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Abstract

Spinel oxides, with the general formula AB,O,, are a class of ternary transition
metal compounds renowned for their diverse elemental composition and tunable
electronic properties. Their cubic crystal structure, belonging to the Fd-3 m space
group, features metal ions in both tetrahedral and octahedral coordination centers,
which can be manipulated to achieve different catalytic functionalities. This review
focuses on the impact of oxygen vacancies on the structural and catalytic properties
of spinel oxides and the various strategies to introduce these vacancies. The formation
of oxygen vacancies, facilitated through heat treatment, chemical reduction, etch-
ing, doping, and composite formation, has been shown to significantly enhance the
conductivity, redox potential, and catalytic activity of spinel oxides. These vacancies
act as active sites, promote electron/ion transfer, and lower activation energies for
various catalytic reactions. Characterization techniques such as X-ray photoelectron
spectroscopy (XPS), electron paramagnetic resonance (EPR), and density functional
theory (DFT) calculations provide comprehensive insights into the distribution,
concentration, and electronic structure modifications due to oxygen vacancies.
Theoretical calculations, in particular, underscore the pivotal role of vacancies in
stabilizing reaction intermediates and reducing energy barriers. This review synthe-
sizes the current understanding of oxygen vacancies in spinel oxides and highlights
the potential for defect engineering as a strategy to optimize catalysts for applications
in energy storage, environmental catalysis, and electrochemical reactions.
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1. Introduction

Spinel, a ternary transition metal ion compound, boasts a rich elemental composition
and a unique electronic structure, with a structure that is both variable and adjustable.
It is represented by the chemical formula AB,O,4, where A and B sites are occupied by
transition metal elements, and it belongs to the Fd-3 m space group of the cubic crystal
system [1]. Research on spinel transition metal oxides is extensive, focusing on the
distribution of metal ions within the crystal structure, which are found in tetrahedral
and octahedral coordination centers. The valence states of cations differ in these environ-
ments, while anions are situated at the vertices of the polyhedron. In the spinel geometry,
only half of the octahedral sites and one-eighth of the tetrahedral sites are filled with
metal cations, leaving ample space for the accommodation of external metal cations.

Spinel can exhibit three distinct crystal structures based on the coordination
environments of A and B cations. A normal spinel structure occurs when all divalent

1 IntechOpen



Composite Materials — Science and Engineering

Inverse spinel Composite spinel

2 24

Tetrahedron A**O, edges

Octahedron 1 by
¢ ¢ ¥'<o
Octahedron B0,
Octahedron/Tetrahedron connected by common vertices

Figure 1.

Structural chavacteristics of spinel oxide. (a) Explain the categories of spinel oxides using several typical spinel
oxides as representatives. Among them, MgCo,O, is spinel, with Mg** and Co** occupying tetrahedral and
octahedyal centers, respectively; NiCo,O, is an inverse spinel, with half of Co*" occupying tetrahedral centers
and the other half of Co®* and all Ni** occupying octahedral centers; CuAlLQ, is a composite spinel, with Cu**
and AP* mixed to occupy tetrahedral and octahedral sites. (b) Coordination structure in spinel. Among them,
octahedra are connected to each other through a common edge method, and octahedra and tetrahedral positions
are connected to each other through a common vertex method.

metal cations occupy the tetrahedral sites (A site) and all trivalent metal cations
occupy the octahedral sites (B site). An inverse spinel structure is identified when
half of the trivalent metal cations occupy the tetrahedral sites (A site), while the other
half, along with divalent metal cations, occupy the octahedral sites (B site). A mixed
spinel structure arises when both tetrahedral and octahedral sites are occupied by a
mixture of divalent and trivalent metal cations. The connectivity of the Oh sites by
common edges and the connection of Td and Oh sites by common vertices provide a
theoretical foundation for modulating the electronic structure and catalytic perfor-
mance of catalysts through the rational design of spinel oxide structures [2].
Typically, site A can be occupied by divalent cations such as Fe**, Mn**, Zn*", and
Co?, while site B can be occupied by trivalent metal ions like Fe**, AI>*, Cr’*, Cu*,
Ni**, etc. The unit cell, as depicted in Figure 1(a), contains 24 metal ions (8 A% and
16 B*) and 32 O*". The O* ions are densely packed in a cubic form, creating a multi-
tude of polyhedral gaps. With six oxygen ions forming octahedral gaps and four form-
ing tetrahedral gaps, cations are positioned within these gaps in the crystal structure.
However, the lattice contains as many as 96 gaps, which is significantly more than
the number of cations. Consequently, not all gaps can be filled by cations, resulting
in a multitude of vacant gaps. These excess gaps facilitate the regulation of metal ion
diffusion and the formation of vacancies.

2. Definition and effects of oxygen vacancies on spinel

Perfect spinel crystals with stoichiometric ratios often display significant isotropic
physical and chemical properties. The introduction of trace defects, such as oxygen
vacancies, can profoundly alter these properties, including conductivity, band
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structure, adsorption/desorption, and thermodynamics. These defects can regulate
the electronic density of states and surface properties of nanomaterials, which is
particularly crucial for catalytic applications. Defect engineering creates unsaturated
active sites for molecular adsorption by introducing oxygen vacancies, effectively
enhancing reaction activity as demonstrated in various studies [3].

Oxygen vacancies in spinel oxides are formed by the absence of lattice oxygen on
the surface of metal oxides. These vacancies possess abundant localized electrons
that can influence the physical and chemical properties of the metal oxide, includ-
ing redox capability, resistive switching, and magnetism. They can provide a large
number of dangling bonds for intermediates in electrocatalytic reactions, thereby
improving electrocatalytic performance through various mechanisms, such as influ-
encing the evolution of active sites, altering metal valence states, regulating electronic
structures, changing metal-oxygen bond lengths, and reducing reaction activation
energies [4-6]. The presence of oxygen vacancies in spinel significantly enhances the
catalyst’s ability to adsorb and activate reactive species, accelerating the production
of target products and thereby increasing the activity and selectivity of catalytic
reactions. Moreover, oxygen vacancies can optimize the pore structure of the spinel,
facilitating the in-situ formation of highly active sites on the catalyst surface.

In general, the introduction of oxygen vacancies in spinel materials can influence
catalytic performance through various mechanisms, such as activating reactant mol-
ecules, enhancing active sites, improving electronic structure, and increasing cata-
lytic selectivity. Therefore, designing and thoroughly analyzing the oxygen vacancy
structure in spinel catalysts is crucial for optimizing catalytic efficiency.

3. Preparation methods and catalytic performance of oxygen vacancies
3.1 Heat treatment method

Heat treatment is a straightforward and common method for regulating oxygen
vacancies. Xie et al. prepared ultra-thin nanosheet structured NiCo,O, samples
and obtained two types of nanosheets: one rich in oxygen vacancies (NiCo-r)
and the other with few oxygen vacancies (NiCo-p) through calcination in air and
oxygen atmospheres [7]. Electrochemical OER tests conducted in a 1 M KOH solu-
tion revealed that the NiCo-r sample had the lowest overpotential of 0.32 V and an
exceptionally high current density of 285 mA-cm™ at a potential of 0.8 V. In ultra-thin
nanosheets, oxygen vacancies are structurally confined, which enhances the reactiv-
ity of active sites and effectively reduces the adsorption energy of water, promoting
surface reactions and significantly improving OER activity.

Xu et al. controlled the synthesis temperature of spinel MnCo,0, to obtain a
series of samples with different Mn valence states [8]. The overpotential exhibited a
volcanic trend with the valence state of the element, with the cation valence state in
octahedral coordination playing a dominant role in catalytic activity. This was related
to the electron filling of the oxide’s e, orbital. Research on the electron occupancy rate
of e, orbitals in spinel oxides indicates that the electron occupancy rate is a crucial
indicator for catalyst selection and can effectively regulate the valence state of metal
atoms by altering oxygen vacancies. Chen et al. successfully synthesized hollow
NiCo,04 nanoparticles with abundant oxygen vacancies and a porous structure by
combining solvent heat and annealing [9]. The NiC0,0,4-450-V,, with its hollow
porous structure, demonstrated dual functional electrocatalytic performance for
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MOR and ORR under alkaline conditions. The enhancement in the performance of
NiCo,04-450-V, is attributed to its morphological structure and active sites. Oxygen
defect engineering can effectively modulate the electronic structure of the NiCo,0,4
material, improving its intrinsic activity, while the hollow and layered porous struc-
ture can facilitate reaction kinetics.

3.2 Reduction method

Spinel samples rich in oxygen vacancies can be prepared using chemical
reducing agents. Lu et al. reduced CoFe;04 on carbon nanotubes with NaBH, and
observed a significant increase in oxygen vacancy content [10]. OER test results
indicated that the treated samples exhibited improved catalytic activity. Zheng
et al. treated the spinel-type Co;0, sample in a NaBH, solution for 1 hour and found
that the sample’s activity increased post-treatment [11]. The oxygen vacancies
introduced altered the electronic structure of the oxide, enhancing the catalytic
reaction activity. NaBH, could be utilized as a reducing agent to create a large
number of oxygen vacancy defects in FeCo oxide nanosheets, which improved
the material’s conductivity, increased the number of surface active sites, and
significantly enhanced the catalytic reaction activity [12]. Furthermore, NaBH,
can effectively prepare reduced CoFe,O, nanosheets (NS) rich in oxygen vacancies,
leading to more active sites and enhanced conductivity compared to the pristine
CoFe,;0,4 hollow nanosphere [13]. These nanosheets achieved a current density of
10 mA cm™ at an overpotential of 320 mV in 1 M KOH. As expected, the CoFe,04
hollow nanosphere, with a relatively higher surface area after NaBH, reduction,
showed the most notable improvement in OER activity, and the corresponding
reduced CoFe,O4 NS demonstrated the best OER performance compared to the
reduced CoFe,04 bulk and nanoparticles.

Hydrogen reduction treatment is also an effective approach. Du et al. treated the
obtained mesoporous NiFe,0, material in a mixed gas (40% H,/N,) for 1 hour and
controlled different reduction temperatures to generate more oxygen vacancies on the
catalyst surface [14]. The presence of a large number of oxygen vacancies and active
sites promotes the catalytic reaction, and the increase in defect states enhances the
oxide’s conductivity.

Additionally, more defects can be introduced into the spinel structure through
electrochemical reduction, improving the material’s conductivity and electrochemical
active sites. The potential on the cathode can be accurately adjusted, and the reduc-
tion process of the cathode can be precisely controlled without introducing strong
reducing agents during the electrolysis process. Wang et al. induced oxygen vacancies
by reduction at a potential of —0.9 V (NCO-0.9@CC) [15]. During the electrochemi-
cal reaction process, oxygen vacancies act as active sites, promoting electron/ion
transfer rates and achieving the goal of enhancing energy storage.

3.3 Etching method

The etching method can directly control oxygen defects on the surface of spinel.
Dai et al. treated the prepared sample with Ar plasma and found that the surface
area of the treated sample increased significantly [16]. Moreover, the current density
corresponding to 1.6 V VS RHE was 44.44 mA-cm ™, with a lower starting potential.
After plasma etching, the increased surface area and internal oxygen vacancy content
of the sample contribute to the improved activity of the catalyst.
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Oxygen vacancy-rich FeCo,04 nanoparticles can also be prepared by laser treat-
ment. These oxygen vacancies effectively reduce the thermodynamic energy barrier
and expedite electron transfer, thereby simultaneously enhancing both the oxygen
evolution and reduction reactions [17].

3.4 Doping method

Heteroatom doping is a low-cost and highly effective method for incorporating
oxygen vacancies. N and P co-doping can cause the formation of oxygen vacancies and
metal-nitrogen bonds, leveraging the use of ionic liquids as sources for N and P. This
strategy results in superior catalytic performance in the activation of persulfate [18].

Stabilizing oxygen vacancies by filling with non-metallic elements with different
atomic radii and electronegativities to compensate for the coordination number of
metal elements is a viable strategy. For instance, using sulfur atoms to effectively sta-
bilize oxygen vacancies and reduce the Bader charge of atoms near these vacancies is
beneficial for the adsorption and desorption of intermediate products in the reaction
[19]. It can also form cobalt-sulfur coordination with the cobalt active center adjacent
to the oxygen vacancy, thereby regulating the electronic structure of the active center
and increasing the H,O adsorption energy on the cobalt active site.

Zeng et al. [20] introduced both oxygen vacancies and phosphorus ions into
NiCo0,0, nanosheets, which initially had low conductivity and fewer active sites,
resulting in significantly improved conductivity, rate performance, and capacity for
the optimized P-NiCo,0,4-x NS zinc-ion battery. Zhang et al. [21] constructed anionic
defects on NiCo,0, through a mechanochemical strategy involving Na-assisted
milling for propane oxidation (Figure 5a). This process substantially improved the
oxygen vacancies, active oxygen species, and oxygen mobility of the catalyst. Lu et al.
[22] prepared a novel CeO,/MnCo,04 catalyst, with CeO, acting as a key substance for
creating oxygen vacancies. The stability of methane catalytic oxidation in unmodified
MnCo,0,4 pure samples is poor, while the stability of oxidation-reduction in samples
modified with CeO, is enhanced. This enhancement is attributed to the partial substi-
tution of high-valence Ce** with low-valence cations (Mn?*, Co**, and Co’*), allowing
them to be partially doped into the MnCo,0, lattice and generate a large number of
oxygen vacancies to maintain charge balance.

The incorporation of Ce into CuFe,O, spinel lattice has been instrumental in
facilitating electron exchange, bolstering the oxygen storage capacity, and fostering
the formation of oxygen vacancies [23]. However, an excessive amount of Ce can
diminish the specific surface area and occupy surface oxygen vacancies, leading to
detrimental effects.

3.5 Composite method

The introduction of supplementary materials can also result in an elevation of
oxygen vacancies within the spinel structure. Chuang et al. [24] synthesized a novel
hybrid catalyst featuring CoFe,O, nanorods encapsulated by single-walled carbon
nanotubes (SWNTs). The synergistic effect between CoFe,O4 nanorods and SWNTs
not only increases the oxygen vacancies and optimizes the electronic structure of the
composite but also facilitates the adsorption and stabilization of hydroxyl groups,
significantly improving both OER and HER performances.

The synergistic interaction between SWNTs and CoFe,0,4 nanorods not only
increases the oxygen vacancies and refines the electronic configuration of the
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composite, but also facilitates the adsorption and stabilization of hydroxyl groups,
leading to a marked enhancement in both oxygen evolution reaction and hydrogen
evolution reaction performances.

Additionally, the hollow CoFe,O, nanocubes, which are carbon-coated and
derived from Prussian blue analogs and feature an abundance of oxygen vacancies,
have achieved remarkable results with an ammonia yield rate of 30.97 pg-h'l-rngcat_'1 at
—0.4 V versus the reversible hydrogen electrode in 0.1 M Na,SO, [25].

4. Characterizations of oxygen vacancies

Various methods are available for characterizing oxygen vacancies. For instance,
the distribution of oxygen vacancies can be directly observed through visualization
techniques such as scanning tunneling microscopy (STM) and aberration-corrected
scanning transmission electron microscopy (AC-STEM). Spectroscopic techniques
like X-ray fine absorption spectroscopy (XAFS), electron paramagnetic resonance
(EPR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, positron annihilation technique (PAT), and others can qualitatively or
quantitatively provide information on oxygen vacancies. Moreover, density func-
tional theory calculations (DFT) can theoretically predict the form and content of
oxygen vacancies.

Determining the form, location, and concentration of defects in materials is essen-
tial for studying the influence of defect structure on the catalytic activity and stability
of spinel. A range of physical and chemical characterization methods is required
to study the location and content of defects, with spectroscopy being the primary
method for defect characterization.

4.1 Raman spectroscopy

The application of Raman spectroscopy in oxygen defect analysis is extensive.
Utilizing the Raman scattering effect, the technique analyzes the scattering spectra
at various frequencies distinct from the incident light, thereby extracting insights
into molecular vibrations and rotations and studying molecular structure. Raman
spectroscopy can reveal structural changes in materials caused by oxygen vacancies
or defects.

To verify the physical properties and further explore the structural defects of
catalysts, Raman spectroscopy was performed. Figure 2(a) shows that NiCo,04
exhibited typical Raman spectra at 655 cm™? (Alg), 516 cm™? (F2g), 468 cm™! (Eg),
and 186 cm ™! (F2g), consistent with the spinel vibrational modes. A noticeable
blue shift of the main peak (644 cm™?) for D-NiCo,0y, compared to NiCo,0,, suf-
ficiently proves the presence of structural defects induced by lattice distortion in
D-NiCOZO4 [26] .

Raman spectroscopy was also used to study the structural characteristics of the
CuCo,0; spinel catalyst and surface defects, as shown in Figure 2(b). The presence
of two bands at 510 and 462 cm ™ is evident. The band at 510 cm ™ is attributed to
the Cu-O stretching in the octahedral sites of Cu?*-0*", while the Co-O stretching
vibration in the tetrahedral sites of Co®>* — O%" is observed at 462 cm™. Meanwhile,
the pronounced band at 651 cm ™ and the small band at 547 cm™" are indicative of the
CuCoy0; spinel crystal structure [27].
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Figure 2.
(a) Raman spectra of NiCo,0, and D-NiCo,0 ; (b) Raman spectra of CuCo,0,-1, CuCo,0,-2, and CuCo,0,-3.

4.2 X-ray photoelectron spectroscopy (XPS)

XPS, a highly sensitive ultra-microscopic surface analysis technique, was com-
monly used in early research of defect chemistry to characterize defects in catalysts. It
identifies defect types or concentrations by analyzing surface peak positions, valence
bond changes, and bonding information [28, 29].

As shown in Figure 3(a), the O 1 s spectrum of NiCo,O, was fitted into O1, 02,
and O3 with binding energies of 529.6, 531.2, and 532.6 eV, respectively. The O1 peak
is attributed to the oxygen-metal bonds, specifically the interactions between oxygen
and metals such as Co or Ni (O-Co/Ni). The O2 peak is likely associated with defective
oxygen structures that exhibit low coordination numbers. Meanwhile, the O3 peak
corresponds to oxygen species that are part of adsorbed water molecules [30]. Itis
evident that there is a significant increase in O2 for D-NiCo,0, certifying the suc-
cessful introduction of oxygen vacancies. The oxygen vacancy structure significantly
influences the catalytic oxidation reaction by transforming O, molecules into active
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Figure 3.

XPS spectra of (a) O 1, (b) Ni 2p for NiCo,0,, and D-NiCo,0 ; XPS spectra of (c) Co 2p, (d) O 1, and (e) Fe
2p for the pristine CoFe,O, hollow nanospheves and the reduced CoFe,0O, nanosheet; (f) O 15 XPS spectrum of
CFB-2 before and after the reaction; the fitted (g) Co 2p and (h) O 15 spectra of different FeCo,0,, samples.
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surface oxygen and increasing oxygen mobility. In Figure 3(b), the Ni 2p3/2 spectrum
could be decomposed into the doublets of spin-orbits, with peaks corresponding to
Ni** at 854.6 eV and Ni** at 855.9 eV, respectively [26]. The ratio of Ni**/Ni*", as well
as Co™*/Co, in the defect-engineered D-NiCo,0y is notably higher than that observed
in the pristine NiCo,O,. The significant increase suggests that the defects engineering
process could effectively reduce state of the metal ions. This correlates with the higher
proportion of oxygen vacancies in D-NiCo,0y, created to balance the valence state.
Interestingly, the Ni**/Ni’* ratio exhibits a more pronounced increase compared to
that of Co”*/Co”*, indicating that Ni** ions are more readily reduced than Co’" ions.

The deficiencies in the reduced CoFe,O4 NS and its corresponding pristine
CoFe,0, hollow nanospheres were then characterized by XPS [13]. As shown in
Figure 3(c), the Co 2p spectra of hollow CoFe,O4 nanospheres and reduced CoFe,0,
NS are well fitted to 7 components, indicating the coexistence of Co®* and Co’* in
CoFe,0,. The Co?*/Co’* ratio on the surface of the hollow CoFe,O,4 nanospheres is
0.87, while that for the reduced CoFe,04 NS is as high as 2.8. This significant increase
suggests that the reduction process has led to a substantial enrichment of Co** species
on the surface of the CoFe,O, NS [12]. As evidenced by the detailed deconvolu-
tion of the O 1 s spectra, the reduction process involving NaBH, has been shown
to generate a higher concentration of oxygen vacancies on the surface of CoFe,0,.
Figure 3(d) illustrates the O 1 s region, which can be deconvoluted into four distinct
oxygen peaks. The O1 peak, centered at approximately 529.7 eV, corresponds to
metal-oxygen bonds. The O2 peak, observed at a higher binding energy of 531.2 eV,
is characteristic of oxygen defect sites. The O3 peak, positioned at around 532.5 eV,
is indicative of surface-adsorbed oxygen or hydroxyl groups. Lastly, the O4 peak at
533.4 eV is associated with adsorbed molecular water, as referenced in [12]. As shown
in Figure 3(e), the Fe 2p spectra are characterized by two shakeup satellites at 718.1
and 732.8 eV, along with two spin-orbit doublet peaks corresponding to Fe 2p3/2 and
Fe 2p1/2. The XRD and XPS analyses suggest that the NaBH, reduction method is an
efficient and reliable approach for preparing homogeneous metal oxides that are rich
in oxygen vacancies.

As further observed in Figure 3(f), there is a noticeable decrease in the relative
peak area ratio between defect oxygen and lattice oxygen. This reduction primarily
stems from the reaction of oxygen vacancies on the catalyst surface with dissolved
oxygen in water, leading to the formation of metastable intermediates (Oy-O*) [31].
These intermediates serve as activation centers that facilitate the production of reac-
tive oxygen species (ROS), particularly «O,” and '0,. The oxygen vacancies present
on the surface of the CoFe,O,-loaded biochar composite (CFB-2) partially contribute
to 'O, generation through their transformation into metastable intermediates with
dissolved oxygen. To elucidate the enhanced performance of R-FeCo0,0,4, XPS mea-
surements were conducted on three FeCo,0, samples. Figure 3(g) presents the O 1's
spectra, which can be deconvoluted into two peaks at 529.7 and 531.3 eV. The peak at
529.7 eV is associated with lattice oxygen (Oy), while the peak at 531.3 eV corresponds
to adsorbed oxygen on an oxygen vacancy (Oy) [17]. It is evident that the OV/OL
ratio for R-FeCo,0, (46.7%) is significantly higher than that of P-FeC0,0, (29.1%)
and M-FeC0,0; (3.2%), indicating that laser fragmentation has generated a greater
number of oxygen vacancies in R-FeC0,0;. The high-resolution Co 2p XPS spectra
depicted in Figure 3(h) reveal that the majority of cobalt cations in the FeC0,0,4
samples are in the Co’" state. However, R-FeCo0,0, exhibits a more pronounced peak
related to Co’* ions compared to the other samples, and Co** ions have been identified
as the catalytically active sites for the ORR.
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4.3 Electron paramagnetic resonance (EPR) spectra

EPR is a magnetic resonance technique based on the magnetic moment of
unpaired electrons, which is capable of both qualitatively and quantitatively detect-
ing unpaired electrons within material atoms. It offers insights into the structural
characteristics and immediate surroundings. EPR characterization is instrumental in
confirming the presence of oxygen vacancies, providing valuable information about
their formation and distribution within the material. As depicted in Figure 4(a),

D- NiCo,04 exhibits a pronounced EPR signal, with a peak intensity approximately
4.1 times greater than that of NiC0,0,, at a g-value of 1.99975. This signal is indicative
of paramagnetic oxygen vacancies within the spinel oxide structure, thereby robustly
confirming that the mechanochemical process has successfully introduced a substan-
tial number of oxygen vacancies into NiCo,O,4 [26]. In Figure 4(b), all CuC0,0;-1,
CuCo,04-2, and CuCo,04-3 exhibited an EPR signal centered at approximately 3360,
which can be ascribed to the surface electrons that are trapped at the oxygen vacancy
sites. The highest intensity of EPR signal for CuCo,04-3 suggests the most oxygen
vacancies on the surface [27]. The oxygen vacancies present on the surface of the
CoFe,0,-loaded biochar composite (CFB-2) play a partial role in generation of 'O, by
transforming into a metastable intermediate in conjunction with dissolved oxygen.

The asymmetric stretching vibration of the Fe/Co-O bond, characteristic of the
T2g mode, was detected at the tetrahedral position in the CFB-2 catalyst, signify-
ing a substantial presence of oxygen vacancies (OVs). Concurrently, a pronounced
asymmetric signal at g = 2.003 is distinctly visible in Figure 4(c), which is indicative
of the trapping of unpaired electrons within these oxygen vacancies. The underly-
ing mechanism involves electron-rich groups on the biochar (BC) acting as Lewis
bases to mediate electron transfer, thereby initiating a redox reaction that leads to
the formation of singlet oxygen (‘0,). The metastable intermediates created by OVs
effectively reduce the O-O bond strength, resulting in a significant production of
reactive oxygen species (ROS). Additionally, a high-valent metal ion formed through
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Figure 4.
(a) EPR spectra for NiCo,0, and D-NiCo,0,; (b) EPR spectra of CuCo,0,-1, CuCo,0 -2, and CuCo,0,-3; (c)
the EPR spectra of CFB-2 before and after the reaction; (d) EPR spectra of CFO and NPCFO-700.
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a two-electron transfer process aids in the electron transfer to superoxide (¢O;"),
facilitating the generation of '0,.

In-situ EPR analysis was utilized to further elucidate the disparity in oxygen
vacancy concentration between CFO and NPCFO-700, as shown in Figure 4(d).
It has been documented that the EPR resonance signal with a g value of 2.003 cor-
responds to the free spins induced by OVs and is directly proportional to the OV
concentration [32]. In this context, the EPR signal intensity of NPCFO-700 was more
intense than that of CFO, suggesting a higher concentration of oxygen vacancies in
NPCFO-700 compared to other NPCFP-x samples.

5. Analysis of the mechanism of spinel oxygen defects

Oxygen vacancies can significantly adjust the electron density around the Fermi
level, effectively forming and transforming reaction intermediates. They can effec-
tively regulate the structure and electronic properties of spinel, adjust electronic
configurations, and change the center position of the d-band of metal oxides, enhanc-
ing the surface adsorption/desorption ability of catalysts and optimizing electro-
catalytic kinetics and catalytic activity. Theoretical studies have shown that vacancy
modification increases the active sites and reduces the catalytic energy barrier, lowers
the Gibbs free energy at the basic reaction level, and ultimately improves its electro-
catalytic performance [33-38].

As shown in Figure 5(a), to certify the enhancement of DCM dichlorination
reaction activity on CuCo0,0;4 (311) and CuCo0,04-Oy, DFT calculations were carried
out to investigate the active sites and catalytic mechanism. It is worth noting that the
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(a) Reaction energy barrier for the dechlorination of DCM to CH, on CuCo,0, catalysts; (b) Curves of projected
density of states of Co d, Cu d, and O p orbitals for CuCo,0, (311) and CuCo,0, (311)-O,; (c) The reaction
mechanism of R-FeCo,0, with Ov; (d) The DFT diagram of pristine FeCo,0, and R-FeCo,0,; (e) O, formation
energy (Ey) induced by the reduction of Co, Ni, and the corresponding crystal structure; (f) Calculated DOS
curves for pristine NCO and R-NCO.
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second dechlorination step (from * — CH,Cl to * — CH,) is the potential limiting step
for CuCo0,04 (311)-Oy-Cu, which shows the lowest energy barrier.

The results indicate that the CuCo,04 (311)-Oy-Cu is the most active site for the
dechlorination of CH,Cl, into CHy. The projected density of states (PDOS) plots,
as depicted in Figure 5(b), elucidate the intricate electronic interactions that occur
between the adsorbates and the catalysts. Notably, they reveal a significant reduction
in the d-band center for Oy-Cu, which leads to weaker binding between the *CH,4
intermediate and CuCo,04 (311)-Oy-Cu, and further improvement in dechlorination
performance [27].

Subsequently, they conducted DFT calculations to dissect the impact of oxygen
vacancies on the catalytic mechanism. Both the OER and the ORR encompass four fun-
damental reaction steps, as illustrated in Figure 5(c). During the ORR, O, molecules
are adsorbed onto the catalyst surface and sequentially reduced to *OOH, *O, *OH,
and ultimately H,O. Conversely, the OER occurs in the opposite direction. The free
energy diagrams derived from DFT calculations are portrayed in Figure 5(d), where a
substantial thermodynamic barrier (AG) is observed for the formation of *OOH on the
pristine FeCo,0, surface devoid of oxygen vacancies. Upon introducing oxygen vacan-
cies into R- FeCo,0y, this AG value is markedly diminished, thereby enhancing the
efficiency of both the ORR and OER processes. The substantially reduced AG values
for the reduction of *O to *OOH and *OOH to O, indicate a higher catalytic efficiency
for the four-electron dominant process, which is corroborated by the K-L plot results.
Consequently, the DFT findings underscore the pivotal role of oxygen vacancies in
augmenting the catalytic activities of FeCo,0,4 for both ORR and OER [17].

The DFT calculations also assessed the formation energy (Ef) of oxygen vacancy
structures (Oy-Ni and Oy-Co) associated with the reduction of Ni** and Co’*, respec-
tively. As depicted in Figure 5(e), the formation energy for Oy-Ni is notably lower than
that for Oy-Co, effectively substantiating the enhancement of reducibility and oxygen
vacancy formation due to the incorporation of Ni into the spinel structure [26].

The extensive study, encompassing both experimental analyses and theoretical
computations, has revealed the presence of single-site oxygen vacancies (SSOVs)
and their role in enhancing the dissociation of N-O bonds in catalytic reactions. In
the context of the rate-determining step for the NO+CO reaction on CO-CuMn,0y,
we conducted density functional theory (DFT) calculations to compare the reaction
pathways on CO-CuO and CO-Mn;0s.

As illustrated in Figure 6(a), the computational models for SSOVs on mono-
component catalysts are depicted as CO-CuO (111) and CO-Mn,0; (111). On the
CO-CuO (111) surface, CO and NO molecules are capable of adsorbing onto the cop-
per site in proximity to the oxygen vacancy. However, the energy barrier for the
transition state TS1’ is exceedingly high at 2.31 eV, which confines the nitrogen atom
(N*) to the surface, rendering it incapable of occupying the oxygen vacancy in the
subsequent reaction step. A comparable situation arises in the reduction of NO by
CO on the CO-Mn,05(111), where the energy barrier for the transition state TS1”
is also notably high at 2.20 eV. This barrier prevents the N* atom from directly fill-
ing the oxygen vacancy on the CO-Mn,05(111) surface. Furthermore, as shown in
Figure 6(b-f), crystal orbital Hamilton population (COHP) analyses were performed
for the CO-CuMn,0,(100), CO-Cu0O(111), and CO-Mn,05(111) surfaces. In COHP
analysis, negative values typically indicate bonding interactions, while positive
values denote antibonding interactions. The analysis of the Integrated Crystal Orbital
Hamilton Population (ICOHP) values for the N-O bonds in Figure 6(b-d) suggests
that the difficulty in breaking the N-O bond should be ranked as CO-Mn,05(111) > C
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Figure 6.

(a) Energy comparison of key steps of the NO + CO reaction on CO-CuMn,0O, (100), CO-CuO(111),
and CO-Mn,0;(111) surfaces, (b-d) the ICOHP results of the N-O bond over (b) CO-CuMn,O, (100),
(c) CO-CuO(111), (d) CO-Mn,0;(111) surfaces, (e, f) the ICOHP results of Cu and C atoms over, (e)
CO-CuMn,0,(100), and (f) CO-CuO(111) surfaces.

0-CuMn;04(100) > CO-CuO(111). Theoretically, a higher difficulty in breaking the
N-O bond would impede the reaction progress. However, upon scrutinizing the energy
barriers associated with the pivotal step (*N-O + Cu-*CO — *N + CO,) as depicted in
Figure 6(a), it can be deduced that the reaction activity on the four catalysts follows
the order of CO-CuMn,0,(100) < CO-Mn,05(111) < CO-CuO(111).

In practice, for the NO + CO reactions on CO-CuO(111) and CO-CuMn,0,4(100)
surfaces, CO must undergo migration from Cu sites to the adsorbed NO, and the
dissociation of the Cu-C bond during this transition could significantly influence
the energy barrier of TS1. The ICOHP values presented in Figure 6(e, f) suggest that
the strength of the Cu-C bond on the CO-CuMn,04(100) surface is weaker than that
on CO-Cu0(111), which facilitates CO migration on the CO-CuMn,0,(100) catalyst
surface and enhances its reactivity with NO. Consequently, the bond strength of the
Cu-C is a pivotal factor that warrants consideration, in addition to the N-O bond
strength of adsorbed NO. Moreover, the adsorption capacity for CO molecules is
limited on the CO-Mn,05(111) surface, which is detrimental to the subsequent NO +
CO reaction.

The exhaustive investigation, encompassing both experimental characterizations
and theoretical computations, has unveiled the presence of SSOVs and their pivotal
role in facilitating the dissociation of N-O bonds during catalytic reactions. To gain
insights into the rate-limiting step of the NO+CO reaction on CO-CuMn,0,, we con-
ducted DFT simulations of analogous reaction pathways on CO-CuO and CO-Mn,0s.
As depicted in Figure 6(a), the computational models for single-component catalysts
featuring SOVs are exemplified by CO-CuO(111) and CO-Mn,05(111). Both CO and
NO molecule adsorb preferentially at Cu sites adjacent to OVs on the CO-CuO(111)
surface. However, the transition state of TSI’ encounters a formidable energy barrier
of 2.31 eV, which confines the N* atom to the surface, preventing it from occupy-
ing the oxygen vacancy in the subsequent steps. In similar, the reduction of NO by
CO on CO-Mn,05(111) mirrors this trend, with an equally steep energy barrier of
2.20 eV for TS1”, hindering direct occupation of the oxygen vacancy by the N* atom.
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Furthermore, Figure 6 (b-f) presents crystal orbital Hamilton population (COHP)
analyses for CO-CuMn,04(100), CO-CuO(111), and CO-Mn,05(111) surfaces. In
COHP, negative values signify bonding interactions, whereas positive values indicate
antibonding. Analyzing the ICOHP values for N-O bonds in Figure 6(b-d) suggests
that the difficulty of N-O bond cleavage follows the order: CO-Mn,05(111) > CO-CuM
n,04(100) > CO-CuO(111). Theoretically, this order implies a corresponding increase
in reaction difficulty. Nevertheless, contrasting the energy barriers for the crucial step
(N-O + Cu-CO — *N + CO,) in Figure 6(a) reveals a contrasting trend: CO-CuMn,
0,4(100) < CO-Mn,05(111) < CO-CuO(111). Notably, for reactions on CO-CuO(111)
and CO-CuMn,04(100), the migration of CO from Cu sites to the adsorbed NO is
essential, and the disruption of the Cu-C bond during this migration can significantly
modulate the energy barrier at TS1. The ICOHP values depicted in Figure 6(e, f)
suggest that the Cu-C bond on the surface of CO-CuMn,0,(100) is comparatively
weaker, facilitating CO migration and enhancing its reactivity with NO. Thus, the
Cu-C bond strength, in addition to the N-O bond strength of adsorbed NO, is a
crucial factor influencing the TS1 energy barrier. Lastly, the limited CO adsorption
capacity on CO-Mn,05(111) hinders the subsequent NO+CO reaction.

6. Conclusions

In summary, oxygen vacancies in spinel oxides are a crucial factor influencing
their structural and functional properties. These vacancies, which can be introduced
through various methods such as heat treatment, chemical reduction, etching,
doping, and composite formation, significantly alter the material’s physical proper-
ties like conductivity, redox capability, and catalytic activity. They provide active
sites, enhance electron/ion transfer rates, and lower reaction activation energies,
thereby improving the overall performance of spinel oxides in catalytic reactions.
Characterization techniques provide insights into the distribution, concentration,
and nature of oxygen vacancies. For example, XPS can reveal changes in the oxida-
tion states of metal ions and the presence of defective oxygen structures, while EPR
can confirm the presence of unpaired electrons associated with oxygen vacancies.
Theoretical calculations, such as DFT, further support the experimental findings
by illustrating the role of oxygen vacancies in modifying the electronic structure of
spinel oxides and facilitating catalytic reactions.
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