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Abstract: The Mn-Mn dimer has been found to be catalytically active in various man-
ganese oxides for NO oxidation. However, to date, it remains unclear how the dimer
determines catalytic performance. Herein, we employed a combination of DFT theoretical
calculations and an experimental approach to investigate the O, dissociation capability
and NO oxidation activity of single Mn sites and Mn-Mn dimer sites with varying bond
lengths. Our results indicate that Mn-Mn dimer sites outperform single Mn active sites
in both O, activation and NO oxidation. This enhancement is primarily attributed to the
short-range ordered geometry of the Mn-Mn dimers, which suppresses the formation of
NOs* intermediates and promotes NO,* desorption. Among the three types of Mn-Mn
dimers examined, the Mn-Mn dimer in BaMnQOj3, with the shortest Mn-Mn bond length,
aligns most favorably with O-O, supporting the most efficient O, activation. Conversely,
MnQ,, characterized by the longest Mn-Mn bond length, exhibits greater charge transfer
and synergistic effects at the local active site, achieving the highest NO catalytic activity.
Furthermore, we found that dual-site exposure of Mn-Mn dimers is more effective for
catalytic reactions than single-site exposure. This study provides important insights into
the structure—activity relationship between the geometric structure of catalytic active sites
and the adsorption of intermediates.

Keywords: Mn-Mn dimer; synergistic effects; O, activation; NO oxidation mechanism;
structure-activity relationship

1. Introduction

Catalytic reactions encompass a series of intricate steps: reactant molecular adsorption,
activation, bond breaking, and reformation [1]. Within these reactions, a crucial determi-
nant of molecular adsorption and activation is the electronic structure matching between
active sites and adsorbed molecules [2—4]. This matching involves both wavefunction
overlap and energy alignment and is widely recognized as pivotal [5,6]. Consequently,
numerous descriptors, such as the d-band center [7-10], ¢, filling [11-13], and p-band center
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of bulk oxygen [14,15], have been formulated based on the electronic structure to elucidate
structure-activity relationships [16]. These descriptors have significantly enriched our
understanding of how underlying electronic properties influence catalytic performance.

Meanwhile, the geometric configuration of catalytic sites is equally crucial in determin-
ing catalytic activity [17]. It governs the adsorption mode of reactants, which subsequently
impacts the activation pathways of adsorbed species [18,19]. Despite its importance, the
influence of geometric structure on catalytic behavior remains relatively unexplored. A
deeper investigation into how spatial arrangements at active sites affect adsorption and
activation could lead to a refined understanding and optimization of catalytic processes.

We propose that unique geometric structures of localized active sites can substantially
enhance catalytic activity. Our prior research on Mn-mullite in the context of lithium-sulfur
batteries has demonstrated that the remarkable lattice matching between Li-S and Mn-O can
efficiently activate polysulfide intermediates, ultimately leading to exceptional SRR catalytic
performance [20]. Moreover, Mn-mullite oxides exhibit a distinctive crystal structure
featuring alternating pyramidal and octahedral coordination units. This configuration
creates active sites where Mn centers are positioned within less than 3 A of each other,
enabling efficient charge transfer and fostering synergistic effects during catalytic reactions.
This unexpected behavior results in remarkable enhancement of NO oxidation catalytic
activity [21-23]. To further explore the structural role of this active site in catalytic activity,
Thampy et al. investigated the oxidation active sites in SmMn;0O5 and SmMnOs5 [24].
Their study revealed that, despite having similar active site densities, SmMn,O5 exhibited
significantly higher NO catalytic activity than SmMnQOj. This enhanced performance in
SmMn,Os is primarily due to the shorter Mn-Mn distance of 2.85 A between adjacent
Mn** ions, compared to a Mn-Mn distance of 3.91 A between Mn?* ions in SmMnOs.
The short-range ordered Mn-Mn dimer sites in SmMn;O5 enable more efficient charge
transfer and cooperative interactions, destabilizing nitrate species and leading to improved
catalytic activity.

To further investigate this phenomenon, we systematically studied the catalytic per-
formance of other materials containing Mn-Mn dimer active sites. For a comprehensive
comparison, we substituted Sm with Y and selected YMn;Os mullite and YMnO3 perovskite
materials. To further explore the effects of dimer configurations, we included BaMnO3;—a
face-sharing perovskite with a shorter Mn-Mn bond length—and MnO,, which features
a mixed corner- and edge-sharing structure with a longer Mn-Mn bond length. Across
various material systems, Mn-Mn bond lengths exhibit significant variability, directly
influencing atomic interactions and electron transfer efficiency. Therefore, we need to
further investigate the effects of the geometric structure of Mn-Mn dimers on the electronic
structure and catalytic activity.

In this study, we showcase the enhanced catalytic performance of Mn-Mn dimer active
sites by comparing mullite YMn;,Os (containing Mn-Mn dimers) with perovskite YMnOs
(featuring single Mn sites) using the NO oxidation reaction, which acts as a key process in
the nitrogen cycle, as a model reaction. Additionally, we evaluated the catalytic properties
of three materials with varying Mn-Mn bond lengths, mullite YMn,Os, perovskite BaMnOs,
and manganese dioxide MnQO,, assessing their O, activation and NO oxidation capabil-
ities. Using density functional theory (DFT) calculations in conjunction with advanced
characterization techniques, including Raman spectroscopy, O,-programmed temperature
desorption (O,-TPD), NO,-programmed temperature desorption (NO,-TPD), X-ray absorp-
tion near edge structure (XANES), and extended X-ray absorption fine structure (EXAFS)
spectroscopy, we reveal that Mn-Mn bond length plays a critical role in O, activation and
NO oxidation. Specifically, the order of O, activation is BAMnOj3; > YMn;O5 > MnO,, with
shorter Mn-Mn dimers exhibiting a higher match with the O-O bond, thereby enhancing
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O-0 activation. Conversely, NO oxidation follows an opposing trend, as longer Mn-Mn
bonds inhibit NO3* formation, facilitating charge transfer and cooperative interactions at
local sites, ultimately enhancing NO catalytic activity. Additionally, this study explores
the impact of dimer exposure modes, revealing that dual-site exposure of Mn-Mn dimers
significantly promotes reaction kinetics compared to single-site exposure. These findings
provide profound insights into the interplay between the geometric structures of catalytic
sites and reaction intermediates, thereby opening up innovative avenues for advancements
in catalysis.

2. Results and Discussion

2.1. The Influence of Min-Mn Bond Length on Geometric and Electronic Structure in Different
Manganese Oxides

In catalytic reactions, the electronic structure of active sites is typically the foremost
area of focus, given its intimate link to reaction activity. However, the interplay between
local geometric configurations and catalytic performance remains crucial and demands
deeper exploration. Our investigation into certain manganese oxides has uncovered that
when the Mn-Mn distance narrows to below 3 A, charge interactions between Mn atoms
intensify, fostering synergistic reactions. Consequently, these short-range ordered Mn sites
are designated as “dimer” sites.

Bader charge analysis (Figure S1) elucidates that Mn atoms within these dimers do not
engage in direct interactions. Instead, charge transfer primarily occurs via the intermediary
O atom. Furthermore, a reduction in the Mn-Mn distance triggers significant alterations in
the dimer’s geometry. Notably, the coordination entity’s stacking mode transitions from
edge-sharing to a higher-dimensional face-sharing configuration (Figure 1a), accompanied
by a decrease in the Mn-O-Mn bond angle (0). This, in turn, weakens the Mn-O coupling
and impedes charge transfer across the Mn-O-Mn linkage (Figure 1b).
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Figure 1. (a) Stacking modes of Mn-Mn dimer coordination entities with varying bond lengths.
(b) Electron transfer capabilities of Mn-Mn dimers with different bond lengths. (c) The ability of
Mn-Mn dimers with varying bond lengths to facilitate (hinder) NO3 formation, NO, desorption, and
O, dissociation.

To delve into the ramifications of these structural transformations, we examined Mn-
Mn dimer sites with varying bond lengths in MnO,, YMn;Os, and BaMnOj3, utilizing
NO oxidation as a model reaction to assess the influence of Mn-Mn bond lengths on both
geometric and electronic structure. Our results underscore the pivotal role of Mn-Mn bond
length: longer Mn-Mn bonds hinder nitrate (NO3*) formation and favor monodentate NO,
desorption, whereas shorter Mn-Mn bonds facilitate O-O bond cleavage, furnishing reactive
oxygen species for subsequent reactions (Figure 1c). The detailed reaction mechanisms will
be elaborated in the subsequent sections.

2.2. Enhanced NO Oxidation Activity of Mn-Mn Dimers in Mullite YMn,O5 Compared to Single
Mn Sites in Perovskite YMnO3

To explore the structural role of Mn-Mn dimers in catalytic activity, we selected
mullite YMn,Os with a Mn-Mn distance of 2.81 A and perovskite YMnO3 with a Mn-Mn
distance of 3.84 A as model systems to evaluate their NO oxidation activity (Figure 2a). In
the simulation calculations, we ensured that the active site density and oxidation states
remained consistent, choosing the 010 surface of YMn;Os and the 100 surface of YMnOs3
for analysis. As shown in Figures 2a and S2, the desorption of NO, emerged as the
rate-limiting step in the overall reaction process, with desorption energies of 0.44 eV for
Mn-Mn dimer sites in YMn,Os5 and 1.87 eV for single Mn sites in YMnOj3. This indicates
that Mn-Mn dimer active sites significantly facilitate NO, desorption relative to single
Mn sites. Consequently, YMn,Os, with its Mn-Mn dimer sites, displays superior NO
catalytic oxidation activity compared to YMnQOs. Furthermore, NO catalytic oxidation
on the YMn,Os (121) surface, which contains both dimer and single Mn sites, provides
additional evidence for the advantages of Mn-Mn dimer sites (Figures S3 and S4).
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Figure 2. (a) The thermodynamic energy barrier of NO catalytic oxidation of YMn,Os (010) and
YMnOj (100). The blue and pink represent Mn and O atoms, respectively. (b) Geometric configura-
tions of MnO, (110), YMn,Os (010), and BaMnOj (100) surfaces. Green, light gray, blue, and pink
represent Y, Ba, Mn, and O atoms, respectively. (c) The bond length of Mn-Mn and the angle of
Mn-O-Mn for MnO; (110), YMn;Os (010), and BaMnOs (100). (d) The Ivo’—weighted Fourier transform
spectra of EXAFS curves of MnO;, YMn,Os, and BaMnOj3. (e) The NO catalytic oxidation energy
diagram of MnO, (110), YMn,O5 (010), and BaMnOj3 (100). The symbol * represents clean catalyst
surface. (f) NO oxidation activity of MnO;, YMn,Os, and BaMnQO3.

2.3. Geometric Structure Characterization and NO Oxidation Activity of Mn-Based Oxides with
Mn-Mn Dimers of Varying Bond Lengths

Due to their unique geometric and electronic structures, Mn-Mn dimers exhibit ex-
ceptional catalytic activity in NO catalytic oxidation. We also observed that different
manganese oxides possess Mn-Mn dimer sites with varying bond lengths, suggesting
that the distance between these dimers may be a critical factor in facilitating charge trans-
fer and cooperative interactions among manganese atoms. To investigate the impact of
Mn-Mn dimer active sites with different bond lengths on catalytic reactions, perovskite
BaMnOj3, manganese dioxide MnO,, and mullite YMn,Os, all containing Mn-Mn dimer
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active sites, were experimentally synthesized and compared (Figure S5). The crystal
structures of the three materials were confirmed based on their XRD patterns (Figure S6),
corresponding to MnO, (JCPDS 44-0141) [25], YMn,Os (JCPDS 34-0067) [26], and BaMnOs3
(JCPDS 26-0168) [27]. The morphology and microstructure of the three materials were char-
acterized using SEM, TEM, and HRTEM, showing irregularly aggregated nanostructures
and well-defined lattice fringes (Figures S7-59). EDS elemental mapping (Figures S10-512)
demonstrated that the elements are uniformly distributed within MnO,, YMn;Os, and
BaMnOs;. Notably, the edge-sharing MnO, features the longest Mn-Mn bond lengths
and the largest Mn-O-Mn bond angles, followed by YMn;Os, while the face-sharing
Mn-Mn dimer in BaMnOj exhibits the shortest bond lengths and smallest bond angles
(Figures 2b,c and 513 and Tables S2 and S3). The electronic structure and Mn-O coordina-
tion were further characterized using XANES and EXAFS. The normalized Mn K-edge
XANES spectra [28-30], along with the magnified view (Figure S14), revealed that the aver-
age oxidation state of Mn increases in the order of YMn,Os < BaMnO3 < MnO;, consistent
with the Mn 2p XPS results [31,32] (Figures S15 and S16 and Table S4). The k*>-weighted
Fourier transform spectra of EXAFS (FT-EXAFS) curves (Figure 2d) show Mn-O peaks in
the range of approximately 1.2-1.8 A and Mn-Mn peaks in the range of approximately
1.8-2.8 A. The average Mn-Mn bond lengths for the three materials followed the order:
MnO; > YMn,Os5 > BaMnOj. This indicated that MnO, possesses superior electron transfer
capabilities relative to YMn,O5 and BaMnOs, thereby enhancing charge transfer during
the reaction process and improving the adsorption behavior of intermediates.

Furthermore, to investigate their catalytic activity, we performed DFT calculations on
the catalytic oxidation of NO using the Mn-Mn dimer double-exposed surfaces of MnO,
(110), YMn,0O5(010), and BaMnOs (100) (Figures 2b and S17). The results indicated that the
order of catalytic activity is MnO, > YMn,Os > BaMnQOj3. For both YMn;0O5 and BaMnOs,
the rate-limiting steps occur during the desorption of NO,, whereas for MnO,, the rate-
limiting step occurs during the dissociation of O,. The corresponding energy barriers
for these rate-limiting steps were found to be 1.01 eV, 1.59 eV, and 0.98 eV, respectively
(Figure 2e and Table S7). The specific adsorption configuration is shown in Figures S18-520.
The catalytic oxidation performance of MnO;, YMn,Os, and BaMnOj3 for 500 ppm NO was
tested experimentally (Figure 2f). Notably, MnO, exhibited the highest NO conversion rate
at 300 °C (84.7%), significantly outperforming YMn,Os (77.0%) and BaMnOs (75.2%). The
Tsg of the MnO, sample, defined as the temperature at which the NO conversion exceeds
50%, was 190 °C, approximately 57 °C and 72 °C lower than that of the YMn,O5 and
BaMnOj3 samples, respectively, which also demonstrated higher NO oxidation activity than
the commercial Pt/ Al,Oj3 catalyst [21]. The catalytic activity order of the three materials
aligned with the theoretical results.

2.4. Dynamic Regulation of Adsorbed Intermediates by Different Bond Lengths in Mn-Mn Dimers

Raman spectroscopy and DFT-based theoretical calculations were employed to inves-
tigate the dynamic regulation of Mn-Mn dimers during the reaction process. The lattice
vibration modes of the three materials were characterized using Raman spectroscopy. As
shown in Figure 3a, the Raman band at ~571 cm~1in MnO, corresponds to the v3 mode,
attributed to Mn-O stretching vibrations along the [MnOg¢] plane [33,34]. In YMn;Os,
the Raman band at ~625 cm ™! represents the Ag(11) mode, associated with the bend-
ing vibrations of the Mn*"-O-Mn** structure [35,36]. The Raman band at ~654 cm ™! in
BaMnOj corresponds to the Aj¢(2) mode, related to the relative displacement of Mn-O
vibrations perpendicular to the c-axis [37,38]. The order of the Mn-O vibration peaks,
MnO, > YMn,Os5 > BaMnOj, indicated that the Mn-O bond strength follows the same
order. This suggested that Mn-O coupling in MnQO;, is stronger, favoring more efficient
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charge transfer. Analysis of the projected density of states (PDOS) and d-band center
of the Mn-Mn dimers further supports this trend (Figure 3b), with the d-band center or-
der being MnO; > YMn,Os5 > BaMnO3, suggesting that MnO, dimer sites have enhanced
regulatory capabilities.

(a) (b)
\{3 ] MO T
A v, — M g, =032
~ ? MnO,| 3 :
5 A ' @ .
S Ay(12) 2
O
= 8
g M AQ(DQ/LYMn of 2
2l A ; 0 g
c . A |— BaMnO; i
H |
i BaMnO, ] :
200 ~ 400 " 600 800 1000 = 4 4 E‘_ZEF ?ev)z * 6
(C) Raman Shift (cm™) (d)
o o, 71 o 10122
oo . . 113 " - - : " r2e
g *
. * 105 A A = A A 2.6
O < g
< -0.3 = o7 2.3 =
= s s
& 03{YMn,0; (010) 3 111 YMn,0, (010)30 Z
= < ™ ™ ™ =
- = ] .
o . 1103 u 2.7 'O
S 00{ ¢ & . - <
H * o A = = = A g
2 o 95 24 §
2 g 3
g 03 S o7 21 6
a = °
< 0.3]BaMnO; (100) 111] BaMno;, (100) (2.9 2
L] u ] []
R . 103 . [26
0.0 . . i
3 95{ * A 4 2.3
0.3 | | ‘ ' | 87 | | | L f20
o;_-;o*?_o*_“o; “02«.0*0,_‘;0{“0;-* 20* NO,* ©O* NO,*

Figure 3. (a) Raman spectrum of MnO,, YMn,0Os5, and BaMnOs. (b) The PDOS of the Mn-Mn dimer
of MnO; (110), YMn,Os (010), and BaMnOj3 (100). (c) The variation in the Bader charge of the Mn-Mn
site of MnO, (110), YMn,Os5 (010), and BaMnOs (100). (d) The bond length of Mn-Mn and the angle
of Mn-O-Mn of MnO, (110), YMn,Os (010), and BaMnOs3 (100) during the reaction process. The
symbol * represents clean catalyst surface.

Additionally, we examined the variations in Mn-Mn bond lengths, bond angles, and
charge during the reaction (Figure 3c,d). Although NO adsorption and NO, desorption
interact directly with only one Mn site in the Mn-Mn dimer, significant charge transfer was
observed at both Mn sites, and the Mn-Mn dimer underwent substantial geometric changes
throughout the reaction. This finding indicates that the Mn-Mn dimer can regulate local
charge transfer through geometric adjustments, thereby tuning the adsorption strength of
reaction intermediates and enhancing catalytic activity. This may be a key reason for the
superior performance of Mn-Mn dimer sites over single Mn sites.

Moreover, among the three materials, compared to the shorter Mn-Mn dimers in
BaMnO3;, YMn,Os, and MnO,; possess longer Mn-Mn bond lengths and larger Mn-O-Mn
bond angles. During NO adsorption, Mn sites lose electrons, while charge returns to Mn
sites upon NO, desorption, showing superior regulatory capabilities compared to BaMnOs.
Furthermore, MnO, exhibits smaller changes in bond length and angle throughout the
reaction, indicating greater structural stability.
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2.5. The Influence of Mn-Mn Bond Length on O, Activation Efficiency in NO Oxidation Catalysis

Oxygen activation is a crucial step in the NO oxidation reaction. Through O,-TPD
experiments and theoretical calculations, we investigated the O, dissociation capabilities at
different Mn-Mn dimer sites. As shown in Figure 4a, BaMnQOj, with the shortest Mn-Mn
bond length, exhibits the lowest O, dissociation barrier, followed by YMn;Os, with MnO,
having the highest such barrier. Additionally, the O,-TPD spectra (Figure 4b) showed
that MnO, has the lowest onset temperature at around 100 °C, indicating that O, des-
orption occurs more readily in MnO;, followed by YMn;,Os. In the range of ~150-300 °C,
MnO; still exhibited the lowest desorption temperature, indicating that its surface active
oxygen species are more reactive [39]. In contrast, BAMnOj3; showed a significant lattice
oxygen desorption peak only above 800 °C, suggesting stronger binding to O, [40]. This
indicated that the binding strength of O, among the three materials follows the order:
MnO; < YMn;0O5 < BaMnOs. Consequently, weaker O, binding leads to more difficult
cleavage of the O=0O bond, which is consistent with the computational results. The cou-
pling strength of Mn-O and O-O was assessed using the integration of crystal orbital
Hamilton population (ICOHP), and were performed for bonding states below the Fermi
level (Figure 4c,d and Tables S5 and S6). For the three materials, the order of ICOHP for
Mn-O is BaMnO3 > YMn;Os5 > MnO,; that for O-O is totally reversed. In other words,
BaMnO3, with the shortest Mn-Mn bond length among the examined materials, exhibits
the strongest O, adsorption, making it highly favorable for O=O bond activation. This is
reflected in the longest O=0 bond length (1.35 A) and the highest charge accumulation on
O, (0.49 e) (Figure 4e). As the Mn-Mn bond length increases, the strength of O, adsorption
decreases, and the activation capacity diminishes correspondingly, as confirmed by both
the A Bader charge and -ICOHP values of O;.

(b)
0,-TPD 500

- ;

s

=

=
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Figure 4. (a) The dissociation energy barrier of O, on the Mn-Mn dimer of MnO; (110), YMn,Os5
(010), and BaMnOs (100). The symbol * represents clean catalyst surface. (b) O,-TPD profiles of
MnO;, YMn,0s5, and BaMnOs. (c) The bond length and ICOHP of O-O on MnO; (110), YMn,Os5
(010), and BaMnOj3 (100). (d) The binding energy of O, and ICOHP of Mn-O on MnO; (110), YMn;,Os
(010), and BaMnOs (100). (e) The Bader charge and differential charge of O, on MnO, (110), YMn;,Os
(010), and BaMnOj (100). Isosurface = 0.002 eV /A3. Yellow indicates charge accumulation and blue
indicates charge depletion. The blue and pink represent Mn and O atoms, respectively.
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From a geometric standpoint, BaMnQOj3 also demonstrates the closest match between
the Mn-Mn dimer and the O=0 bond lengths. Upon O, relaxation, the Mn-Mn bond length
in BaMnOj contracts by only 0.02 A, compared to 0.08 A and 0.09 A in YMn,O5 and MnO,,
respectively (Figure S21). We therefore suggest that the matching degree between the Mn-
Mn bond length and the O=0 bond length is a key factor in determining the efficiency of O,
activation. When the Mn-Mn distance aligns closely with the O=0 bond length, resonance
interactions between Mn-Mn and O=0 are maximized, facilitating easier activation of the
0O, molecule.

2.6. The Role of Mn-Mn Bond Length in Mechanisms of NO Oxidation Catalysis

In addition to O, dissociation, NO adsorption and subsequent NO, desorption are
critical steps in the NO oxidation reaction. Using YMn,Os as an example, NO can adsorb
at Mn-Mn dimer sites in two configurations: monodentate NO,* and bidentate NOs*.
These configurations lead to two distinct reaction mechanisms, i.e., Mechanism I, involving
NOy* [41], and Mechanism II, involving NOs* [26] (Figure S22). A comparison of the
two mechanisms reveals that the rate-limiting step for Mechanism II (NOz*-involved) is the
transition from NO3* to ONO,*, while for Mechanism I (NO,*-involved), it is the second
desorption of NO,*(Figures 2e and 523). Mechanism IIs rate-limiting energy barrier is
significantly higher than that of Mechanism I (Figure 5a—c and Table 57), explaining why
dimer sites demonstrate far superior catalytic performance compared to single Mn sites. On
single Mn sites, NOs* formation is unavoidable, which makes subsequent NO,* desorption
challenging and results in reduced catalytic efficiency.
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Figure 5. (a) The dissociation energy barrier of NO3* to ONO;,* on the Mn-Mn dimer of MnO,
(110), YMn,Os (010), and BaMnOs (100). The symbol * represents clean catalyst surface. (b) The
two adsorption energy of NO on the Mn-Mn dimer of MnO, (110), YMn,Os (010), and BaMnOj3 (100).
(c) The second desorption energy and CINEB barrier of NO; on the Mn-Mn dimer of MnO, (110),
YMn,O5(010), and BaMnOj5 (100). The blue, grey and pink represent Mn, N and O atoms, respectively.
(d) NO,-TPD profiles of MnO,, YMn,Os, and BaMnOs.
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Furthermore, DFT calculations and NO,-TPD experiments were used to investi-
gate the origin of the superior NO oxidation activity with Mn-Mn dimers with longer
bond lengths. As shown in Figure 5b,c, the NO adsorption strength follows the order
MnO; > YMn;Os5 > BaMnOs;. Strong NO adsorption weakens the Mn-O bond, thereby
facilitating NO; desorption (Figure S24 and Table S8). Consequently, MnO,, with the
longest Mn-Mn bond length, exhibits the lowest NO, desorption energy barrier. This is
primarily attributed to its longer Mn-Mn distance and larger Mn-O-Mn bond angle, where
the extended Mn-Mn distance avoids strong NO3* formation and the larger bond angle
enhances charge transfer capacity, which more effectively regulates the critical intermediate
NO,*, leading to superior catalytic activity. Conversely, as the Mn-Mn distance shortens,
BaMnO3, with its face-sharing structure, has the shortest Mn-Mn bond and smallest Mn-
O-Mn bond angle, resulting in weaker charge transfer and reduced regulation capability.
Its too-weak NO adsorption hinders NO,* desorption, resulting in lower NO oxidation
activity. NO,-TPD curves (Figure 5d) showed that MnO, has the lowest onset temperature
of around 70 °C, indicating that NO, desorbs more easily from MnO,. As the tempera-
ture increased, YMn;,Os began to desorb NO,, while BaMnOj3 exhibited the highest NO,
desorption temperature, suggesting that NO, desorption from BaMnOj is more difficult.
These results further confirmed the theoretical predictions, with the desorption energy
following the order: MnO; < YMn,0Os5 < BaMnOs.

2.7. Catalytic Advantage of Dual-Site Mn-Mn Dimer Exposure over Single-Site Exposure in
NO Oxidation

As discussed earlier, simultaneous exposure of Mn-Mn dimer dual-sites enhances
catalytic activity. In practical scenarios, Mn-Mn dimers may not be simultaneously exposed.
Considering other crystal facets, we further investigated the structure of singly exposed Mn-
Mn dimers. DFT calculations for NO oxidation were performed on singly exposed Mn-Mn
dimer surfaces of MnO, (001), YMn,Os5 (121), and BaMnOj3 (001) (Figure S17). Consistent
with previous findings, singly exposed Mn-Mn dimers exhibited superior catalytic activity
for NO oxidation compared to isolated Mn sites (Figure S25). Although only one Mn atom
in the dimer directly engages in the reaction, the unique geometry of the Mn-Mn dimer
allows the second Mn atom to dynamically influence and regulate the entire process, with
significant adjustments observed in the geometric and electronic structures of both Mn
atoms (Figures S26 and S27).

The order of NO oxidation activity is MnO, > YMn;,Os > BaMnOj3 (Figures 6a and 528),
while the order for O, dissociation energy is BaMnO3 > YMn,Os > MnO, (Figures 6b and 529
and Tables S9-511). The specific adsorption configuration is shown in Figures S30-532.
These results confirm that the bond-length effect of Mn-Mn dimers remains stable, irre-
spective of the exposure mode. Notably, in terms of both NO oxidation activity and O,
dissociation capability, dual-site exposure of Mn-Mn dimers consistently outperforms
single-site exposure, underscoring the advantage of dual-site exposure configurations.
This is likely due to the stronger lattice constraints on singly exposed Mn-Mn dimer sites,
leading to more significant geometric distortions of the Mn-Mn dimers, which indicates
a weakened regulatory effect. Moreover, the singly exposed Mn-Mn dimers suppress the
dual-site synergistic interaction, resulting in poorer NO oxidation performance.
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Figure 6. (a) The second desorption energy of NO; on single-exposed (blue) and double-exposed
(yellow) dimer sites for MnO,, YMn,Os, and BaMnOj3. The blue, pink, gray, and orange represent Mn,
O, N, and adsorbed O atoms, respectively. (b) The activation energy of O, on single-exposed (blue)
and double-exposed (yellow) dimer sites for MnO,, YMn,Os, and BaMnOs.

3. Materials and Methods
3.1. Catalyst Synthesis

MnO; was synthesized using the hydrothermal method [42,43]. A solution of 0.525 g
MnSO4-H;O (AR, GENERAL-REAGENT®, Shanghai, China) and 1.25 g KMnOy (AR,
DAMAO, Tianjin, China) was prepared in 60 mL deionized water. After stirring, 2 mL
of 68% nitric acid was added, and the mixture was stirred at room temperature until a
homogeneous solution formed. The solution was then transferred to a 100 mL Teflon-lined
stainless-steel autoclave and heated at 100 °C for 36 h. The resulting product was filtered,
washed, and dried at 60 °C to yield MnOs.

BaMnOj and YMn,O5 were synthesized using the sol-gel method [37]. For BaMnOs,
2 mmol of Ba(CH3COO), (AR, MERYER, Shanghai, China), 2 mmol of Mn(CH3COO),-4H,0O
(AR, MERYER, Shanghai, China), and 1 g of PVP-K90 (Coolaber, Beijing, China) were
dissolved in a mixture of deionized water and absolute ethanol (1:1 volume ratio, total
volume of 20 mL). After magnetic stirring for 12 h, a yellow gel formed. The gel was
collected and dried in an oven at 100 °C for 8 h and then thoroughly ground to obtain the
precursor. The precursor was calcined in a muffle furnace at a heating rate of 2 °C/min up
to 900 °C and held for 5 h to produce BaMnOj3. For YMn;Os, 2 mmol of Y(NO3)3-6H,O
(AR, Xiya, Shandong, China), 4 mmol of Mn(CH3COO),-4H,0, and 1 g of PVP-K90 were
used, followed by calcination at 800 °C for 5 h to obtain YMn,Os.

3.2. Characterization

The crystal structure, morphology, and elemental distribution of the catalysts were
characterized using powder X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), and energy-dispersive X-ray spectroscopy (EDS). Surface composition, bond
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strength, chemical states, and electronic structure were analyzed through X-ray photo-
electron spectroscopy (XPS), Raman spectroscopy, X-ray absorption near-edge structure
(XANES), and extended X-ray absorption fine structure (EXAFS). Additionally, temperature-
programmed desorption (TPD) was employed to investigate the desorption behavior of
gases, providing insights into the reaction mechanisms.

XRD patterns were recorded on a Rigaku MiniFlex600 (Rigaku Corporation, Tokyo,
Japan) Benchtop X-ray diffractometer with Cu K« radiation (40 kV, 40 mA). The morpho-
logical observations of the samples were obtained through SEM (Zeiss Sigma 500, Carl
Zeiss AG, Oberkochen, Germany). The local microstructures were further characterized
using TEM and HRTEM (JEM-2800, JEOL Ltd., Musashino, Japan). The elemental composi-
tion and distribution were recorded using an EDS detector. XPS with a Thermo Escalab
250Xi (Thermo Fisher Scientific, Waltham, MA, USA) spectrometer equipped with an Al
Ka X-ray source was used to detect the surface elemental composition of the samples.
The vibration of chemical bonds on the surface of the samples was characterized using
Raman spectroscopy (HORIBA LabRAM HR Evolution, 532 nm, HORIBA Scientific, Kyoto,
Japan). The XANES and EXFAS spectra of Mn K-edge (Ey = 6539 eV) for catalysts were
recorded at the BL11B beamline of the Shanghai Synchrotron Radiation Facility (SSRF). TPD
was performed on an ALTAMIRA AMI-300 (Altamira Instruments, Pittsburgh, PA, USA)
micro-reactor followed by a ThermoStar mass spectrum. More details about TPD are listed
in Table S1.

3.3. Catalytic Activity Measurements

The catalytic activity for NO oxidation under lean conditions was investigated in a
fixed-bed reactor. A total of 200 mg of catalyst was placed in the center of a quartz tube
with an inner diameter of 8 mm for in situ analysis. The reactant gas mixture consisted of
500 ppm NO, 10% O, and balanced N, with a total flow rate of 200 mL/min, correspond-
ing to a weight hourly space velocity (WHSV) of 6000 mL gcat~! h~!. The catalyst was
heated in a quartz fixed-bed reactor from 150 °C to 350 °C at a rate of 2 °C/min. During
this process, data points were recorded at 50 °C intervals, with each temperature point
held for ~15 min to allow the reaction to reach equilibrium. The composition of the gas at
varying temperatures was analyzed using an Antaris™ IGS infrared spectrometer (Thermo
Fisher Scientific). The conversion of NO to NO, was defined as follows:

NOintet = NOoutlet

NO conversation (%) = NO x 100%
inlet

3.4. Computational Methods

All DFT calculations in this study were performed using the Vienna Ab-initio Sim-
ulation Package (VASP 5.4.4). To account for electron exchange and correlation effects,
the generalized gradient approximation (GGA) with the Perdew—-Burke-Ernzerhof (PBE)
functional was applied [44—46]. Projector-augmented wave (PAW) potentials were used
to describe electron-ion interactions, with valence electron configurations of 4s24p®5s24d!
forY, 5525p66s2 for Ba, 3d%4s? for Mn, and 2522p4 for O. A plane-wave energy cutoff of
400 eV was chosen to ensure convergence, with the energy convergence criterion set to
107> eV between electronic steps. Structural optimizations proceeded until the maximum
Hellmann-Feynman force on each atom fell below 0.02 eV /A. To avoid periodic boundary
effects, a vacuum layer of 15 A was introduced in the slab model.

4. Conclusions

Integrated with the theoretical calculations and experimental techniques, we first
conducted a systematic comparison of the superior NO oxidation performance arising
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from the unique geometric and electronic structural effects of the Mn-Mn dimer active site.
Specifically, a Mn-Mn dimer with a longer bond length suppresses the formation of NOs*,
thereby altering the NO oxidation mechanism, whereas a Mn-Mn dimer with a shorter
bond length is more favorable for activating the O-O bond. Since the rate-determining
step in NO oxidation is often the desorption of NO,, a larger Mn-O-Mn bond angle
facilitates charge transfer and promotes the desorption of NO,*. Consequently, MnO, with
a longer Mn-Mn bond length exhibits the best NO oxidation activity. Furthermore, our
study explored the impact of dimer exposure modes, revealing that dual-exposed Mn-Mn
dimers significantly accelerate reaction kinetics compared to single-site exposure. This
research offers a crucial understanding of how the geometric arrangement of catalytic
active sites influences the adsorption behavior of intermediates, establishing a significant
structure-activity correlation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ catal15040307 /s1. Figure S1: (a) Charge transfer between Mn3*
dimers; (b) Charge transfer between Mn** dimers. Green, blue, and pink represent Y, Mn, and O
atoms, respectively. Yellow indicates charge accumulation, and cyan indicates charge depletion.
Figure S2: (a) The surface structure of YMn,O5 and YMnOj3. The blue and pink represent Mn and O
atoms, respectively. (b) The NO catalytic oxidation energy diagram of YMn,Os5 (010) and YMnO3
(100). Figure S3: (a) Geometric structure of the YMn,Os (121) surface, where cyan, blue, and pink
represent Y, Mn, and O atoms, respectively. (b) Catalytic reaction pathway for NO oxidation on the
YMn,Os (121) surface. Figure S4: (a) O, adsorption configuration on the YMn;Os (121) surface, with
cyan, blue, pink, and orange representing Y, Mn, O, and adsorbed O atoms, respectively. (b) Energy
barrier for O, activation on the YMn,Os (121) surface. Figure S5: The crystal structure of MnO5,
YMn;Os, and BaMnOs. The cyan, green, blue, and pink represent Y, Ba, Mn, and O atoms, respectively.
Figure S6: XRD patterns of MnO;, YMn,Os, and BaMnOs. Figure S7: SEM images of (a,b) MnO,,
(c,d) YMn;Os, and (e,f) BaMnOs3. Figure S8: TEM images of (a) MnO,, (b) YMn,Os, and (c) BaMnOj.
Figure S9: HRTEM images of (a) MnO5, (b) YMn,Os, and (c) BaMnOs. Figure S10: HAADF-STEM
image and corresponding EDS elemental mapping of MnO,. Figure S11: HAADF-STEM image
and corresponding EDS elemental mapping of YMn,Os. Figure S12: HAADF-STEM image and
corresponding EDS elemental mapping of BaMnOs. Figure S13: The bond length of Mn-Mn and the
angle of Mn-O-Mn for MnO, (110), YMn,O5(121), and BaMnOj3 (100). Figure S14: Mn K-edge XANES
spectra of MnO,, YMn,Os, and BaMnOs. Figure S15: XPS survey spectrum of MnO,, YMn,Os, and
BaMnOg. Figure S16: Mn 2p3,5 XPS spectra of MnO,, YMn,Os, and BaMnOj3. Figure 517: Geometric
configurations of single-exposed and double-exposed dimer sites for MnO,, YMn;Os, and BaMnOj.
Cyan, light gray, blue, and pink represent Y, Ba, Mn, and O atoms, respectively. Figure S18: The
adsorption configuration on MnO, (110). The green, dark gray, blue, and pink represent absorbed O,
N, Mn, and O atoms, respectively. Figure S19: The adsorption configuration on YMn,Os (010). The
green, dark gray, blue, cyan, and pink represent absorbed O, N, Mn, Y, and O atoms, respectively.
Figure S20: The adsorption configuration on BaMnOj3 (100). The green, dark gray, blue, light gray,
and pink represent absorbed O, N, Mn, Ba, and O atoms, respectively. Figure S21: Geometric
configurations for O, activation at dimer sites on MnO; (110), YMn,O5(010), and BaMnOj (100).
Blue, pink, and orange represent Mn, O, and adsorbed O atoms, respectively. Figure S22: Two
reaction mechanisms for NO oxidation. Blue, pink, gray, and orange represent Mn, O, N, and
adsorbed O atoms, respectively. Figure 523: The NO catalytic oxidation energy diagram of MnO,
(110), YMn,05(010), and BaMnOj3 (100) under Mechanism II. Figure S24: Structure of the second
NO adsorption on the Mn-Mn dimer dual active site of MnO, (110), YMn,0O5(010), and BaMnO3
(100). Figure S25: The NO catalytic oxidation energy diagram of MnO, (001), YMn;O5(121), and
BaMnOj (001). Figure S26: The bond length of Mn-Mn and the angle of Mn-O-Mn of MnO, (001),
YMn,05(121), and BaMnO3 (001) during the reaction process. Figure S27: The variation in the Bader
charge of the Mn-Mn site of MnO; (001), YMn,O5(121), and BaMnOj3 (001) during the reaction process.
Figure S28: (a) The two adsorption energies of NO on the Mn-Mn dimer of MnO, (001), YMn,O5(121),
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