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ABSTRACT: Transition metal oxides are of potential alternatives to precious metal catalysts for
oxidation reactions. Among these earth abundant oxide catalysts, cobalt- or manganese-based
spinel oxides have gained consistent interests due to their superior catalytic performances. It has
been found that the octahedral sites in spinels are responsible for their catalytic activities. However,
little is known to date about the parameters of the octahedrally coordinated cations that influence
their activity. Herein, a series of ZnMnxCo2-xO4 (x=0~2.0) spinel oxides are investigated,
employing CO oxidation as the model reaction, with the particular attention on the activity
variation caused by tuning the ratio of octahedrally occupied Mn to Co. Both Mn and Co
contribute to the activity with Mn cations as the primary active species when they co-exist, the
intrinsic specific activity is found composition-dependence and the highest activity is given by
the Mn/Co molar ratio of 0.11. The presence of Mn4+ and Mn3+ in a proper ratio is another key
for achieving high oxidation activity and can be rationalized by the moderate oxygen adsorption
during the CO oxidation, which facilitates the O vacancy refilling. This is also supported by the
density function theory (DFT) calculation, showing that the high activity of ZnMn0.2Co1.8O4
originates from having the O p-band center neither too far nor too close to the Fermi level. The eg
occupancy of Mn cations and the O p-band center relative to the Fermi level, which are the
indexes of how the electronic structure influences the oxygen addition- and removal-related
processes, are proposed to serve as the activity descriptors. This work may provide a different
insight into the understanding of the activity of transition metal spinel oxides for oxidation
reactions.
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1. INTRODUCTION

Driven by the increasing concern of air contamination, particularly the CO emissions from various
sources, the development of air purification technologies is of paramount importance to maintain a
clean mother earth 1. Heterogeneous catalysis as one of the most efficient response to this pursuit
has drawn great attention 1. The most successful example is the noble-metal-based catalysts for the
degeneration of toxic exhaust gases from automobiles 2,3. However, the high-cost and shortage of
these precious metals make them difficult to meet the future growing demand, the exploration of
efficient and low cost alternatives is therefore of great interesting and becomes inevitable 3.
Transition metal oxides are one class of potential catalysts that are expected to meet the above
need due to their low-cost and promising catalytic ability. Among them, spinel structured oxides
possess advantages over the perovskites and the hopcalite, such as high stability and facile
synthesis 4. Besides, the electron exchange between neighboring cations in spinel oxides can be
also optimized for promoting their catalytic ability 5,6. The catalytic performances of mixed spinel
oxides for the oxidation reaction are very often dependent, inter alia, on the composition,
morphology, structure of the materials, coordination environment of the cations, and so on

7,8

.

Great efforts on the catalytic mechanisms related to those factors thereby have been made and
some remarkable progress has been gained. Particularly in the spinel oxides, octahedral sites on
the surface have been suggested to be the primary active sites 6,7,9. For example, the investigation
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on CO oxidation by both Co3O4 nanorods and nanoparticles revealed that octahedrally coordinated
Co3+ are the active species 9.

The composition as another decisive factor on the catalytic activities of transition metal oxides has
been widely studied. Among the numerous investigated transition metal oxides, cobalt-based
oxides are one of the most intriguing oxides ascribing to their excellent CO oxidation performance,
which is approaching to noble metals. For instance, Co3O4 powder with the specific surface area of
around 5 m2 g-1 showed a CO oxidation activity of 14 × 10-6 mol s-1 g-1 5, which is comparable to Pt
alloys 3. Remarkably better catalytic performance has been further achieved on Co3O4 nanorods,
which is capable of catalyzing CO oxidation at a temperature as low as -77 ℃ 9. The explanations
for the high activity of cobalt oxide, however, do not always agree with the aforementioned
only-active Co3+ theory. A proposal by Xie et al.
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and others 5 emphasized the importance of

coexistent Co2+/Co3+ ion pairs, which leads to a high activity by forming the specific sites for
oxygen adsorption (Co2+-O-Co3+). Further investigations on the Co-containing spinel oxides for
CO oxidation are in demand for more comprehensive understandings. Manganese, as another
commonly involved transition metal for CO oxidation, is usually combined with other elements
(such as copper 8, cobalt 5, lanthanum 11,12) to form manganites. Compared with cobalt-based spinel
oxides, spinel manganites are generally less studied in the context of CO oxidation 5, their
activities are thereby still unclear to some extent, and there even exists some contradictoriness.
For instance, on one hand, it has been reported 6 an activity order of CuMn2O4 > CuCrO2 ≈ Co3O4.

5

On the other hand, Yang et al.
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found a lower activity for Mn containing spinel oxides as

compared to other spinels with Co and Cu. In addition, investigations on mixed metal spinel
oxides have

2,5,8,13,14

, however, far from enough, aimed to disclose the interactions and key

parameters that influence the activity (e.g. with the compositional changes) in the catalytic
process.

Despite the existing controversies in explaining the influential parameters, the electronic
structure of the metal oxides is one of the most recognized factors to their activity. Shimizu 15
and others 5 had correlated the CO oxidation activity to the electronic state of the transition
metals in perovskite structure. Salker

14

tried to interpret the catalytic activities of spinel

Co1-xCuxMn2O4 by the electronic and other physical properties (electrical resistivity, magnetic
properties, etc.). However, further efforts are needed to investigate the relationships between the
electronic structures and the catalytic mechanisms, especially for the spinel oxides. Inspired by
the proposed d-band center model in the CO oxidation over Pt alloys 3 and the d electron states as
activity descriptor over Au nanoparticles 16, it is of great interest to understand the CO oxidation
process over spinel oxides from another perspective such as the molecular orbital theory.
Typically, as in the electro-catalysis process, eg filling state, metal-oxygen covalency, etc. have
been established as activity descriptors for perovskite 17–20 and very recently for spinels 21 as well.

Here, a series of spinel oxides ZnMnxCo2-xO4 with compositional changes (x ranging from 0 to
2.0) were synthesized to exclusively investigate the catalytic activity of octahedrally occupied
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cations, i.e. Mn and Co for CO oxidation. The catalytic process was understood from the view of
molecular orbital theory in terms of the cation’s eg filling state and the O p-band center relative
to the Fermi level. In these spinel oxides, the inactive element Zn2+ occupied tetrahedral sites 22
and thus the catalytic contribution from the tetrahedral sites can be ruled out. The surface area
normalized intrinsic specific activity was employed to evaluate the catalytic activities. The
activity was found to be closely related to the oxidation state of Mn instead of Co. It was
therefore being proposed that Mn cations to be the primary active sites for catalyzing CO
oxidation when Mn and Co co-exist in the octahedral sites. The effects of Mn4+/Mn3+ were then
explained in detail in association with the CO oxidation mechanism, in which the oxygen
adsorption and O vacancy refilling were recognized to be the rate-limiting steps. In addition, the
moderate distance of O p-band center relative to the Fermi level computed by DFT calculations
further interpreted the enhanced activity of ZnMn0.2Co1.8O4 by well balancing the oxygen
addition and removal related processes during the CO oxidation. Based on the above, the eg
occupancy of active Mn cations and the O p-band center relative to the Fermi level were
proposed to be activity descriptors for CO oxidation on these spinel oxides.

2. EXPERIMENTAL

2.1. Synthesis of ZnMnxCo2-xO4 spinel oxides
ZnMnxCo2-xO4 spinel oxides were synthesized using a sol-gel auto combustion method 23. Proper
amount of zinc, manganese, and cobalt in the form of acetate, i.e. Zn(CH3COO)2·2H2O
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(99.999%), Mn(CH3COO)3·2H2O (97%) and Co(CH3COO)2·4H2O, were dissolved in diluted
nitric acid with a molar ratio of 1:x:(2-x). Citric acid as the chelating agent was then added into
the solution with a molar ratio of cations:citric acid of 1:3 under constant stirring. The obtained
mixture was heated and then maintained at 363 K under stirring for several hours until a viscous
gel was formed through hydrolysis and condensation reactions. Afterwards, the gel was
transferred to an oven and dried at 443 K for 12 hours, followed by annealing in air at 873 K for
another 6 hours (heating rate:10 K min-1) after grinding into powder. ZnMnxCo2-xO4 spinel
oxides were then harvested and kept in dry places prior to use. All the chemicals, purchased from
Sigma Aldrich Corporation (USA), were of analytical reagent grade without further purifications.
2.2. Materials characterizations
Morphological characteristics were investigated using a field emission scanning electron
microscope (FESEM) (JEOL 7600F). The surface areas of ZnMnxCo2-xO4 spinel oxides were
obtained via Brunauer–Emmett–Teller (BET) analysis and was performed at ASAP Tristar II 3020
physisorption analyzer at 77 K. The loading mass of each sample was kept over 400 mg in order to
get more accurate data. X-ray diffraction (XRD) patterns were collected on a Shimadzu
XRD-6000 with Cu-Kα radiation at a scan rate of 2°/min. Extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near edge structure (XANES) experiments were carried
out at Singapore Synchrotron Light Source, XAFCA beamline 21. Boron nitride powder (~1 μm,
98%, Sigma Aldrich, USA) was mixed with each oxide sample to form pellets for EXAFS
analysis.
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2.3. Catalytic activity evaluation
Catalytic activity measurement in terms of CO oxidation was performed under atmospheric
pressure in a continuous-flow fixed bed micro reactor, equipped with an on-line gas
chromatograph (6890N, Agilent Technologies, USA) for inlet and outlet gas streams analysis. 20
mg of catalyst was loaded into the quartz reactor supported by two plugs of quartz wool. Prior to
the reaction, the catalyst was pretreated in situ at 623 K under helium flow for 1 h. The desired
operation temperature was controlled through an insert thermocouple with an adjustable range of
room temperature to 773 K. A gas mixture of 1% CO, 3% O2 and He at a flow rate of 100
mL/min, corresponding to a space velocity of 300, 000 mL h-1 g-1cat was introduced. For all
samples, the experiments were carried out under temperature gradient conditions and data were
taken under steady state (at least 1 h). Typically, the system temperature was ramped with a rate
of 2 K/min to the desired temperatures under a flow of helium, after which the reagent gas
mixture was introduced. All experiments were undertaken in triplicate.
2.4. DFT studies
All the density functional theory (DFT) calculations were performed by the Vienna Ab initio
Simulation Package24, employing the projected augmented wave (PAW) model. The exchange
and correlation effect was described by using Perdew-burke-Ernzerhof (PBE) function25, within
the generalized gradient approximation (GGA) approach. The GGA + U calculations were
performed using the model proposed by Dudarev et al.26, with the Ueff (Ueff = Coulomb U–
exchange J) values of 4.0 eV, 3.3 eV, and 4.7 eV for Mn, Co, and Zn, respectively. The cutoff
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energy was set to be 450 eV for all the calculations. For bulk geometry optimization, the
Monkhorst−Pack27 k-point mesh of 6 × 6 × 6 was employed; while for computing the electronic
structure, a 9 × 9 × 9 mesh was adopted. Of all the calculations, the Brillouin zone was integrated
using tetrahedron method with Blöch corrections. The force and energy convergence tolerance
were set to be 0.05 eV Å-1 and 10-5 eV, respectively.

3. RESULTS AND DISCUSSION

3.1. Materials Characterizations
The morphologies of the as-prepared ZnMnxCo2-xO4 oxides (x=0~2.0) were examined by SEM
as presented in Figure 1a. All of these samples are irregularly shaped particles. These irregularly
shaped particles are then randomly stack or aggregated into some pore structures (Figure S1). A
relatively larger size is obtained on ZnCo2O4 (x=0) particles without Mn substitution. The
difference in particle size is in consistent with the results of Brunauer-Emmett-Teller (BET)
measurements, where the specific surface area of ZnCo2O4 is merely around 8 m2 g-1 whereas
that of Mn-contained samples are in the range from 20 to 30 m2 g-1 (Figure 1b and Table S1). A
similar size scale has also been reported for ZnCo2O4 particles synthesized under analogous
conditions 28. Through the similar morphology, possible morphology effects on CO oxidation in
terms of different particle shapes can thereby be excluded. Figure 1c shows the XRD patterns of
as-synthesized ZnMnxCo2-xO4 spinel oxides. The diffraction pattern of ZnCo2O4 (x=0), which is
readily indexed to the standard cubic spinel ZnCo2O4 (JCPDS Card No. 23-1390) without
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detectable impurity peaks, indicates the pure spinel structure. Nevertheless, as the substitution of
Mn for Co increased, the characteristic peaks gradually shifted to the body-centered tetragonal
spinel structure of ZnMn2O4 (x=2.0, JCPDS Card No. 24-1133). The spinel structure is well
retained during this composition change induced crystallographic phase transformation. It should
be noticed that the cubic spinel phase prefers a low Mn/Co molar ratio (x  1.0) while tetragonal
spinel phase prefers a high Mn/Co proportion (x > 1.0). This crystal phase transition is often
found in the manganese-cobalt containing spinels when varying the Mn/Co molar ratio and is
sensitive to the Mn content

29,30

. The prominent Jahn-Teller effect of octahedral Mn3+ in

Mn-enriched spinels is responsible for the lattice distortion, causing the low symmetry from
cubic spinel to tetragonal spinel phase 29. Namely, the observed structure transition from cubic
phase (Mn-poor) to tetragonal (Mn-rich) phase in ZnMnxCo2-xO4 thereby can be ascribed to the
ascended distortion. Such crystal phase change is also reported to be existed in the
Cu1-xMgxCr2O4 and CuCr2-xAlxO4 spinel oxides13.

11

Figure 1. (a) SEM images; (b) BET measurements (the detailed data results are given in Table S1)
and (c) XRD patterns of ZnMnxCo2-xO4 (x=0~2.0) spinel oxides.

To further explore whether Mn and Co are chiefly occupied in octahedral sites as expected,
extended X-ray absorption fine structure (EXAFS) measurements were employed to identify the
cation distribution. The Fourier transform (FT) of the absorption fine structure is given in Figure
2a. Through revealing bond distances between the absorbing atom and backscattering atoms 31, it
can provide information on site occupation. The first shell peaks at ~1.5 Å are corresponding to
scattering from the nearest neighbor crystal oxygen around the absorbing transition metal sites
(TM-O bond distance) 32,33. The peaks at ~2.5 Å (TMOh-TMOh) and ~3.0 Å (e.g. TMTd-TMTd or
TMTd-TMOh) are due to contributions from metal ion scattering to its closest neighboring metal
ion around octahedral or tetrahedral sites

32,33

. In all ZnMnxCo2-xO4 with ascended Mn

substitution, the FT spectra of both Co and Mn barely change and generally keep the same with
the pristine samples (either octahedral-Co in ZnCo2O4 or octahedral-Mn in ZnMn2O4), indicating
that all Mn and Co cations are octahedrally coordinated and the substitution does not change the
coordination environment of these two cations in ZnMnxCo2-xO4. In addition, the different
oscillating structures observed at radial distance of 2-3 Å in the spectra of Mn K-edge is caused
by the prominent conversion from cubic (Mn-poor) to tetragonal (Mn-rich) spinel phase. This
phase transition caused by the Jahn-Teller distortion is typical for high Mn concentration spinel
oxides29 and is evidenced in the XRD analysis.
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On the other hand, the single metal ion-metal ion scattering peak (at ~3.0 Å, ZnTd-ZnTd) in FT of
Zn EXAFS spectra (Figure 2a) implies that Zn is preferentially fixed at the tetrahedral sites. This
is based on the fact that tetrahedrally coordinated cations possess only one TM-TM distance,
octahedrally coordinated cations on the contrary have two different TM-TM distances 33. Actually,
the strong preference of Zn2+ cation for tetrahedral site has been previously reported in various
spinel oxides and is considered to be caused by its inactive d10 electronic structure22,31. On the
basis of above, it can be confirmed that all the synthesized ZnMnxCo2-xO4 (x=0~2.0) oxides well
maintained the spinel structure with both Mn and Co cations occupying in the octahedral sites
whilst Zn cations in the tetrahedral sites.

Figure 2. (a) Fourier transform of EXAFS spectra of Co K-edge, Mn K-edge, and Zn K-edge in
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ZnMnxCo2-xO4 (x=0~2.0) spinel oxides; (b) Normalized XANES spectra of Co K-edge, Mn
K-edge, and Zn K-edge in ZnMnxCo2-xO4 (x=0~2.0) spinel oxides, the quantified oxidation states
of Co, Mn, and Zn are in the respective insets.

The oxidation states of cations in ZnMnxCo2-xO4 were probed using X-ray absorption near edge
structure (XANES), where the positions of K-edge as an indicator were determined by the
integral method described previously 21,34. The decrease of oxidation states is observed with the
progressive Mn substitution, where the edge positions of both Mn and Co exhibit significant shift
and approach to lower binding energies (Figure 2b). To acquire the quantified oxidation state of
Mn and Co, their edge positions were compared with the reference oxides. As shown in the
insets of Figure 2b, the average oxidation state of Co decreases from +3.0 to +2.4 and that of Mn
reduces from +3.6 to +3.1 with the increase of Mn substitution, indicating the diminished
presence of Co3+ and Mn4+. This redistribution of cation oxidation states, in general, was caused
by the charge redistribution between these two transition cations through the redox reaction of
Mn3+ + Co3+ → Mn4+ + Co2+

8

. As Co was gradually replaced by Mn, electron hopping may

occur and the electronic states changed subsequently. This phenomenon of oxidation state
redistribution can be often found in the Mn and Co mixed oxides such as MnxCo3-xO4 35.
Meanwhile, as illustrated in Figure 2b, the oxidation state of Zn almost remained unchanged at
+2. The above results obtained from XANES were in consistent with the results revealed by
X-ray photoelectron spectroscopy analysis in Figure S2 and Table S2 (Supporting Information).
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Therefore, the chemical formula of the as-prepared spinels can be signified approximately as
ZnMnxCo2-xO4+δ with δ as oxygen non-stoichiometry with range from 0.02 to 0.17 21.
3.2. Evaluation of catalytic activity for CO oxidation
The CO oxidation measurement was performed to evaluate the catalytic performance of the
as-synthesized spinels. Figure 3a shows the temperature dependence of CO conversion of all
ZnMnxCo2-xO4 catalysts (x=0~2.0). It can be seen clearly that ZnMn0.2Co1.8O4 (x=0.2), which
achieves 100% conversion at around 473 K and 50% conversion at 408 K, exhibits a much
higher catalytic activity than the rest six oxides. For a more straightforward comparison, the
temperatures when 50% of CO is converted (T50) by each catalyst are listed in Table S1.
However, it is noteworthy that the activity obtained from these results can not reflect the intrinsic
specific activity since catalytic process basically involves only the atoms on the surface

36

.

Thereby, the normalized specific activities of these catalysts to their surface areas were
calculated using the BET result. Although the BET surface area may not be perfectly equivalent
to the real active surface area, it is reasonable to use it for the oxidation activity assessment 5,21.
As a matter of fact, the BET surface area has already been widely employed for metal oxide
catalyst comparison/screening in catalytic oxidation process5,8,37. Figure 3b depicts the surface
area normalized specific activity under various temperatures plotted as a function of Mn content
in ZnMnxCo2-xO4 (x=0~2.0) spinels. Similarly, the ZnMn0.2Co1.8O4 (x=0.2) catalyst displays the
best specific activity under all three temperatures, leaving the normalized activities of the rest
spinels with various Mn and Co contents much lower. For the bimetallic spinels, ZnCo2O4 (x=0)
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exhibits relatively higher activity than ZnMn2O4 (x=2.0) under all circumstances but without
significant differences. Generally, a higher temperature leads to a better specific activity, with the
best reaction rate of 9.32×10-5 mol m-2 min-1 achieved by ZnMn0.2Co1.8O4 (x=0.2) at 448 K. An
increased availability of bulk oxygen at higher temperatures 38 seems to be responsible for the
variations under different temperatures. Furthermore, the stability test of ZnMn0.2Co1.8O4 in
Figure S3 indicates the superior stability of the oxide catalyst, which decrease only ~8% after
reaction for 24 h. Notably, this excellent activity is comparable to, or outperform most of the
reported transition metal spinel oxides or mixed oxide catalysts such as spinel Co3O4 powder 8,
MnCuOx 8, CuCo2Ox 8, MnCr2O4 39, Co1-xCuxMn2O4 14 and La1-xCexCoO3 perovskite 5. It is even
approaching to some spinel nanomaterials, for instance, the MxCo3-xO4 (M=Co, Ni, Zn)
nanoarraies 2 being reported. In addition, the comparison of activities of CoAl2O4 and ZnCo2O4
also highlights the critical role of octahedral sites in spinels. Since Co cations in CoAl2O4 spinels
are accommodated in the tetrahedral sites and Al in its octahedral positions is considered to be
inactive towards CO oxidation

1,7,40

, the comparison of CoAl2O4 and ZnCo2O4 offers an

opportunity to reveal the roles of octahedral and tetrahedral sites in spinels. As displayed in Figure
S4, ZnCo2O4 shows nearly five-times higher activities than that of CoAl2O4, indicating the
octahedrally coordinated Co is remarkably more active than the tetrahedral coordinated Co ion.
This result is line with several reports 7,9,21 on other catalysis by spinel oxides.
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Figure 3. (a) CO oxidation percentage as a function of temperature for ZnMnxCo2-xO4 (x=0~2.0)
spinel oxides; (b) Normalized specific catalytic activities as a function of catalyst compositions for
ZnMnxCo2-xO4 (x=0~2.0) under three different temperatures; (c) Correlation between Mn and Co
valence and the specific CO oxidation activity at 448 K; (d) The eg filling state and average outer
electron number davg of Mn cations as a function of catalyst compositions for substituted
ZnMnxCo2-xO4 (x=0.2~1.8).

In our work, the phase transition from cubic to lower tetragonal symmetry as evidenced in the
XRD does not appear to be influential on the CO oxidation activity significantly. In fact, the
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influence from phase transition to the reaction process can be very limited in ordinary cases
unless the rate of catalytic reaction and the rate of phase transition are comparable 13.
3.3. Exploration of parameters influencing the catalytic activity of octahedral cations
The possible effects from the cations in tetrahedral sites and the differences in particle
morphology on CO oxidation have be excluded by the EXAFS and SEM analysis, respectively.
Considering that catalytic activity is highly related to the surface electronic structure 3,15,17, the
role of the oxidation state of cations in determining the CO oxidation performance is then
investigated and discussed. Co sites are generally considered to be more active than Mn sites in
the form of single metal oxides (e.g. Co3O4 vs. MnO2/Mn2O3) 5. However, situation may differ
for the oxides with more than one metal due to the interactions of dual- or multi-elements. For
instance, both the Co- and Mn-containing perovskite oxides exhibit comparable CO oxidation
activities and both are significantly more active than other transition metal containing perovskite
oxides (e.g. Ni-, Fe-, V-, etc.) 5. In the case of spinel oxides here, it is proposed that both Mn and
Co on the octahedral sites contribute to catalyzing the CO oxidation and their oxidation states are
the decisive factors. The specific catalytic activities of ZnMnxCo2-xO4 (x=0~2.0) spinels are then
correlated to the Mn and Co oxidation states as displayed in Figure 3c. With a very minor Mn
substitution (x=0.2), the activity of ZnMn0.2Co1.8O4 significantly improved for nearly three-fold
over ZnCo2O4. It can be noticed that the oxidation state of Co in ZnCo2O4 and ZnMn0.2Co1.8O4,
however, barely changed and same at ~+3.0. Meanwhile, Mn in ZnMn0.2Co1.8O4 shows a high
oxidation state of ~+3.6, representing that Mn4+ is the dominant oxidation state rather than Mn3+.
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As Mn substitution increased from x=0.2 (ZnMn0.2Co1.8O4) to x=0.6 (ZnMn0.6Co1.4O4), the
catalytic activity strikingly dropped back to an activity that is similar to ZnCo2O4 but marginally
lower. Under this circumstance, the oxidation states of Co and Mn cations in ZnMn0.6Co1.4O4
both decrease compared with that of ZnMn0.2Co1.8O4. Specifically, Co oxidation state slightly
decreases from +3.0 in ZnMn0.2Co1.8O4 to +2.9 in ZnMn0.6Co1.4O4, but a relatively remarkable
decrease is found in Mn valence. The decrease of Mn oxidation state from +3.61 in
ZnMn0.2Co1.8O4 to +3.35 in ZnMn0.6Co1.4O4 indicates that Mn3+ instead of Mn4+ becomes the
predominate species. With more Mn substitution (x=1.0 to x=2.0), the catalytic activities roughly
keep the same with very tinny fluctuations. For these samples, the oxidation state of Co are
found gradually decreased from +2.83 (x=1.0) to +2.43 (x=2.0). On the contrary, the oxidation
state of Mn shows a minimal drop from +3.29 to +3.17. Based on the fact that the catalytic
activity changes generally follow the variation of oxidation state of Mn cations, we suggest that
here Mn cations are the dominant active sites for CO oxidation.
Apparently, an optimal nominal oxidation state of Mn cations in these spinel oxides is the key to
achieve the high specific CO oxidation activity. The nominal oxidation state of Mn cations above
+3 is the result of co-existence Mn4+ and Mn3+ in these spinel oxides (the existence of Mn2+ should
be excluded in these ZnMnxCo2-xO4 based on the stoichiometry). Previous investigations
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on

La1-xSrxMnO3 perovskite oxides have indicated that having Mn oxidation state approaching to 4+
provides the highest CO oxidation performance. By substituting La3+ with the divalent cations of
Sr2+, which led to a rise in Mn4+ concentration, the CO conversion increases. Similarly, the Ce4+
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substitution in La1-xCexMnO3 (x=0~0.3) show that the increase in the molar ratio of Mn4+/Mn3+
contributed to the increase in catalytic activity 11,12. The mixed Mn valency which brings about
favorable charge transfer for oxygen adsorption is proposed to render the high catalytic activity 42.
On the other hand, either a high content of Mn3+ or fully Mn4+ in La- and Ca-based perovskite
oxides cannot provide a satisfying activity 43. Considering the fact that in both perovskite and
spinel oxides, the active cations are octahedrally coordinated, these cations in spinel may work in a
similar way as proposed in perovskite 18. It is thereby proposed that a proper ratio of Mn4+/Mn3+,
i.e. Mn4+/Mn3+ >1, is essential for high CO oxidation activity based on the observed catalytic
activity results. This conclusion is coherent with the previous observations. For instance,
LaMn0.6Cu0.4O3 with Mn valence of 3.67+ gives a specific activity for CO oxidation higher than
LaMnO3, in which the Mn oxidation state is 3+ 44.

The crucial role of Mn4+ in achieving high CO oxidation activity can be rationalized by the
interplay of its electronic structure and the oxygen adsorption. In term of the electronic structure,
eg filling of Mn cations can sign as a dictation to the O2 adsorption strength on the Mn site 18. The
eg antibonding orbital directly points to O p orbital, resulting in a strong overlap with that 21. This
rationalizes that the electron filling of eg orbital can directly affect the binding strength of oxygen
on Mn cations. According to the Mars-van Krevelen redox mechanism 45,46, the CO oxidation
include the following steps (Figure 4): Step 1, the adsorption of CO onto the surface of metal
oxide (Moct-O-Moct); Step 2, the surface reaction between CO and the adjacent O, during which
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an important step is the formation of intermediate carbonate; Step 3, the desorption of produced
CO2, and thus the formation of O vacancy (Vo); Step 4, the adsorption of oxygen and the
intermediary formation of O species (e.g. O2-); Step 5, the trapping of O in the vacancy (Vo) for
the vacancy refilling to reform the metal oxide surface. Among this process, the oxygen
adsorption for subsequent O vacancy refilling (Steps 4 and 5) has been considered to be the
rate-determining steps for metal oxides catalyzed CO oxidation 1,5. Consequently, when going
from Mn3+ to Mn4+, eg filling goes from one to zero, and thus the strength of O2 adsorption
increases and facilitates the subsequent oxygen vacancy refilling. With an eye to the oxygen
adsorption and vacancy refilling, a low eg filling (eg < 0.3) represents too strong adsorption,
which hinders the desorption (mobility) of oxygen and thus limiting the trapping and refilling
rate of O in the vacancy (Step 5), while a high eg filling (eg > 0.5) hinders the oxygen adsorption
(Step 4). Therefore, a high catalytic performance needs an optimum eg filling state which is in
the range of 0.3 to 0.5. This is therefore corresponding to the ratio of Mn4+/Mn3+ in these spinel
oxides. The ratio in ZnMn0.2Co1.8O4 is 1.58 (a nominal valency of 3.61) and it gives the eg filling
at 0.4. This optimal eg filling state explains the observed high catalytic activity on
ZnMn0.2Co1.8O4. The corresponding eg filling states of Mn cations in ZnMnxCo2-xO4 from
x=0.2~1.8 are given in Figure 3d. Accordingly, it is proposed that the eg filling state of the
octahedrally coordinated Mn cations can be used as a descriptor for the CO oxidation activity of
these ZnMnxCo2-xO4 spinel oxides.

21

Figure 4. The proposed reaction pathway on these spinel oxides based on the Mars-van Krevelen
mechanism. Moct refers to cations at the octahedral site and Vo refers to oxygen vacancy. The
rate-limiting steps are Step 4 and 5 (marked with green).

In addition, the average outer electron number of Mn cations in ZnMnxCo2-xO4 oxides can be
another parameter to describe their CO oxidation activity 3,15. A linear relation of the adsorption
energy of OER intermediates (*O, *OH and *OOH) to the oxidation state of series metal cations
(M) in monoxides, La-based and Sr-based perovskite oxides (MO, LaMO3 and SrMO3) has been
demonstrated by Federico et al., in which decreasing the oxidation state corresponds to stronger
binding of the reaction intermediates or adsorbates 17. Similar conclusion was also supported by a
theoretical calculation of CO oxidation over Au nanoparticles 16. With the co-existence of Mn4+
and Mn3+, excessively a low ratio of Mn4+/Mn3+ means low oxidation degree, representing the
excessively strong adsorption of the reaction intermediates (including the intermediate O and CO
species). This will restrain the desorption of O intermediates and O refilling (rate-limiting steps,
Step 4 and 5 in Figure 4) as well as the desorption of CO2 (Step 3 in Figure 4). Meanwhile,
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excessively a high ratio of Mn4+/Mn3+ is an over-oxidized state, giving the weak adsorption of
the intermediates and limiting the surface reaction rates. The optimum situation is at a proportion
where Mn4+ is a bit over Mn3+, just as the Mn oxidation state in ZnMn0.2Co1.8O4, which balanced
the intermediates adsorption and desorption strength for surface reactions. In ionic compound,
the number of outer electrons is equivalent to the resulting number of valence electrons in an ion
being oxidized or reduced 17. The electron configuration of Mn is 3d5 4s2, hence, Mn4+ has three
outer electrons, while Mn3+ has four outer electrons. The average outer electrons davg shown in
Figure 3d are calculated as the average of outer electrons of Mn4+ and Mn3+ after counting into
their ratios, which can be deducted from the XANES results. It is clearly seen that, in
ZnMn0.2Co1.8O4 where the average outer electrons of Mn is slightly lower than 3.5, favors the
reaction activity through the moderate adsorption of O and CO intermediates. As the number of
average outer electrons increases (davg > 3.5), however, the adsorption of intermediates gets too
strong and hinders the desorption of intermediates and CO2, leading to a lower activity.
3.4. DFT studies
The DFT calculations were carried out on all the seven spinel ZnMnxCo2-xO4 (x=0~2.0) oxides
through the Vienna Ab initio Simulation Package and details for the calculation can be found in
the Experimental section. Compared with the metal d-band, which has shown great importance
in elucidating some catalytic oxidization reactions at metal surface3,21, the O p-band with a more
delocalized nature is more accurate in capturing the electronic structure characteristics of
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transition metal oxides19,20. Meanwhile, the d-band characters can still be reflected from the
delocalized nature of the O p-band through the hybridized density of states (Figure 5).

Figure 5. (a) Spinel structures; (b) PDOS of the O p states and Moct d states; and (c) schematic
representation of the O p-band center for ZnCo2O4, ZnMn2O4 and ZnMn0.2Co1.8O4. The arrows
in (b) refer to spin up and down spin projection.

According to PDOS of ZnCo2O4 (Figure 5b), the peaks below Fermi level (EF) are mainly
composed of O (p) and Co (t2g) orbitals; while the peaks above the EF originate from eg orbitals.
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The energy level of eg is close to EF, indicating a low crystal field splitting energy (Δcf) between
eg and t2g. The completely empty eg explains the low spin state of Co, suggesting the Hund
exchange energy Δex is smaller than Δcf. Since the energy difference between Δex and Δcf
determines the spin state, the small gap implies the possibility of the change of spin state in
ZnCo2O4. In contrast, a lower Δcf is found on ZnMn2O4 and the partially occupied eg near EF
illustrates an evident high spin state. The majority of spin eg near EF are split due to the
Hahn-Teller effect47. The calculated magnetic moments per Mn is 4.03 μB, consistent with
previous report48. A small amount of Mn substitution in ZnCo2O4 (resulting in ZnMn0.2Co1.8O4)
does not change the PDOS dramatically; however, two sharp peaks emerge above EF, implying
that eg is slightly occupied, which results in a relatively higher spin state than pure ZnCo2O4.
PDOS of the O p states and Moct d states for ZnMnxCo2-xO4 (x=0.6~1.8) spinel oxides are given in
Figure S5. From the schematic display (Figure 5c) of Moct d-band and O p-band derived from
PDOS, it is obvious that the change of spin state has led to the gradual change of O-p band center,
with the ZnMn0.2Co1.8O4 showing an intermediate value of band center. Generally, the values of
O p-band center relative to the Fermi level of these spinel ZnMnxCo2-xO4 oxides are found to
gradually decrease with increasing contents of Mn from x=0 to x=0.6 and then stay in the same
level with little fluctuations from x=0.6 to x=2.0 (Figure 6a).
Since oxygen interacting processes governs many key aspects of oxidation, it is thus rational to
correlate the intrinsic specific activities of CO oxidation in this study with the O p-band center
relative to the Fermi level (Figure 6b). A volcano trend is found with the peak close to
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ZnMn0.2Co1.8O4 (x=0.2) at O p-band center of -2.1 eV, which stays intermediately from the
Fermi level among all the ZnMnxCo2-xO4 (x=0~2.0) oxides. Specifically, ZnCo2O4 (x=0), of
which the O p-band center is too close to the Fermi level (-1.4 eV), shows a much lower activity
(3.6×10-5 mol m-2 min-1). In contrast, the other five spinel ZnMnxCo2-xO4 (x=0.6~2.0) oxides,
where the O p-band center are around -2.6 eV, which are too far from the Fermi level, also
exhibit much lower activities (1.7 ~ 3.1×10-5 mol m-2 min-1). It is only when the O p-band center
is neither too far nor too close to the Fermi level, such as ZnMn0.2Co1.8O4 (x=0.2), that shows an
enhanced activity (9.3×10-5 mol m-2 min-1).

Figure 6. (a) The O p-band center relative to the Fermi level; (b) Correlation of the specific CO
oxidation activity and the O p-band center relative to Fermi level (EF) of all seven spinel
ZnMnxCo2-xO4 (x=0~2.0) oxides.

The O p-band center relative to the Fermi level has been reported19,20 to be linearly correlated
with the oxygen surface exchange kinetics and many other oxygen involved energetic parameters,
for instance, activation energy of oxygen/vacancy hopping, oxygen dissociations, etc. Typically,
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moving electrons from the O p-band center to the Fermi level equivalents to the processes
involving O removal from the reaction system. Correspondingly, moving electrons from the
Fermi level to the O p-band center equivalents to processes that involving O addition to the
reaction system19,49. Since the rate-determining steps for CO oxidation are the oxygen adsorption
and O vacancy refilling (Steps 4 and 5, respectively in Figure 4) which involve multiple oxygen
addition and removal related processes, the O p-band can serve as an effective descriptor for the
CO oxidation activity. When the O p-band center is too close to the Fermi level, the oxygen is
too active and this will hinder the stability for oxygen adsorption (Step 4 in Figure 4). However,
if the O p-band center is too far from the Fermi level, the oxygen is so inactive that will retard
the surface reactions for O vacancy refilling (Step 5 in Figure 4). Having the O p-band center
that is neither too close nor too far to the Fermi level well balances the oxygen addition and
removal related processes, therefore interpreters the activity enhancement. Moreover, this
moderate oxygen adsorption and desorption on the surface of ZnMn0.2Co1.8O4 (x=0.2) is also
supported by the H2-TPR and O2-TPD tests as shown in Figure S6. Similar trend has been
reported20 on using the the O p-band center relative to the Fermi level as OER activities
descriptor of perovskite and results indicate moving the the O p-band center closer to the Fermi
level increase the OER activity in some degree, but further uplifts result in the decrease of oxide
activity and stability. In addition, our DFT calculation results also verify the proposed eg
estimation that the enhanced activity originates from the moderate (neither too strong nor too
weak) oxygen adsorption thus facilitating the O vacancy refilling.
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4. CONCLUSION

In summary, we have investigated the composition effect of spinel ZnMnxCo2-xO4 (x=0~2.0)
oxides on CO oxidation. The structure characterizations showed that Zn cations prefer staying in
tetrahedral sites and Mn and Co cations prefer staying in octahedral sites. The intrinsic activities of
these spinel oxides for CO oxidation were found different and composition dependent. The best
performance was achieved by ZnMn0.2Co1.8O4 (x=0.2), which is nearly three-times higher than
others. The origin of such activity variation among these spinel oxides was further investigated
with the aid of cations’ local chemistry and valency characterizations. The catalytic performance
of ZnMnxCo2-xO4 spinel oxides containing Mn (i.e. x=0.2~1.8) basically follow the variation of
the nominal oxidation state of Mn. It is accordingly proposed that Mn cations to be the key
species in determining the CO oxidation activity on these spinel oxides. The co-presence of Mn4+
and Mn3+ with a ratio a bit over one (Mn4+/Mn3+=1.58) is the key to achieve the high activity.
Under this circumstance, the oxygen adsorption strength is moderate, thus facilitating the O
vacancy refilling, which are the rate-determining steps during the CO oxidation. Moreover, a
moderate binding energy of the reaction intermediates that balance the adsorption and desorption
strength also contribute to a high activity. The DFT calculations further verifies the enhanced
activity originates from a moderate location of the O p-band center to the Fermi level, which
well balance the oxygen interacting processes during the CO oxidation. On the basis of the above,
the eg filling state of Mn and the O p-band center relative to the Fermi level are proposed to be
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influential parameters for CO oxidation on spinel ZnMnxCo2-xO4 oxides. This work may be
helpful to rationalizing and identifying the critical parameters of octahedral occupied cations in
spinel oxides for CO oxidation as well as other small molecule oxidation reactions.
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