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ABSTRACT: Enhancing the catalytic oxidation activity of tradi-
tional transition-metal oxides to rival that of noble metals has been
a prominent focus in the field of catalysis. However, existing
synthesis strategies that focus on controlling the electronic states of
metal centers have not yet fully succeeded in achieving this goal.
Our current research reveals that manipulating the electronic states
of oxygen centers can yield unexpected results. By creating
electron-rich, aperiodic lattice oxygens through atomic topping of
MnOx, we have produced a catalyst with performance that closely
resembles supported Pt. Spherical aberration-corrected trans-
mission electron microscopy and X-ray absorption spectra have
confirmed that the atomic topping of the MnOx layer on Al2O3 can
form an aperiodic arrangement oxide structure. Near-ambient pressure X-ray photoelectron spectroscopy, in situ diffuse reflectance
infrared Fourier transform spectroscopy, reaction kinetics test, and theoretical calculations demonstrated that this structure
significantly increases the electron density around the oxygen in MnOx, shifting the activation center for CO adsorption from Mn to
O, thereby exhibiting catalytic activity and stability close to that of the precious metal Pt. This study presents a fresh perspective on
designing efficient oxide catalysts by targeting electron-rich anionic centers, thereby deepening the understanding of how these
centers can be altered to enhance catalytic efficiency in oxidation reactions.

■ INTRODUCTION
The catalytic oxidation reaction using molecular oxygen as the
oxygen source is an important reaction process in heteroge-
neous catalysis, widely used in fields such as gas pollutant
elimination and fine chemical synthesis.1−8 Earth-abundant
transition-metal oxides, in comparison with precious metals,
have sparked interest in research and development of oxidation
catalysts because of their low-cost and biological relevance.9−13

However, the development of metal oxide catalysts guided by
the metal-centered redox mechanism (i.e., the Mars−van
Krevelen mechanism) often leads to complications related to
activity and stability of the catalysts.1 The established Mars−
van Krevelen mechanism for heterogeneously catalyzed
oxidation reactions involves adsorption of reactant molecules
on metal centers and the transfer of oxygen atoms from a solid
oxide to a reactant gas, which requires energy to break bonds
and form new bonds.14−17 The overall process is thermody-
namically favorable but kinetically slow. Thus, it requires
energy input and modulation of reactive species for improved
reaction kinetics.
Finding new reaction pathways to break through metal-

centered redox mechanisms is the most promising solution to
enhancing catalytic performance. For metal oxide catalysts, it is

necessary to consider exploiting the role of lattice oxygen in
the activation of reactant adsorption, but this poses significant
challenges as it requires significant reactivity enhancement in
the electronic properties of lattice oxygen.17−19 Although the
lattice oxygen-centered redox mechanism has highlighted some
critical advantage in the oxygen evolution reaction and NO
oxidation,12,20,21 the catalysts (mainly for doped oxide
materials) do not exhibit the expected universality for catalytic
oxidation reactions. The effectiveness of catalysts is signifi-
cantly affected by external factors, including the influence of an
external electric field on lattice oxygen during oxygen evolution
reactions and the importance of the electronegativity of
nitrogen in the reactants during NO storage and oxidation
processes.
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In recent years, atomically dispersed catalysts with adjustable
coordination environment and electronic structure have
attracted great interest due to their high atomic utilization
efficiency and the unique quantum size effects of nanomateri-
als.22−26 Atomic-layered catalysts with dense active centers can
also exhibit synergistic effects between adjacent atoms.27−30

Nevertheless, current research efforts primarily concentrate on
enhancing the efficiency of noble metals’ utilization and
exploring the cooperative catalysis between adjacent noble
metal atoms.27,28,30 There is still uncertainty about whether
oxide materials formed at the atomic level will exhibit special
properties and how they might affect the electronic properties
of oxygen in the surrounding environment.
In this work, we found that the “atomic topping” MnOx layer

on Al2O3 is advantageous in controlling the electronic
properties of lattice oxygen. The large area atomically
dispersed “manganese layer topping” on the surface of alumina
forms an aperiodic structure that significantly increases the
electron density around the oxygen in MnOx. Complementary
characterization, including near-ambient pressure X-ray photo-
electron spectroscopy (NAP-XPS) and in situ diffuse
reflectance infrared Fourier transform spectroscopy (in situ
DRIFTS), reaction kinetics test, and theoretical calculations
based on DFT have demonstrated that the activation center for
CO adsorption effectively shifts from Mn to O, exhibiting
catalytic activity and stability close to that of precious metal Pt.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of MnOx/Al2O3 Cata-

lysts. MnOx/Al2O3 materials were prepared by in situ
reduction of KMnO4 loaded on the surface of γ-Al2O3 using

H2O2 as the reducing agent (experimental details are shown in
the Supporting Information, Figure S1). The obtained
manganese oxide species were uniformly dispersed on the
surface of alumina, and no crystalline large particles were
detected, which was confirmed by XRD, EDS elemental
mapping, TEM, and nitrogen adsorption isotherms (Figures
1a, S2, and S4, and Table S1). Spherical aberration-corrected
transmission electron microscopy (AC-TEM, Figure 1b−d)
was employed to analyze the microstructure of surface Mn
species. The two-dimensional structure of manganese oxide
presents an aperiodic state spread on the surface of γ-Al2O3,
and lattice stripes belonging to MnO2 and Mn2O3 can be
clearly observed in the adjacent region (Figure 1d). This
phenomenon can be observed in all the detected regions of the
MnOx/Al2O3 sample with a 20% Mn content (Figures 1b and
S5). X-ray absorption near edge structure (XANES) further
confirms the aperiodic state of manganese oxide (Figure 1e).
With the increase of manganese content, the intensity of pre-
edge peak increased (the blue rectangular area and purple
arrow), reflecting the gradual reduction of material symme-
try.31 In addition, the blue shift of absorption-edge band edge
(the gray rectangular area and black arrow) with the increase of
Mn content implies that the Mn valence state increased and 3d
orbital occupancy decreased.32

Fourier transform (FT) of the extended X-ray absorption
fine structure (EXAFS) spectra (Figure 1f) of the MnOx/Al2O3
shows that all these samples exhibit a prominent peak at 1.49 Å
that corresponds to the first shell of Mn−O coordination,
while the peak at 2.46 Å is associated with the second shell of
Mn−O−Mn coordination. Quantitative FT-EXAFS fitting
results (Figure S6 and Table S2) show that all these samples

Figure 1. Structure characterization of MnOx/Al2O3. (a) TEM images of 20MnOx/Al2O3, inset is the SAED pattern, and below is the EDS element
mapping (scale bars, 100 nm). (b,c) AC-TEM images of 20MnOx/Al2O3. The white rectangular areas show the MnOx atomic layer. (d)
Enlargement of the white rectangular area in (c). (e) XANES results of the Mn K-edge. (f) R-space spectra of different samples.
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are with similar Mn−O coordination number of about 3.5 and
gradually increasing Mn−O−Mn contribution from 0.9 of
2MnOx/Al2O3 to 2.9 of 20MnOx/Al2O3. At the same time, the
bond length of Mn−O increases with the increase in Mn
content (Figure S7 and Table S2), which is correlated with the
Mn valence state information reflected by XANES, indicating
that the covalent electrons between Mn and O are more likely
to be distributed around O.
Mn 2p, Mn 3s (Figure S8), and O 1s (Figure S9) XPS

results further validate the results of XANES and EXAFS. The
binding energy of Mn 2p increased from 641.7 eV of 2MnOx/
Al2O3 to 642.5 eV of 20MnOx/Al2O3 (Figure 2a). The spectral

splitting of the Mn 3s spectrum decreased with increasing Mn,
implying that Mn loses electrons and increases valence (Figure

S8).33,34 The valence band photoemission spectra of MnOx/
Al2O3 are further investigated. Figure 2b shows a significant
increase in the intensity around the Fermi energy of MnOx/
Al2O3 as Mn content increases. The experimental data and
DFT results indicate that the valence band is jointly
contributed by Mn and O (Figure S11). Among them, O
contributed more significantly, which fully confirms the
formation of electron-rich oxygen in 20MnOx/Al2O3. The
electron-rich oxygen exhibits significantly enhanced reactivity,
which can be verified by the results of H2-TPR (Figure S12)
and O2-TPD (Figure S13).

Catalytic Activity Evaluation. Catalytic CO oxidation
was first carried out to compare the catalytic performance of
MnOx/Al2O3 with different Mn contents. The H2O2 treatment
increasing the activity of alumina has been ruled out and we
only focus on the properties of surface MnOx layer (Figure
S14). CO conversion over these catalysts exhibits S-shaped
curves and increases upon the increase of reaction temperature.
The samples exhibit activity trend of 20MnOx/Al2O3 >
10MnOx/Al2O3 > 5MnOx/Al2O3 > 2MnOx/Al2O3 (Figure
S15). We also compare the performance of 20MnOx/Al2O3
with representative manganese oxides catalysts, including
MnO2 and Mn2O3 (Figure 2c). Among them, 20MnOx/
Al2O3 exhibited the highest activity. Under normal conditions,
T50 (50% conversion temperature of CO) was achieved at 137
°C, which is about 40 °C lower than that of MnO2 and 118 °C
lower than that of Mn2O3. The catalytic performance of
20MnOx/Al2O3 is even comparable with 2 wt % Pt/Al2O3
(Figure 2c, T50 = 133 °C) and higher or comparable in
comparison with the supported-Pt catalysts reported in the
literatures (Table S3). The catalyst also performs well in the
oxidation of toluene. It is known that a great deal of strategies
have been carried out to improve the catalytic activity of Mn-
based catalysts, such as optimizing crystal phases, creating
surface vacancies, and forming heterostructure or bimetallic
oxides. The catalytic performance of MnOx/Al2O3 remains
comparable or leading among these reported results (Figure
S16 and Table S4). All these results showed that constructing
atomic-layered structure manganese oxides on the surface of

Figure 2. Electronic properties and catalytic activity of different
catalysts. (a) Mn 2p XPS results. (b) XPS valence band spectrum. (c)
CO conversion curves of different samples. Reaction conditions: SV =
60,000 mL·g−1·h−1, 1 vol % CO, 5 vol % O2, and Ar balanced. (d) CO
conversion curves measured by diluting the catalyst with Al2O3 to
achieve the same Mn content, among which 2MnOx/Al2O3 is not
diluted. Other reaction conditions are the same as (c).

Figure 3. Dynamic changes of catalysts. (a) Mn 2p NAP-XPS of 20MnOx/Al2O3 at different temperatures and atmospheres. (b) Raw spectrum of
Mn 2p NAP-XPS results at 80 °C. (c) Raw spectrum of the O 1s NAP-XPS at 80 °C (top) and deconvolution of the O 1s spectrum based on the
peak-fitting parameters at different atmospheres. (d) Ratio changes of different species in different atmospheres based on peak-fitting results. (e)
Mn 2p NAP-XPS results of 20MnOx/Al2O3-ref under different atmospheres at 160 °C.
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Al2O3 could obtain highly efficient catalysts for catalytic
oxidation.
The above test is carried out under the same mass of

catalysts, where the amount of Mn is different (Figure S15).
To avoid the influence of the Mn content, we also investigate
the performance of dilute MnOx/Al2O3 samples with Al2O3 to
maintain the same amount of Mn sites. Under this reaction
condition, the samples exhibit similar activity trend in catalytic
CO oxidation, that is, 20MnOx/Al2O3 > 10MnOx/Al2O3 >
5MnOx/Al2O3 > 2MnOx/Al2O3. Combining the character-
ization results of XANES and XPS, the reaction results suggest
that electron-rich oxygen and the high-valence state Mn exhibit
high catalytic activity. To confirm this proposition, a type of
manganese oxide with a relatively low-valence state of Mn was
synthesized. To be comparable with the previous samples, the
Mn content was also controlled at 20%, and alumina was used
as the support. The characterization results, including XRD,
XPS, XANES, EXAFS, and AC-TEM (Figures S18−S24, Table
S5), represent that manganese oxide is dispersed on the surface
of alumina in the form of nanoparticles of around 10 nm, with
an average valence state of Mn of about 2.88. Considering the
metal-centered redox mechanism, the low-valence state of Mn
should be more favorable for the adsorption and activation of
CO. In contrast, 20MnOx/Al2O3-ref exhibits obviously low
activity in catalytic oxidation, much lower than that of
20MnOx/Al2O3 (Figure 2d). This result confirms, on one
hand, that electron-rich oxygen and high-valence state Mn are
more favorable for CO oxidation while also indicating that the
catalyst does not follow a metal-centered redox mechanism.
Mechanism Study of MnOx Atomic Layer in Catalytic

CO Oxidation. To observe the structural dynamics of MnOx,
two in situ spectroscopy approaches were employed. Among
them, in situ NAP-XPS was used to measure the surface
electronic properties of the working catalysts and in situ
DRIFTS was carried out to probe the interaction of the surface

sites with the reacting molecules. The NAP-XPS spectra of the
Mn 2p shown in Figure 3a reveal that the 20MnOx/Al2O3
contains similar Mn states under clean, CO, and CO + O2
conditions at different temperatures. There is no evidence to
suggest that direct interaction exists between Mn sites and
reactants. When we zoom the peak edge of Mn 2p XPS, we can
observe some subtle changes (Figure 3b). The Mn 2p signal
moves toward low binding energy as CO introduces and
partially restores with the addition of oxygen. These subtle
changes should be caused by the charge disturbance of the
neighboring atoms. The obvious change can be measured in
the O 1s XPS spectra of 20MnOx/Al2O3 (Figure 3c). The ratio
of Mn−O−Mn (at 529.7 eV) decreased from 0.482 at the
clean state to 0.383 at a CO atmosphere, which means that the
active bridge lattice oxygen was consumed by CO. DFT
simulations indicate that CO tends to adsorb on the O sites to
initiate the reaction. Meanwhile, the oxygen vacancy (at 530.6
eV) increased from 0.052 to 0.115. The peak at 531.6 eV
remaining almost unchanged means that Al−O is inert.
After introducing O2, the consumed Mn−O−Mn signal is

partially restored to 0.420 and oxygen vacancy is decreased to
0.076 (Figure 3d). This implies that oxygen backfilling and
Mn−O−Mn centers recover. When the temperature was
changed to 140 and 160 °C in a CO atmosphere, Mn−O−Mn
species decreased and formed oxygen vacancies, which means
that the reaction further proceeds as the temperature increases
(Figure S25a,c,e). After adding O2, the above two signals show
opposite changes. The Mn−O−Mn species increased and
oxygen vacancy decreased as temperature rising implies oxygen
backfill (Figure S25b,d,f). However, we can find that the CO
atmosphere shows more steeper curves than the CO + O2
atmosphere, which means that the catalytic cycle can operate
well at 80 °C and O2 can be well activated even at lower
temperature. This reaction pathway shows a new Mars−van
Krevelen mechanism led by exposed oxygen sites instead of the

Figure 4. Reaction mechanism analysis. (a,b) In situ DRIFTS of a 20MnOx/Al2O3 and (b) 20MnOx/Al2O3-ref under a CO atmosphere at different
temperatures. (c,d) Reaction rate as a function of the CO partial pressure (c) or the O2 partial pressure (d). The error bar represents the standard
deviation based on three measurements under a given pressure.
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metal center. We also performed the reference experiment, the
corresponding NAP-XPS spectra for the 20MnOx/Al2O3-ref
sample exhibit three different states of Mn under similar
conditions (Figure 3e). Obviously, the Mn chemical states of
20MnOx/Al2O3-ref are dependent on the applied reaction
conditions, suggesting the presence of interaction between CO
and the cationic Mn site. Such an interaction includes the
electrostatic, σ, and π contributions to the bonding of CO in
Mn+−CO species. Among them, π-back-donation from CO
causes the negative shift of Mn 2p binding energy. The
copresence of CO and O2 weakens this negative shift due to
the increase of CO2 formation rate in the oxygen atmosphere.
Based on these results, we can preliminarily propose that CO
oxidation over 20MnOx/Al2O3-ref should mainly proceed via
the conventional Mars−van Krevelen mechanism.

Using CO as a probe molecule, the interaction of the surface
sites with the reacting molecules was further measured by in
situ DRIFTS (Figure 4a,b). The samples were first pretreated
in an Ar flow (20 mL min−1) at 200 °C for 20 min to remove
the adsorbed water and molecular oxygen. The spectra of the
pretreated samples were recorded as backgrounds. Generally,
3800−3000 cm−1 is the stretching region of O−H. Among
them, bands at 3710−3700, 3660−3640, and 3550−3500 cm−1

are assigned to isolated hydroxyls, bridging hydroxyls, and
multiple bonded hydroxyls, respectively. The broad band at
3400−3100 cm−1 can be ascribed to the hydrogen-bridging
hydroxyls.35 In our case, broad negative peaks can be observed
over two representative samples, 20MnOx/Al2O3 and
20MnOx/Al2O3-ref, indicating the formation of −OH−CO
complexes (the formate species) during the CO adsorption. In

Figure 5. DFT calculation results. (a) Optimized structure of MnOx/Al2O3, with atoms Mn1, Mn2, and O2 labeled that they are involved in the
reaction. The arrow indicates the site at which CO is adsorbed. (b) As the reaction pathway from CO to CO2, the DFT energy of adsorption
structure CO−MnOx/Al2O3 is set to zero as reference. The reactant (CO−MnOx/Al2O3), transition state, and product (vdW complex of CO2 with
MnOx/Al2O3) structures are presented along with the energy profile. (c) Enlarged detailed structure plot includes electron density difference
(isosurface value: 0.03 e/Å3) of CO−MnOx/Al2O3 and Mayer bond orders (BO) are also labeled on the bonds. (d) Electron density difference
contour plot of CO−MnOx/Al2O3, the contour plane is defined by three Mn1, C, and O2 atoms; the red regions indicate electron accumulation
and the blue regions indicate electron decrease. (e) Projected COHP on the C−O2 and C−Mn2 bonds. Fermi energy is set at 0 eV. (f) CO
adsorption on the α-Mn2O3(001) surface, isovalue: (isosurface value: 0.05 e/Å3); (g) CO adsorption on the α-Mn2O3(110) surface, isovalue:
(isosurface value: 0.05 e/Å3); and (h) CO adsorption on the α-Mn2O3(110) surface, isovalue: (isosurface value: 0.01 e/Å3). The Mayer bond order
and bond length are labeled.
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this region, 20MnOx/Al2O3 has no significant difference with
20MnOx/Al2O3-ref because of the presence of large amount of
Mn−OH and Al−OH on the surface of two samples. The OH
groups can easily react with CO to form the formate species,
even at low temperatures. The difference is located in the
region of 1700−1200 cm−1. Such signals can be readily
assigned to the C−O stretching and bending modes of
carbonate and formate species. In this region, very weak signals
can be observed over 20MnOx/Al2O3-ref. On the contrary, the
apparent peaks of 20MnOx/Al2O3 at 1606, 1541, and 1324
cm−1 indicate the formation of carbonate species.36 In
combination with in situ NAP-XPS and in situ DRIFTS, it
can be proposed that CO oxidation occurs through different
routes over MnOx with different surface oxygen activity. Over
20MnOx/Al2O3, CO adsorbed on active O species forms
carbonate intermediates, which are easily decomposed into
CO2 during the reaction. While over 20MnOx/Al2O3-ref, the
CO adsorbed on metal ions react with the adjacent oxygen
species to form CO2 and complete the oxidation process.
On 20MnOx/Al2O3 samples, the measured CO and O2

reaction orders were 0.98 and 0.16, respectively. On 20MnOx/
Al2O3-ref samples, the measured CO and O2 reaction orders
were 0.59 and 0.36, respectively (Figure 4c,d). The higher
reaction orders of CO than O2 on both catalysts means that O2
adsorption is better than CO. This is consistent with the
Mars−van Krevelen mechanism that lattice oxygen acts as the
intermediate for oxygen activation and accelerates the reaction
rate. 20MnOx/Al2O3 owns higher CO reaction order and
lower O2 reaction order than 20MnOx/Al2O3-ref. It indicates
that 20MnOx/Al2O3 has a facile oxygen activation and low CO
coverage than 20MnOx/Al2O3-ref.

37,38 As proved by NAP-
XPS, 20MnOx/Al2O3-ref with low-valence Mn centers can
absorb CO easily. This may be the reason for the high CO
coverage on 20MnOx/Al2O3-ref. As for 20MnOx/Al2O3, CO
prefers to adsorb on the oxygen sites than the Mn centers. The
higher surface oxygen activity finally improves the catalytic
performance.
DFT calculations were used to further illustrate the reaction

mechanism of oxidation of CO to CO2. CP2K (version
2023.1)39 and Quantum ESPRESSO (v.7.1)40,41 are used for
DFT calculations. Multiwfn [3.8(dev)]42 and LOBSTER
(5.0.0)43 are used for electron structure analysis. VESTA
(Ver. 4.5.8)44 is used for visualization. In the construction of
the MnOx/Al2O3 substrate model, a monolayer of MnOx was
deposited onto the Al2O3 surface. Geometry optimization
revealed that the MnOx layer adheres to the Al2O3 substrate
through Al−O and Mn−O bonds. The monolayer of MnOx
adopts an amorphous configuration, as shown in Figure 5a, the
O atoms are exposed outward, while most of the Mn atoms are
enveloped by O atoms. This configuration increases the
likelihood of contact between the O atoms in the MnOx
monolayer and CO molecules, compared with the Mn atom.
Furthermore, in our analysis of the density of states (DOS,
Figure S11), we observed that MnOx/Al2O3 displays a metallic
characteristic, primarily attributed to the deposited MnOx layer
that aligns with previous DFT studies on MnOx surfaces
(Mn2O3 and Mn3O4).

45

The reaction pathway is depicted in Figure 5b. The CO
molecule on MnOx/Al2O3 begins with an adsorption structure
where a CO molecule inserts into the bond between O2 and
Mn1. O2 acts as a bridging atom linking Mn1 and Mn2 atoms
(O1, O2, and Mn2, see Figure 5a). The adsorption energy
(defined as the DFT energy of optimized CO−MnOx/Al2O3

minus the DFT energy of optimized isolated CO and isolated
MnOx/Al2O3) is −35.08 kcal/mol, indicating a chemical
adsorption. The chemical bond properties of the adsorption
structure (Figure 5c) have been further researched through
electron density difference, the Mayer bond order,46,47 and
crystal orbital Hamilton population (COHP) analysis.48,49 The
bond length between the C and the O2 atoms is 1.30 Å, while
the Mn1−C distance is 1.93 Å. Mayer bond orders are also
labeled on the detailed adsorption structure in Figure 5c. The
larger bond order between C and O2 (1.43) compared to C
and Mn1 (0.78) suggests that the C atom in CO exhibits
greater affinity toward the O atom. Figure 5d shows the
contour plot of the electron density difference (ρCO+bulk − ρCO
− ρbulk) resulting from the adsorption. The lone pair electrons
on the C atom side decrease, while the region between Mn1
and C exhibits electron density accumulation, consistent with
the 0.78 bond order of the C−Mn1 bond. COHP in Figure 5e
further shows that the bonding orbitals between C and O2 are
located in the lower energy region (−10 to −5 eV), whereas
the most significant bonding orbital between C−Mn1 is
situated much closer to the Fermi level, around −1.6 eV.
COHP further proves that the C atom in the CO molecule
tends to bind more strongly to the O atom. The weaker
interaction between Mn1 and the C atom is crucial for the
formation of CO2 on the MnOx/Al2O3 surface as it requires
less activation energy to break the C−Mn bond. The
adsorption structure crosses a small transition state barrier of
15.28 kcal/mol and yields a van der Waals (vdW) noncovalent
complex of CO2 and a MnOx−1/Al2O3 surface with bimetallic
centers (Mn1−Mn2). The desorption energy of the CO2
molecule from the surface is only 5.61 kcal/mol. The active
bimetallic center is exposed to an environment rich in O2
molecules and becomes the next catalytic center. We also
calculated the adsorption energies of O2 and CO on the
bimetallic center. Our results indicate that O2 exhibits greater
stability in adsorption on the bimetallic center compared to
that of CO (Figure S26). Subsequently, in the following
reactions, an O2 molecule is adsorbed onto the bimetallic
center and oxidizes a CO molecule, and finally, the MnOx/
Al2O3 returns to its original configuration (Figure 5a), through
an isomerization reaction (Figure S27). These processes are
detailed in Supporting Information, Figure S28, depicting the
catalytic cycle.
Afterward, MnOx/Al2O3-ref used α-Mn2O3 as the model

because the XRD results displayed its corresponding diffraction
peaks (Figure S18). The (001) and (110) surfaces were
selected as references. The (001) surface is rich in oxygen
atoms, indicating potentially high oxidizing capacity.50 For
completeness, we also selected the (110) surface as a model
that exposes both Mn and O atoms. In the studied (001) α-
Mn2O3 surface, we observed greater surface regularity
compared to the MnOx/Al2O3 (comparison in Figure S29).
All oxygen atoms act as bridge atoms linking the Mn atoms. In
the search for CO adsorption configurations, we employed two
initial guess structures: one with the C atom on an O atom on
the surface and another with the C atom inserted into the O−
Mn bond. Only one stable adsorption configuration was
obtained, where the C atom of CO is fully bonded to the Mn
atom (Figure 5f), with a binding energy of −37.65 kcal/mol.
Different with reactions on the MnOx/Al2O3 surface, the direct
reaction paths for CO oxidation to CO2 by the (001) surface
are not feasible without C atom interaction with O atoms on
the surface. The (110) surface has similar results, we used
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three initial guess geometries to seek the adsorption structures
(illustrated in Figure S30), we found an adsorption structure of
the C atom bonded on the Mn atom (Figure 5g) and a weak-
interaction absorption configuration, wherein the oxygen atom
is oriented toward the (110) surface (Figure 5h). The C−Mn
bonds on (110) and (001) surfaces are also characterized by
the Mayer bond order (labeled in Figure 5). Notably, the
finding of C−Mn bonds aligns with the XPS results in Figure
3e.

■ CONCLUSION
In this study, we manipulated the properties of oxygen species
by regulating the atomic arrangement of Mn. The atomic layer
of MnOx distributed on Al2O3 was prepared successfully by
using a two-step deposition−reduction method. The formed
large-area Mn−O−Mn layer structure changes the properties
of the bridge lattice oxygen, forming electron-rich oxygen
centers. The exposed activated oxygen species on the surface
can easily adsorb and activate the CO molecules. Unlike the
conventional Mars−van Krevelen mechanism triggered by
metal centers, the activation mechanism in the proposed
catalyst centers around oxygen sites and exhibits superior
reactivity. This work indicates that the properties of active
centers can be adjusted by precisely regulating the catalyst
structure at the atomic layer level. The MnOx atomic layer on
Al2O3 can achieve improved performance in catalytic oxidation
compared to conventional manganese oxides through and
beyond the performance of the Mars−van Krevelen mecha-
nism.
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