comprehensive peak fitting model for each
oxidation state of Mn, taking into account the multiplet
splitting. The resultant effective peak profile, approximated
by the Pearson VII line shape, was used for fitting the Mn 2p
spectra of the examined Mn–Co sample. The performed
analysis assigned the dominant peak at 642.6 eV to the Mn3+

cations in the octahedral positions, and the weaker lines to
Mn2+ (640.5 eV) and Mn4+ (643.5).90 The appearance of Mn4+

and Mn3+ in the mixed cobalt manganese spinels was
previously observed by XANES measurements and explained
by the redox reaction between the Mn3+ and Co3+cations,91 or

by the partial oxidation of manganese cations in the near-
surface layers.92 The observed speciation of manganese is
consistent with its average oxidation state (AOS) estimated
from the empirical relationship, AOS = 8.956–1.126 × ΔEs,
where ΔEs is the splitting of the Mn 3s peak shown in the
inset of Fig. S2c3.

93 The observed peak separation of 5.37 eV
corresponds to AOS = 2.9, in accordance with the Mn 2p
deconvolution results. Thus, the majority of the manganese
is located in the octahedral sites as Mn3+; the existence of a
small amount of Mn2+ in the tetrahedral sites and Mn4+ in
the octahedral sites was also disclosed. For the Fe–Co
sample, the lower Co3+/Co2 ratio again implies the
incorporation of the Fe3+ ions into the spinel host. However,
the unambiguous location of the iron cations in the
particular oxidation state is not straightforward as the Co 2p
and Fe 2p regions overlap with the bands resulting from the
Auger transitions.94 Taking these obstacles into account, the
Fe 2p region was cautiously deconvoluted as shown in Fig.
S2d2,3.† The 2p3/2 lines at 709.9 eV and 711.7 eV were
assigned to the coexistence of the Fe2+ and Fe3+ cations,
respectively,95,96 whereas the peak at 718.3 eV is due to the
satellite of Fe2+. Unfortunately, the position of the Fe3+ 2p
line is virtually insensitive to cation coordination. Our
previous Mossbauer investigations of Co3−xFexO4 spinels
revealed that for x < 1, the Fe cations tend to occupy the
tetrahedral positions, and then the octahedral ones.97 Thus,
for the iron content around x ∼ 1, both positions are
expected to be occupied by the iron cations, which was then
substantiated by the Rietveld refinement (see below).

The Ni 2p region (Fig. S2e2,3†) was deconvoluted into 3
peaks located at 854.04 eV (assigned to octahedral Ni2+ in the
spinel and the segregated NiO phases), 855.6 eV (Ni3+ in
octahedral sites), 856.30 eV (tetrahedral Ni3+), and the shake-
up satellite peak at 861.14 eV.98–100 The asymmetric Cu 2p
peak is accompanied by an intense shake-up satellite at the
high binding energy side (Fig. S2f2,3†), which is diagnostic
for the Cu2+cations;101 its apparent, yet discernible doubling
implies the presence of Cu2+ in two different chemical
environments, as previously observed for CuCo2O4.

102 The
deconvolution of the 2p3/2 line confirmed the existence of
two overlapping signals at 932.6 eV and 933.9 eV due to the
Cu2+ species. The narrower peak at higher binding energy
can be attributed to Cu2+ accommodated in the tetrahedral
sites,103 whereas the broader peak at the lower binding
energy is attributed to Cu2+ located in the octahedral sites of
the CuCo2O4 spinel, in accordance with previous literature.104

The satellite-main peak energy gap, ΔCu ≈ 9.5 eV, and the
peak ratio of the Cu 2p3/2 line to its satellite, Isat/Imain ≈ 0.41,
are close to those found for copper oxide105,106 so the
contribution of the Cu2+ located in the spinel B-sites is
masked by the contribution of the octahedral Cu2+ in the
segregated CuO. This point was further addressed by the
Rietveld phase analysis of this sample. The XPS spectrum of
the Zn–Co sample was dominated by the 2p3/2 peak at
1021.13 eV (Fig. S2g2,3†), attributed to the Zn2+ cations in the
A-sites and/or in the partly segregated ZnO,107 where Zn also
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occupies the tetrahedral positions. A significant increase in
the Co3+/Co2+ ratio in the corresponding Co 2p3/2 spectrum is
consistent with the replacement of the Co2+ cations by Zn2+

in the A-sites.
The results of the XPS spectral analysis concerning the

location and the oxidation state of the hetero-cations were
next used to corroborate a more detailed analysis of the XRD
results. Rietveld refinement of the XRD patterns (Fig. S3†)
allowed the precise determination of the phase composition
of the synthesized samples and substantiated the cation
distribution between the A and B-sites. The experimental
patterns are shown as orange dots, whereas the calculated
ones are black solid lines. The individual R factors, along
with the cell parameters and volumes of the elemental cell
are summarized in Table S3,† and the phase compositions of
the examined catalysts are shown in Table 1, together with
the calculated values of the lattice and oxygen u parameters.
The position of oxygen atoms in the spinel cell, defined by
the u parameter, varied from 0.248 for the Mn–Co sample to
0.264 in the case of the Ni, Cu and Zn-doped catalysts,
whereas for the pristine Co3O4, u = 0.263. Significant changes
(especially pronounced for the Mn–Co sample) indicate a
noteworthy deformation of the spinel structure (centricity of
the oxygen atoms that are shared by the constituting
octahedra and tetrahedra).

Based on the spectroscopic data and Rietveld refinement,
the cationic distribution and the level of substitution x in Mx-
Co3−xO4 were determined. In the particular case of Mn–Co
with the lattice constant aMn–Co = 8.254 Å, application of the
Vegard law, a = 8.080 + 0.194x,108 leads to x = 0, 90, in good
agreement with the Mn/Co ratio derived from the XRF
analysis. In the case of the Fe–Co sample, a doubling of the
(311) diffraction peak (35.59° and 36.59°), revealed the
existence of two different sub-structures of the Fe–Co spinel.
Based on Rietveld refinement, and the application of an
empirical Vegard-type correlation published elsewhere,109

they can be assigned to an inverse spinel with x = 1.41, and a
normal spinel x = 0.73. The simultaneous occupation of A
and B-sites by iron in FeCo2O4 has been revealed before by
Mössbauer studies,97,110 and found to the sensitive to the
preparation conditions.111,112

Although nickel is known to preferentially occupy
octahedral sites in opposition to Cu, which prefers
tetrahedral coordination,113 the Rietveld refinement for the
Ni and Cu-doped samples revealed the formation of the
spinels with the hetero-cations partially entering into the
tetrahedral and octahedral sites, without significant changes
in the position of the oxygen anions, as reported
previously.114 In both samples, the segregation of 17.7% of
CuO and a smaller one of NiO (6.5%) were found, in
agreement with TEM observations (Fig. 2). In the case of the
Zn-substituted spinel sample, the hetero-cations were located
essentially in the tetrahedral positions,115 and a small
fraction (4.1%) was segregated in the form of the
corresponding mixed Co, Zn monoxide impurity phases
(Table 1).

The RS, IR, XPS and XRD results show that the examined
mixed spinels can be divided into two categories, depending
on the oxygen u parameter value. This is controlled by the
average ionic radii (<rA> and <rB>) of the cations in the
tetrahedral (A) and octahedral (B) sites, (u = (<rA> − <rB>)/

[(1 +
ffiffiffi
3

p
)a] + 1.058/(1 +

ffiffiffi
3

p
)), and is modified upon cobalt

spinel doping. The Cr, Mn and Fe-containing spinels with rM
> rCo and the oxygen parameter u < 0.2625 (critical value for
the centric oxygen atom location with equal distances from
the A and B metals116), exhibit elongated octahedral and
compressed tetrahedral sites. They are labelled hereafter as
type-B (since the alien cation tends to occupy the octahedral
positions), whereas the Co and Ni, Cu, Zn-doped spinels with
rM ∼ rCo that exhibit u ∼ 0.2625, and the resultant slight
deformation of the octahedra, are labelled hereafter as type-A
(since the dopant cations tend also to be present in the
tetrahedral positions). The B-type mixed spinels have much
higher lattice parameter in comparison to the bare Co3O4, in
a contrast to the A-type spinels (Table 1). The latter samples
exhibit segregated minor NiO, CuO and ZnO phases, apart
from the dominant spinel phase, which results from the
destabilization of the oxygen 2p band center (lifting of its
energy toward the Fermi level) upon doping.68

For a complex structure of mixed spinel catalysts with the
alien cations entering into both the octahedral and
tetrahedral positions, we used the function (Φ), which gauges
the modification of the Fermi energy position due to the
incorporation of the 3d dopants, as a unifying descriptor of
their average electronic properties related to redox behavior
(Fig. 4).

The measured Φ values of the mixed spinels plotted in the
order of the increasing number of dn electrons of the alien
cations (from d5 to d10) exhibit a maximum for Ni–Co with a
shoulder for the Mn–Co and Fe–Co samples. The most
pronounced lowering of the work function takes place for the
Cr, Mn, Fe cations, with fewer dn electrons than Co3+ (n < 6),
incorporated preferentially in the octahedral sites (B-type
spinels). A global volcano shape of the work function changes
for the materials doped with various 3d metals was previously

Fig. 4 The work function of the synthetized mixed spinels along with
the inserted dependence of the work function on their mean
electronegativities.
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reported,117 and it may be approximately rationalized in
terms of the spinel mean electronegativity variation,
calculated as described elsewhere.118 This is illustrated in the
inset in Fig. 4, implying that the measured work function
values assess quite well the collective chemical potential of
the electrons (average electron electronegativity) in the mixed
spinel catalyst, and in that way also indirectly assess their
redox behavior. The deviations observed in the correlation
plot for Cu–Co and Ni–Co may be associated with the partial
segregation of those spinels. Nevertheless, the resultant
changes in the Fermi level position of these spinel|oxide
junctions as a whole are adequately reflected by the
measured work function values.

3.2. Catalytic CO-PROX performance of the mixed spinels

H2-TPR measurements were conducted for the evaluation of
the catalysts' reducibility (stability) in the temperature range
of the CO-PROX reaction. Inspection of Fig. S4† shows that
the reduction onset (measured by T5%) for the B-type spinels
starts at T > 300 °C, i.e., above the temperature window of
the CO-PROX reaction (marked in green). However, for the A-
type spinels (except Co3O4) the temperature of the incipient
H2 reduction slightly overlaps with that of the CO-PROX
window. These results show that the B-type spinels (Cr–Co,
Mn–Co and Fe–Co) are more redox-stable under the strongly
reductive conditions in the temperature window of the CO-
PROX reaction, whereas in the case of the A-type spinels (Ni–
Co, Cu–Co and Zn–Co) some reduction may be expected at
the late stages of the reaction. The H2-TPR results referring
to extended bulk reduction do not preclude, however, the
participation of the surface oxygen (Osurf

2−) in the reversible

redox processes constituting the CO-PROX reaction according
to the Mars–van Krevelen mechanism.

The catalytic performance of the synthesized mixed spinels
was next examined in the CO-PROX reaction, complemented by
the reference sole CO and sole H2 oxidation under the same
conditions. The obtained results shown in Fig. 5 reveal the
pronounced effects of the dopant nature and the reaction
mixture (H2 + CO and CO or H2 alone) on the course of the CO
and H2 oxidation. Indeed, in the standard PROX process
conditions, the CO conversion profiles (Fig. 5a1) are distinctly
shifted toward higher temperatures, and their spread is
narrowed (ΔT = 54 °C) in comparison to the conversion profiles
of the sole CO oxidation (ΔT = 80 °C) shown in Fig. 5a2;
notably, they also appear in a different sequence. Analogous,
yet more pronounced changes can be distinguished in the case
of H2 conversion (Fig. 5b1 and b2). The temperature spread of
the corresponding profiles decreases from ΔT = 80 °C
(oxidation of H2 alone) down to ΔT = 32 °C (H2 conversion in
the presence of CO), and the shift toward the higher
temperatures is significantly higher than that observed during
the CO oxidation. The sequence of the profiles also changes,
with the most spectacular behavior observed for the Fe–Co
catalyst, which is the most active in the sole H2 oxidation, and
the least active in the presence of CO. These effects are
concisely illustrated in the corresponding parity plots (Fig. S5a
and b†), which show that in the case Fe–Co, Ni–Co and Co3O4,
the discrepancy in the CO oxidation results mainly from the
temperature shift of the corresponding conversion profiles,
whereas for the H2 oxidation it results from lowering of the
overall catalyst activity.

Noting the significant differences in the specific surface
area of the investigated catalysts (Table S1†), to evaluate the

Fig. 5 Conversion profiles of CO (a1) and H2 (b1) oxidation in the PROX reaction over the mixed spinel catalysts along with the conversion profiles
of single CO (a2) and single H2 (b2) oxidation.
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specific effect of the dopant nature on the activity, the
conversion curves (Fig. 5) were translated into the
corresponding specific oxidation activities (conversion rates)
and the results are shown in Fig. 6.

Analysis of the sequence of the conversion rate profiles
revealed that the replacement of the cobalt cations in both
tetra- and octahedral positions influences the specific activities
of the catalysts in the CO and H2 oxidation. With the apparent
exceptions of Fe and Zn, the reactivity sequence in both
oxidation processes is roughly preserved. For the CO oxidation,
the A-type (Cu–Co and Ni–Co) catalysts exhibit higher activity
in comparison to the B-type catalysts (Cr–Co, Mn–Co, Fe–Co).
In the case of H2 oxidation, this tendency is partially smeared
out (Fig. 6b). The associated profiles of the O2 conversion rates
(Fig. 6c) exhibit more similarity to the CO than the H2

conversion, in accordance with the catalysts' selectivities.
In order to evaluate the stability of the catalysts in the CO-

PROX reaction, four consecutive runs were carried out for the
parent Co3O4. The results shown in Fig. S6† reveal negligible
deviations in the consecutive catalytic activities, implying that
the catalyst surface remains effectively restored after each cycle.
From the QMS profiles and the parity analysis of the CO versus
CO2 evolution with the reaction temperature, we recognized
that only slight CO methanation takes place at the highest
temperatures, not exceeding 6–10% (see Fig. S7†). This finding
remains in an accordance with the previous studies on the dry
CO-PROX reaction over cobalt spinel catalysts.37,119

The selectivity variation with the temperature is shown in
Fig. 7 for both types of spinel catalysts.

Inspection of the results indicates that the selectivity
curves pass through broad maxima in the temperature range
150–200 °C, except for the Zn–Co sample, for which the
selectivity maximum is significantly flattened and moved
toward high temperatures (Fig. 7). Doping of the cobalt
spinel results in the lowering of the selectivity in the low
temperatures, but above 200 °C, the Mn–Co and then Fe–Co
catalysts become the most selective. The superior initial
selectivity observed for the Co3O4 catalyst results from the
delay of the onset of H2 oxidation with respect to CO
oxidation in this temperature range (see Fig. 5a1 and b1). The
overall decrease in the selectivity occurs earlier for the A-type
spinels (T > 180 °C) than for the B-type spinels (T > 200 °C),
and is associated with enhanced hydrogen oxidation by the
Osurf

2− species, and then with slowly evolving CO
methanation (see Fig. S7†). The latter does not exceed 10% of
the full CO conversion to CO2. The intriguing opposite
behavior of the selectivity that increases with the temperature
found for the Zn–Co catalyst suggests that early surface
hydroxylation and higher temperature methanation may be
responsible, as suggested by low initial selectivity and the
largest deviation between the CO and CO2 parity among all
the investigated catalyst (see Fig. S7†).

The influence of the dopants on the H2 and CO oxidation
activity and selectivity exhibited distinct regular trends when

Fig. 6 The conversion rates of CO (a) and H2 (b) oxidation along with the O2 conversion rate in the PROX reaction (c).

Fig. 7 The selectivity variation as a function of temperature for the B-type (a) and A-type mixed spinels (b).
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correlated with the work function values of the investigated
spinels (Fig. 8) for temperatures selected from the range
where carbonate contamination is ceasing. The structural
discrepancies between the A- and B-type spinels appear to be
reflected in how their activity and selectivity depend on the
work function variation. As can be seen in Fig. 8a and b, the
H2 and CO oxidation activities (conversion rates) are well
correlated with the work function of the A- and B-type
catalysts, respectively. The decrease in Φ has a stronger
impact on the H2 oxidation in the case of the A-type spinels.

The response of the CO oxidation activity to the varying Φ

tends to deviate from linearity, achieving a minimum for Mn
and a maximum for Co below 210 °C, and shift to Fe and Cu,
respectively, above this temperature. Interestingly, similar
work function values translate into dramatically different
activities for the Cu and Mn catalyst of different u values.
Thus, in the presented plots, the distinct generic catalytic
behaviors of the A- and B-type spinels are also revealed. The
exception is provided by the Zn–Co sample, exhibiting higher
H2 than CO oxidation ability, which may be related to the
non-redox character of the Zn2+ cations and the enhanced
basicity, caused by the lifting of the oxygen 2p band center
above the metal 3d center (see below). In contrast to the
catalyst activity, the selectivity increases with the increasing
work function of the A- and B-type catalysts including Zn–Co
(Fig. 8c). For the A-type spinels, there is a rapid drop in the
selectivity on passing from Cu into Zn-doped catalysts,
resulting from the reversal of the H2 and CO activities in
comparison to the other spinels. The latter contrasts with the
highest selectivity of the Mn–Co catalyst, despite nearly the
same value of the work function as that of Zn–Co. Thus,
localization of the dopant in the tetrahedral or octahedral
positions, and its redox (Mn) or non-redox (Zn) character, as
well as the u-value, play an important role in the tradeoff
between CO and H2 for the reactive oxygen species, which is
discussed below in more detail.

The catalytic activity and selectivity patterns were then
analyzed in terms of the intrinsic electronic structure of the
related spinel catalysts. Due to the significant segregation of
CuO (17.7%), the catalytic behavior of the Cu–Co sample
cannot be assigned entirely to the intrinsic electronic
properties of the spinel moiety. Therefore, the performance

of this catalyst, though indicated on the proposed graphs,
was excluded from establishing structure-reactivity
correlations. It should be noted, however, that it does not
preclude the correlation of its activity/selectivity with the
work function (see Fig. 8) because the latter being an
experimentally determined parameter, gauges the average
electronic properties of the whole CuO|Cu0.92Co2.08O4

heterojunction.
Taking into account that in the CO and H2 oxidation

reactions, apart from the Osurf
2− anions (MvK mechanism), Oads

intermediates (LH mechanism) may also be involved in the CO-
PROX reaction,120,121 we examined the influence of the oxygen
2p and metal 3d band centers on the activity and selectivity of
the investigated mixed spinels. This attempt was inspired by
previous literature reports about the role of this descriptor in
the energetics of the oxygen vacancy formation in oxide
materials,122 and in oxidation reactions over spinel catalysts.44

This parameter can further be tuned by taking into account the
difference between the average electronegativity of the metals
constituting the particular mixed spinel and oxygen, Δ|<χM> −
χO| = Δχ, as discussed elsewhere.122 The latter term refers to the
explicit inclusion of the effect of charge transfer between the
metal and oxygen atoms. High values of Δχ enhance the energy
of the oxygen vacancy formation since for the oxygen release the
metal-to-oxygen charge transfer has to be reversed. As a result,
by regression analysis, the following form of a heuristic
descriptor, EO2p + kΔχ with k ∼ 1.9, was proposed. In this
formula, the Pauling electronegativity values were translated
into the energy eV units using the simple relation χ(eV) =
2.976χ(Pauling unit) + 0.615.123 The (EO2p + kΔχ) descriptor was
found to be suitable for analyzing the selectivity of the catalysts.

For elucidation of the catalyst activity in the CO and H2

oxidation during the PROX process, we found that the
difference in the energy of the metal 3d band (EM3d) and the
oxygen 2p band (EO2p) centers, ΔEM–O = (EM3d − EO2p),
proposed by Sun et al.124 may be used for the establishment
of the volcano-type relationships between the CO and H2

conversion rates (rCO and rH2
) and the ΔEM–O values (Fig. 9).

The corresponding EO2p and M3d values used for the
construction of this plot have been calculated previously,
elsewhere,122 and are listed in Table S4,† along with the
Pauling electronegativities for convenience.

Fig. 8 Variation in the PROX H2 oxidation activity (a), CO oxidation activity (b) and selectivity (c) plotted against the work function of the spinel catalysts.
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Generally, both the CO and H2 oxidation rates show clear
maxima for the most active Co3O4 spinel, yet the shapes of the
resultant volcano curves are distinctly asymmetric. For the B-
type spinels, the dependence of rCO and rH2

on ΔEM–O exhibited
a certain similarity, in contrast to the A-type spinels, where
much larger discrepancies in both oxidation rates can be
observed. The observed volcano-shapes for CO and H2 revealed
that the oxidation properties of the mixed spinels vary in a
non-monotonous way with the relative position of the 3d band
centers with respect to the O2p center, providing useful
guidelines for the optimization of the spinel structure toward
the highest activity. The catalytic performance of the Cu–Co
sample, for the already mentioned sizable segregation, does
not follow this general trend. The reason for such odd behavior
may be related to the high intrinsic activity of the segregated
CuO for the CO and H2 oxidation reported previously for bulk
and supported copper oxide.125–127

As already stated, the catalysts' selectivities, tend to be
correlated with the heuristic (EO2p + kΔχ) parameter, as
illustrated in Fig. 10.

The observed general trend implies that the lifting of the
oxygen 2p-band center toward the Fermi level was induced by
doping and favors the hydrogen oxidation over the carbon
monoxide, accounting for the enhancement of the selectivity
for the B-type spinels and the decrease in the selectivity in
the case of the A-type mixed spinels (above 190–200 °C). The
inclusion of the kΔχ term has a meaningful effect on the
extent of the correlation, mitigating the scattering of the
points in Fig. 10. As a result, the spinel electronic structure,
epitomized by the position of the metal 3d and oxygen 2p
band centers, controls its activity in CO and H2 oxidation in
a volcano-type fashion, whereas the selectivity appears to be
more sensitive to the position of the O2p center with respect
to the Fermi level, and the M–O bond ionicity in a
meaningful fashion. The extent of the correlation increases
with the increasing temperature, in accordance with the

enhancement of the role of the electroprotic H2 activation on
the catalyst surface (H2 + Osurf

2− → OHsurf
−) in controlling the

catalyst selectivity. The unique behavior of the Zn–Co spinel
results from the lifting of the O2p center above the 3d band
center of the octahedral redox Co3+ cations,68 in contrast to
the remaining mixed spinels (Table S4†). This favors the
formation of oxygen vacancies in the hypoxic conditions, and
also CO methanation (see Fig. S7†). Alternatively, oxidation
of H2 may occur via the interaction with Oads intermediates
produced directly upon the dissociation of the O2 adspecies.
This channel dominates at low temperatures (T < 190–200
°C), and is favored by the high position of the metal 3d band
center (low work function values), accounting for the higher
selectivity of the A-type spinels in comparison to the B-type
ones in this temperature region of the CO-PROX reaction.

Fig. 9 Conversion rate of H2 (a) and CO oxidation (b) during the CO-PROX reaction over the mixed spinel catalysts plotted against the ΔEM–O

parameter.

Fig. 10 Plot of catalyst selectivity versus the (EO2p + kΔχ) parameter
for the investigated mixed spinels. The points associated with the
segregated Cu–Co sample are indicated by the red open circle.
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Indeed, the 3d band center lift favors the activation of
dioxygen into superoxo and peroxo intermediates via
interfacial electron transfer, which has been previously
elucidated by us via comprehensive DFT modeling for the
(100) and (111) surfaces of Co3O4.

45,128 Noteworthily, there is
also a dramatically different impact of the heteroatom nature
and its localization on the specific molecular aspects of O2,
CO and H2 activation, manifested by Zn vs. Mn dopants in
the most spectacular way, which is currently a subject of
further research, along with isotopic CO-PROX and sole H2

and CO oxidation using 18O2 as an oxidant. Preliminary
isotopic results strongly support the operation of a mixed
Mars–van Krevelen and Langmuir–Hinshelwood mechanism
in the preferential oxidation of CO in the H2-abundant
conditions, proposed in this study for the interpretation of
the CO-PROX sensitivity to the electronic structure of the
mixed spinel catalysts.

Conclusions

A series of cobalt spinel catalysts doped with d-metals (Cr,
Mn, Fe, Ni, Cu, Zn) was synthesized and thoroughly
characterized by XRD, RS, IR, SEM, TEM, XRF, XPS
techniques. Depending on the u parameter value (oxygen
centricity), two types of mixed spinel catalyst with distinctly
different catalytic behaviors in the CO-PROX reaction can be
distinguished. The A-type spinels (Co, Ni, Cu) feature u <

0.2625 and higher activity in CO and H2 oxidation in
comparison to the B-type spinels (Cr, Fe, Mn) with u ∼
0.2625. A selectivity switch around T ∼ 180 °C was observed,
with the A-type spinels being more selective at the lower
temperatures and the B-type spinels at the higher
temperatures. The unique CO-PROX performance of the Zn–
Co spinel results from the lifting of the O2p center above the
3d band center of the octahedral redox Co3+ cations, in
contrast to the remaining spinels. The work function of the
mixed spinel was found to be a suitable concise parameter in
accounting for the catalyst activity and selectivity, nicely
corroborating the proposed categorization of the spinel
catalysts into A- and B-types. Heuristic descriptors, EO2p +
kΔ|<χM> − χO| and ΔEM–O = (EM3d − EO2p), based on the
position of the oxygen 2p and the metal 3d band centers
allow for the simple rationalization of the selectivity and
activity of the mixed spinel catalysts in terms of their
intrinsic electronic properties.
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