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The structure-activity relationships for vinyl acetate catalytic oxidation are challenging to explore at the
atomic scale due to the ambiguity of the structural defect types and sites of manganese oxides. Our
work elaborates, at the atomic level, through in-situ experimental and theoretical methods, the synergis-
tic effects of two types of structural defect sites of Vg (edge-sharing oxygen) and Vg_ (corner-sharing
oxygen) and MnOg structural motifs of manganese oxides. Multi-dimensional manganese oxides, namely
those with corner-connected MnOg structural motifs and Vg structural oxygen defect sites, significantly
improved the activation of vinyl acetate. Enhancement of enol structure formation, acetate and formate
intermediate species, and tautomerism between enol structure and acetaldehyde were detected when
oxygen vacancies of manganese oxides were present in combination with corner/edge-connected MnOg.
Moreover, the activation of chemical bonds and deep catalytic oxidation of vinyl acetate depend on the
presence of a redox couple, surface oxygen species, and weakened Mn-O bonds. It provides a valuable
notion for investigating and designing catalytic systems and reaction processes for the purpose of emis-

sion reduction and the management of environmental contaminants.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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As volatile organic compounds (VOCs) pose such a high risk
to human health and air pollution, their elimination has been
the subject of substantial research [1-3]. Being one of the most
common types of oxygenated volatile organic compounds (OVOCs),
vinyl acetate (VAE) has long served as a forerunner to organic ad-
hesives in the printing and packaging sectors. VAE is flammable,
poisonous, and polymerizable, all of which pose a concern to the
environment and human health, even at low levels. However, the
effect on the environment and the eradication of VAE were hardly
ever investigated. It is vital to design functional catalysts with ex-
cellent catalytic oxidation activity, which has not yet been doc-
umented for VAE catalytic oxidation, and heterogeneous catalytic
oxidation techniques have been a topic of interest for low temper-
ature disposal of environmental persistent pollutants [4,5].

* Corresponding authors.
E-mail addresses: jiecheng@ucas.ac.cn (J. Cheng), xzhang@ucas.ac.cn (X. Zhang).

https://doi.org/10.1016/j.cclet.2023.108437

Supported noble-metal catalysts and transition metal oxide cat-
alysts are two examples of catalytic design strategies described in
the literature for the removal of environmental contaminants [6-
7]. The deep oxidation process is well known to benefit greatly
from supported noble metal catalysts [8,9]. However, manganese
oxide is the focus of most VOCs catalytic oxidation research [10-
14] due to its abundance, low toxicity, numerous coordination
numbers, oxidation states, high redox potential, high structural
flexibility, environmental friendliness, and low cost [15].

The basic structural motifs of manganese oxides are [MnOg] oc-
tahedra that share corners and edges [16,17]. This allows for the
construction of the tunnel and layer-linked structures in a vari-
ety of dimensions [18], including cross-linked structures [19] and
layered structures [20-22], depending on the synthetic conditions.
Also, the morphologies of urchins, rods, and flowers can be seen
in manganese oxides [23,24]. Many studies have been performed
to learn more about the connections between structural features
and catalytic activity. Research findings suggest that the presence
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Fig. 1. The images of (a) OMS-2, (b) 8-MnO,, (c) y-MnO,, (d) §-MnO,, and (e)
AMO.

of oxygen vacancies (V,) would alter the initial charge distribution
of the catalyst, improving its catalytic activity, and have found that
the cross-linked structural MnO, highly depends on the density of
oxygen vacancies [25,26]. Thus, increasing oxygen vacancy is con-
sidered a useful tactic for boosting catalytic performance [27,28].
To effectively manage VAE oxidation, it is crucial to identify and
precisely regulate the catalytic sites and types involved.

This research examines the correlation between edging/corner-
connected MnOg structural motifs and oxygen vacancies in multi-
dimensional manganese oxides to shed light on the defect sites
and reaction mechanisms for VAE catalytic oxidation over man-
ganese oxide. Extended X-ray absorption fine structure (EXAFS),
X-ray photoelectron spectroscopy (XPS), X-ray powder diffraction
(XRD), and density functional theory were utilized to investigate
the coordination mode, Mn-O property, defects formation, and
structural motif compatibility between layered and cross-linked
structures of manganese oxide (DFT). Chemical adsorption-mass
spectrometry (TPX-MS), ex/in situ Raman spectroscopy, and in situ
diffuse reflectance Fourier transform infrared spectroscopy are all
used to rigorously verify and examine the reaction mechanism, ki-
netics, and mineralization process (DRIFT). Finally, a general law of
catalytic oxidation VAE pollution was established.

Characterization of structure and morphology: The diffraction
peaks of OMS-2, B-MnO,, §-MnO, and y-MnO, correspond to
Cryptomelane (PDF #29-1020), Pyrolusite (PDF #24-0735), Birnes-
site (PDF #43-1456) and Nsutite (PDF #17-0510), respectively (Fig.
S1a in Supporting information) [29]. After the catalytic process, the
original structure of the catalyst remained unchanged, as shown by
the findings (Fig. S1b in Supporting information). The OMS-2 (2 x
2, 1x 1), B-MnO; (1 x 1) and y-MnO, (2 x 1, 1 x 1) contained a
significant fraction of corn-sharing Mn octahedra (mono- and di-
m-oxo-bridged Mn ions) was observed (Figs. 1a-c), which resulted
in the formation of different cross-linked structures, including the
edge-sharing (di-m-oxo-bridged) and/or corner-sharing (mono-m-
oxo-bridges) [MnOg] structural motifs. The 6-MnO, has a layered
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structure composed predominantly of edge-sharing [MnOg]| octa-
hedra (di-m-oxo-bridged) (Fig. 1d). All MnO, polymorphs have the
same fundamental atomic structure, which consists of tiny Mn**
ions in a spin-polarized 3d3 configuration and big, highly polar-
izable 02~ ions in a spin-unpolarizable 2p® configuration, both
of which are organized in corner- and edge-sharing [MnOg] oc-
tahedra [30]. Moreover, Fig. 1 and Fig. S2 (Supporting informa-
tion) displayed visual representations of various cross-linked struc-
tures (supporting information). However, both cross-linked struc-
tural MnO, samples were exhibited as nanorods of varying sizes.
The OMS-2 sample measured between 13 and 33nm in diame-
ter and between 70 and 270 nm in length. The lengths of the 8-
MnO, nanorods were 400-800 nm, while their diameters were 30-
90 nm. The urchin-like structures in the y-MnO, sample were 8-
12nm in diameter and 50-80nm in length. The nanoplate-based
flower-shaped microspheres of layered-linked structural §-MnO,
were provided as a contrast to the cross-linked structural MnO,.
Amorphous manganese oxide (AMO) is shown in Fig. 1e, revealing
its particle and non-crystal structure. Fig. S3 and Table S1 (Sup-
porting information) of the supplementary materials illustrate the
MnO, phase configurations and their corresponding pore sizes, re-
spectively. These findings are strongly connected to the various in-
terlinking mechanisms of MnOg octahedral in the MnO, structure.
All the manganese oxides exhibit a typical IV isotherm, and the
varied pore size distribution features have been determined. The
increased Sger (92 m?/g) and pore volume (0.359 cm3/g) of OMS-2
catalysts are attributed as advantageous variables for VAE catalytic
oxidation.

Coordination structure and chemical states: Fig. 2 illustrates,
on an atomic scale, the structural properties shared by a variety
of catalytic active oxides. The X-ray absorption near-edge struc-
ture area is very sensitive to the average oxidation state as well
as the local coordination geometry [31,32]. Fig. 2a shows that the
oxidation states of OMS-2 and B8-MnO, catalysts are intermediate,
while those of AMO 6-MnO, are the lowest and highest, respec-
tively, because of their saturated and undersaturated microstruc-
tures. The average oxidation state of OMS-2 and §-MnO, was 3.52
and 3.48, respectively, based on the Mn K-edge X-ray absorption
of standard manganese oxides calibration curve [33]. This indicates
that both the OMS-2 and §-MnO, catalysts are unsaturated in their
coordination, which leads to a propensity to produce defects. The
finding is in excellent accord with the Mn oxidation state previ-
ously obtained by XPS analysis. It has been shown that EXAFS can
provide quantitative structural information on the atom level (Fig.
2b). §-MnO, is composed of an edging-sharing MnOg octahedron.
Two typical strong Fourier transformed peaks were found, one at
R of ~1.5A, which is typical for 6-fold oxygen coordinated Mn**
ions, and the other at around 2.5, which is connected to di-m-
oxo-bridged Mn*t ions. For OMS-2, in addition to the peaks at
R of ~1.5A and 2.5A, there is also a prominent third peak at R
of ~3.0A, which may be attributed to corner-connected Mn ions
and comprises a sizeable portion of corner-sharing Mn octahedra
leading to tunnel formation. The MnOg structural motifs in the
OMS-2 catalyst are both corner and edge linked. Nevertheless, un-
like the structural properties of §-MnO,, the structural character-
istics of B-MnO, catalyst were dominated by corner-sharing MnOg
(R of ~3.0A). Fig. 2c shows the standard k3 (k) EXAFS data that
was done on all the samples, and Table S2 (Supporting informa-
tion) has a listing of the EXAFS structural parameters. Most of the
Mn-0 distances were found to be close to 1.9A, which is a value
that is typical for the Mn*tQg octahedra that were presented. It
has been discovered that the Mn-Mn distances are quite near to
3.0 A Likewise for OMS-2, the Mn-0 coordination number is much
lower (4.9) when compared to the comparable values for §-MnO,
(5.2) and B-MnO, (5.7), which suggests that there are oxygen de-
fect sites in OMS-2. The findings give strong evidence for the ex-
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Fig. 2. (a) Mn K-edge XANES spectra; (b) magnitude of k2-weighted Fourier transforms of Mn K-edge EXAFS spectra; (c¢) Mn K-edge EXAFS oscillation function for different

catalysts, and XPS spectra in the (d) Mn2p, (e) Mn 3s, and (f) O1s region of catalysts.

istence. As illustrated in Figs. 2d-f and Fig. S4 (Supporting infor-
mation), the chemical states of MnO, catalysts were more crucial
than bulk structure characteristics. Table S3 (Supporting informa-
tion) provides a summary of a quantitative investigation of surface
Mn3+/Mn*t molar ratios. The molar ratio of surface Mn3*/Mn**
is greater for cross-linked structural OMS-2 than for layered-linked
structural §-MnO, and non-crystal AMO, according to the findings
of a comprehensive study. To maintain the electrostatic equilib-
rium, a lower state of manganese (Mn3+) that is present on the
surface of the catalyst will create V, [34]. Since manganese oxide
materials exhibit Mn3*(d*) in MnOg structural motifs with longer
Mn-0 bonds than Mn**(d3), the presence of Mn3* chemical states
may effectively weaken Mn-0 bonds. The Mn3t-0 in MnOg octa-
hedra at the catalyst’s surface are more active owing to the flexible
oxygen mobility. This is because the Jahn-Teller effect will boost
the mobility of oxygen species. Moreover, the surface average Mn
chemical state (AOS) was also measured [35]. The determined Mn
AOS values for all the MnO, samples are shown below, which cor-
relate very well with the presence of Mn3* and defect sites. We
also measured the O 1s XPS to see whether there was any corre-
lation between the chemical states and the defect locations (see
Fig. 2 and Table S3 for more information). It is possible to fit a
curve with two components that have binding energy values of
529.8 and 531.7 eV. The first component has a form that is typ-
ical of lattice oxygen (Oj,), while the second component is at-
tributed to oxygen that is chemically absorbed on oxygen vacancies
or low-coordination surface oxygen species (0,4s). According to the
results obtained, the 0,4,/O;,; molar ratio was found to be greater
in the cross-linked structural OMS-2 samples than in the layered-
linked structural §-MnO, samples. These structural characteris-
tics may help to enhance catalytic performance in deep oxidation
processes [36].

Chemical properties and functional characteristics: In catalytic
oxidation of organic molecules, oxygen mobility and reducibil-
ity of the catalyst are also essential. The H,-TPR profiles of the
as-prepared MnO, catalysts are shown in Fig. 3a. The reduction
peaks of each MnO, species partially overlapped, which was as-
cribed to the reduction of MnO, to MnO through Mn,03 and/or
Mn304. Comparing the data obtained from various crystallographic

structures of MnO,, 8-MnO, exhibited a wide peak at 406 °C and
549°C. y-MnO, exhibited a similar pattern with peaks located at
395°C and 511°C, and the lower temperature peak is compatible
with the conversion of MnO, to Mn3QOg4, and subsequently Mn3Oy4
to MnO. Yet, OMS-2, §-MnO,, and AMO exhibited two overlapping
reduction peaks, proving the presence of separate MnO, reduction
pathways. Moreover, it was shown that OMS-2 catalysts had the
most mobile oxygen species, both on their surface and in their
bulk, as measured by the temperature at which their reduction
peak position dropped to a lower value. Moreover, the quantities
of H, used were computed and presented in Table S4 (Supporting
information), with the theoretical H, consumption for the reduc-
tion of MnO, to Mn304 and Mn304 to MnO being 7.67 mmol/g
and 4.37 mmol/g, respectively. Nevertheless, each H, consumption
of Mn0O, was slightly less than the predicted quantity of H, re-
quired for the reduction of MnO, to MnO, indicating the presence
of a significant proportion of Mn3*. Furthermore, Fig. 3b’s com-
prehensive findings demonstrate that 0,-TPD-MS exhibits the ca-
pacity to transmit and migrate oxygen species. This capability may
be broken down into three categories. At first, observations were
made of the adsorbed oxygen species (I) and the surface labile
lattice oxygen (II), which consisted of 0,~, O~, and 02~. These
observations were made at temperatures that were rather low.
The peak (IIl) is subsequently identified as the bulk lattice oxy-
gen (027) [37]. In the meanwhile, the capacity of oxygen species
is determined by integrating the area of the O,-TPD-MS curves;
the OMS-2 has more surface oxygen species that are loosely
bound than §-MnO,. Compared to the layered-linked structural
MnO, catalyst, which only had edge-connected Mn ions, the cross-
linked structural OMS-2 with both corner- and edge-connected
MnOg structural motifs led to a reduction peak at a lower
temperature and had numerous mobile oxygen species at their
surface.

This study used NHs-TPD-MS to investigate the hypothesis
that differences in MnO, surface acidity are caused by basic
MnOg structural motifs related to corner- and/or edge-sharing
(Fig. 3c and Table S5 in Supporting information). Desorption of
NH4+ weakly linked to surface hydroxyls accounts for the low-
temperature desorption peak below 200°C, whereas the peak at
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Fig. 3. (a) H,-TPR, (b) 0,-TPD-MS, (c) NH3-TPD-MS, (d) pyridine-IR at 100°C, (e) vinyl acetate-TPD profiles and (f) summarized results of different MnO,.

320°C and 450°C corresponds to the medium and strong acidic
sites and is attributed to the desorption of NH3 firmly bound to
surface corner- and/or edge-connected Mn ions. The percentage of
cross-linked structural MnO, at medium acid sites was found to
be higher than that of layered-linked structural -MnO, and AMO.
The order was: OMS-2 (28.7%) > AMO (7.7%) > §-MnO, (2.0%). The
pyridine adsorbed infrared (Py-IR) was subsequently performed
(Fig. 3d) to reveal the acidic kinds and quantities of surface acid
sites. The findings demonstrate that the amount of Lewis acid of §-
MnO, is larger than that of OMS-2, and that there are no acid sites
for B-MnO,. Meanwhile, the desorption of VAE over the middle
strong acid sites, which refer to the corner- and/or edge-connected
Mn ions sites and/or defect sites of MnO,'s surface, revealed that
cross-linked structural MnO, presented a higher desorption ability
of VAE than that of §-MnO,. This was evident in the VAE-TPD pro-
files (Fig. 3e). These variations may influence the distribution of
byproducts and the tautomerism of the catalytic process. Finally,
the cross-linked structural OMS-2 sample exhibited greater abun-
dances of reducibility, middle strong acid sites (unsaturated co-
ordination Mn ions and/or defects sites), and oxygen species fea-
tures than the layered-linked structural §-MnO, and non-crystal
AMO samples (Fig. 3f). Differences in structure characteristics and
catalytic activity may be traced back to the underlying structural
variations between the layered-linked structural §-MnO, catalyst
and the cross-linked structural OMS-2 catalyst, where MnOg defect
sites can be either corner- or edge-connected.

Chemical bond properties and defects: Fig. 4a displays the Ra-
man spectra of MnO, samples, which demonstrate how the var-
ied connectivity of MnOg structural motifs within these materi-
als leads to distinct lattice vibrational characteristics. The Raman
shift of cross-linked structural MnO, was discovered to be iden-
tical. The OMS-2 type sample has a hollandite-type tunnel struc-
ture [38], and the Raman shift at 577 and 631 cm~! derives from
the symmetric stretching vibration of MnOg groups. The 8-MnO, is
a typical rutile-type compound with empty tunnels, distinguished
by a Raman shift at 653 cm~! with A;; symmetry. For y-MnO,,
the peaks at 570 cm~! are ascribed to deformation modes of the
metal-oxygen chain of Mn-O-Mn in the MnO, lattice, while the
peaks at 650 cm~! are interpreted as Mn-O stretching modes. The

layered-linked structural §-MnO, is composed of layered sheets of
MnOg structural motifs, with the Raman band at 631 cm~! and
577 c¢cm~! attributable to the Mn-O stretching vibration in the
basal plane of MnOg sheets [39]. AMO samples containing no crys-
tals exhibited a mild Raman shift.

The characteristics of the Mn-O bond were evaluated using the
bond force constant (k), which was determined using an estima-
tion based on Hooke’s law [40]. The OMS-2 sample was shown
the smallest of Mn-O force constant (Fig. 4b), which indicates that
OMS-2 was found to have the greatest propensity of oxygen mobil-
ity when compared to that of §-MnO,, which was then followed by
y-MnO, and B-MnO,. Also, oxygen vacancies may be formed be-
cause of a weakening of the Mn-O bonds, which increases the mo-
bility of oxygen. Fig. 4c shows the comprehensive findings of ana-
lyzing in situ Raman spectra to elaborate on the pattern of change
in oxygen vacancies and Mn-0 bond strength throughout a range
of reaction temperatures. The relative strength of the peaks at 570
and 633 cm~! [41] was correlated with the development of oxy-
gen vacancy. Rising temperatures cause a decline in the ratio of
Ss70 to Sg33, as seen in Fig. 4d. This indicates that the oxygen va-
cancies were used up throughout the course of the reaction, and
that it was used to energies oxygen molecules in the gas phase.
Moreover, when the reaction temperature rises from room tem-
perature to 250°C, there is a minor change in the location of the
633 cm™! peak towards a lower wave-number. Hooke’s law was
used to determine the Mn-O bond force constant (k) through the
Raman shift; the data show that oxygen mobility increased in tan-
dem with the appearance of vacancies in the Mn-O bond. The oxi-
dation of VAE through catalysis is improved by its presence. Corre-
lated with the MnOg structural unit and defect formation: Defect
formation energy of §-MnO, and OMS-2 was computed, as shown
in Fig. 5, Fig. S5 (Supporting information), and Table S6 (Support-
ing information), to better understand the differences in the affin-
ity of exposed facets of §-MnO, and OMS-2 in reactant molecule
activation and its influence on contaminant oxidation. The forma-
tion energies of a single oxygen defect at the §-MnO, with edge-
bridged MnOg structural motifs were analyzed (Fig. 5a). As the for-
mation energy of oxygen vacancies for (001) is considerably lower
than that of (110) and (100), this indicates that it is simpler for
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oxygen vacancies to develop on (001) facets for §-MnO, [42]. The
detailed findings showed that the formation energy of oxygen va-
cancies for (001) is much lower than that of (110). Defect forma-
tion energies were shown to be lower for §-MnO, compared to
OMS-2 catalysts. Nevertheless, OMS-2 has generated two kinds of
structural defect sites (Vg and Vg_..) with edge-connected MnOg
and corner-connected MnOg, respectively (Fig. 5b), these are more
common than §-MnO, sites (edge-bridged MnQOg). Results showed
that Vg_. oxygen vacancies were easier to generate than those of
Vo.c oxygen vacancies owing to their lower formation energy. The
catalytic oxidation of OVOCs is significantly impacted by both Vg_e
and Vg . defects. As the oxidation of VAE depletes surface-active
oxygen species, it is important to study the adsorption of O, across
the defect surface of the catalysts. Among the three-facet designed
§-MnO,, the (001) perfect facets display the maximum adsorp-
tion energy towards O, (Fig. 5¢). The oxygen-rich defect site (001)
displays amazing power to activate oxygen molecules and to in-
crease the catalytic oxidation performance of OVOCs. In the mean-

while, the defect facets showed more outstanding adsorption per-
formance of O, than that of the perfect facets. The identical ex-
perimental findings were also observed for the OMS-2 catalyst, as
shown in Fig. 5d. The results showed that the defect facets dis-
played better adsorption performance of O, than that of perfect
facets, the Vg was more readily adsorption of O, than that of
Vo.e, and the oxygen-rich defect site facet has more advantages to
adsorb O, than that of other facets. This is because the oxygen-
rich defect sites facet contains more oxygen. Both EXAFS analy-
sis and catalytic activity tests demonstrated that the collaborative
adsorption of OMS-2 with edging-sharing MnOg structural defect
sites and corner-sharing MnOg defect sites was more favorable to
the catalytic oxidation of VAE compared to 6-MnQO, adsorption at
single defect sites.

Fig. 6 displays the results of an analysis of VAE's catalytic ef-
ficiency. Maximum VAE conversion (Tjgpo=170°C) and CO, yield
(>99%) are both shown by the OMS-2 nanorod (Figs. 6a and b).
Furthermore, as shown in Figs. 6¢ and d, all the catalysts displayed
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high reactivity, with acetaldehyde and acetic acid being the main
byproducts. VAE's conversion curves into acetaldehyde and acetic
acid show the same tendency, increasing slowly at first, peak-
ing at a higher temperature, and then declining quite quickly un-
til the byproducts disappear at higher temperatures [43]. Figs. 6e
and f depict the VAE product selectivity distribution across several
MnO, samples during catalytic oxidation at temperatures of 130
°C and 150 °C, respectively. The higher values of acetic acid and
acetaldehyde concentration were observed during VAE oxidation,
the acetic acid concentration decreases in the order of cross-linked
OMS-2 > non-crystal AMO > layered-linked 5-MnO,, the high-
est concentration for acetic acid reached 80 ppm (selectivity =52%)
for OMS-2 at 130°C, it means the ester bond of VAE was easier
to break over cross-linked structural MnO, than that of layered-
linked 6-MnO, due to the quantity difference of edge-connected
MnOg sites. Edge-connected MnOg sites are the primary catalytic
active sites to activate ester bond and to boost CO, selectivity, as
shown by the increase in CO, yield (20% vs. 10%) and selectivity
(75% vs. 31%) when comparing §-MnO, and OMS-2. The CO, se-
lectivity of §-MnO, is 79%, while the CO, selectivity of OMS-2 is
93% when the reaction temperature is increased to 150°C, a highly
sensitive temperature threshold to activate the corner-connected
MnOg sites, whereas the selectivity of the byproduct is less than
3%. Consequently, the synergistic impact of corner-connected and
edge-connected MnOg sites of OMS-2 was to increase the VAE cat-
alytic activity while simultaneously inhibiting polymerization and
the production of byproducts. Comparing the apparent activation
energy (E,) is another way to assess the catalytic activities of the
MnO, samples; the simpler it is to oxidize the VAE when the E,
value is lower [44]. Arrhenius plots for VAE oxidation at conver-
sions below 20% are shown in Fig. S6 (Supporting information),
good linear connections between plots of In (rx 107) vs. 1000/T
are achieved, and E, values calculated from Arrhenius plot slopes
are provided in Table S4. It is seen that the OMS-2 catalysts had
a lower E, value (44.10kJ/mol) than other MnO, samples, indicat-
ing that the activation of VAE on the surface of the OMS-2 cata-
lyst occurs more readily at low temperatures. This was also con-
firmed by the byproduct distribution of catalytic oxidation VAE
across the OMS-2 catalyst. Moreover, it demonstrated exceptional
stability (Fig. S7 in Supporting information).

Fig. 7 and Table S7 (Supporting information) show OMS-2 (Fig.
7a), y-MnO, (Fig. 7b), B-MnO, (Fig. 7c) being used for in situ
DRIFT of VAE catalytic oxidation over MnO,. Carboxyl (C=0) vibra-
tions of carboxylic acid and ester (C=0-0-) were found at 1790
and 1775 cm~!, and these peaks were subsequently attributed
to VAE. The vibration absorption strength of OMS-2 was clearly
observed in comparison to 8-MnO, and y-MnO,. Moreover, the
OMS-2 adsorption performance did not weaken with the increase
of adsorption and reaction temperature, indicating that the adsorp-
tion process will not interfere with the catalytic process. Yet, when
the reaction temperature increases, the adsorption of 5-MnO, and
¥-MnO, increases as well. This strong adsorption would have a
negative impact on the VAE catalytic activity because of the higher
concentration of byproducts. The vibration absorption strength of
layered-linked structural §-MnO, (Fig. 7d) and non-crystal AMO
(Fig. 7e) catalysts demonstrates poor adsorption for VAE with the
rise of reaction temperature, and this is directly connected to VAE
catalytic activity. Meanwhile, the bands at 1735 and 1645 cm!
might be related to the generation of aldehydic species [45]. These
bands have been ascribed to a C=0 stretching vibration mode. As
the intensity of the in-situ spectra for OMS-2 was higher than that
for 6-MnO,, this indicates that the cross-linked structural MnO,,
including di- and mono-m-oxo-bridge-connected MnOg structural
motifs were more effective at activating VAE than the layered-
linked structural §-MnO,. Additionally, asymmetric and symmet-
ric COO stretch intensities, v(COO), at 1557 and 1446 cm™!, re-
spectively, correspond to the formation of acetate species from
VAE oxidation [46]. When combined with the catalytic perfor-
mance of VAE oxidation, these results were further evidence that
the ester bond cleavage of VAE on the catalysts surface occurred
first. With an increase in reaction temperature, the stretching vi-
brations corresponding to the formate species, v(HCOO), became
more evident at 1382, 1342, and 1416 cm~!. These vibrations pro-
vide evidence of C-C cleavage of acetaldehyde and acetic acid in-
termediate over MnO, catalysts. The formate species, which was
a byproduct of acetaldehyde and acetic acid, was to further de-
grade into CO, and H,0. The tautomerism between the enol struc-
ture and acetaldehyde throughout the reaction led to the identi-
fication of the 1025 cm~! peaks as belonging to C=C-O stretch-
ing vibrations. The distinctive vibration peak of VAE has been
mapped to the band between 1221 and 1145 cm~!. Additionally,
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(f) Summarized results of in situ DRIFT over MnO, catalysts at 210 °C.

the band intensities of acetate species and formate species at var-
ious catalysts were summarized, as shown in Fig. 7f. Detailed re-
sults showed that the lower band intensities of the formate and
acetate adsorption species over cross-linked structural OMS-2 was
observed than that of layered-linked structural 6-MnO, and non-
crystal AMO catalysts. It was explained that the reaction of the in-
termediate species (formate and acetic acid) with reactive oxygen
species.

The reaction mechanism of catalytic oxidation of VAE pollu-
tant over manganese dioxide was investigated, considering the
differences between the various catalysts. The total oxidation of
VAE over transition-metal oxides is governed by the Mars-van
Krevelen redox mechanism. At the catalyst surface, molecules of
ethyl acetate are adsorbed and converted into VAE(,q4s) on active
metal sites (Mn*t-02--Mn** andfor Mn3+-V,—Mn**+), which
represent the corner- and edge-connected MnQOg structural motifs
(Step 1, Eqs. 1 and 2). While, molecules of oxygen are adsorbed
and activated into O,qgs On oxygen vacancies (Step 1', Eq. 3).
While, the highly reducible bridging oxygen may react with VAE
to create acetic acid and acetaldehyde owing to the rupture of
the ester link (Step 2, Eq. 4). Nevertheless, the acetic acid would
not be stable and it would degrade into formate species. In
addition, the tautomerism that occurred between the enol struc-
ture and acetaldehyde was also a result of this reaction (Step 3,
Egs. 5 and 6). Adsorbed intermediate species (VAE, acetic acid, and

Step 1 VAE adsorption and activation:

o

PPN

AN
(0] CH, (gas) +< Mn4+ _ 02— _ Mn4+ >S5 H;C

o

H,;C o

o

PPN

0" cn o
2 gas) T < Mn** — [0 — Mn** > HC

H;C

PPN

cuH

CH,
(ads)

acetaldehyde) and O(,q,) are converted into carbon dioxide (CO;)
and water (H,0) at the end of the process (Step 4, Egs. 7 and 8).
Facilitating the activation of gas-phase oxygen on surface oxygen
vacancies (Egs. 9 and 10) [47] allowed for the replenishment of
surface oxygen species by gas-phase oxygen. Based on the Mn-0O
distance, physicochemical characteristics, and porosities of MnO,,
it was shown that a specific amount of formative oxygen vacancy
and/or intrinsic vacancy in the Mn3+-V,—Mn** may be relevant
for VAE catalytic oxidation over MnO, surface [48]. Cross-linked
structural OMS-2 catalyst with both corner- and edge-connected
MnOg structural motifs led to more superior reducibility, unsat-
urated coordination Mn ions, defects sites, and oxygen species
than that of the exclusive presence of edge-connected Mn ions
in the layered structural §-MnO, and non-crystal AMO catalyst.
The tunnel structure of OMS-2 caused higher catalytic activity
and CO, output than that of other structural MnO,. The OMS-2
showed that the more MnOg edges and corners were exposed, the
weaker the Mn-O bonds were because of the Jahn-Teller effect,
and the more oxygen vacancies were generated from the instant
active oxygen spilt over from the catalyst surface. These structural
variations may facilitate the adsorption of oxygen molecules and
the activation of VAE. To illustrate the catalytic oxidation of VAE in
detail, consider the following depiction of the individual chemical
steps involved. It should be noted that “ O ” denotes oxygen
deficiencies.

2
(ads)

(1)
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Step 1’ Oxygen molecule activation:
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02(gas)+ < Mn** — 0 — Mn** >— < Mn** — 0%~ — Mn** > (3)
Step 2 The breaking of the ester bond:
X I
A PN
0~ cH _ OH
H;C 2 (ads) +< Mn4t — 02 — Mn#%t > H;C OH (ads) + H,C (ads) (4)
Step 3 Tautomerism between enol structure and acetaldehyde:
o
PN
OH _
H,C (ads) +< Mn4-+ _ 02 _ Mn4-+ > - H;C H (ads) (5)
Acetic acid decomposes into formate species:
o o
H,C OH (ads)+ < Mn‘” — 02_ — Mn‘” >—> H OH (ads)+< Mn‘” — D — Ml’l3+ > (6)
Step 4 Adsorbed VOCs transformed into CO, and H,0:
(0]
H;C H(ads) + < Mn** — 0%~ — Mn** > > COZ + HZO + < Mn** — O — Mn3* > (7)
X
H ™ OH 4 + < Mn** — 02~ — Mn** > > €O, + H,0 + < Mn** — (] — Mn3* > (8)
Step 1"" Re-activation of gas-phase oxygen:
4+ _ M _ 3+ 4+ _ 02— _ 4+
OZ(gas)+ < Mn 0 — Mn®** >->< Mn 0 Mn** > 9)
Overall reaction:
J§
X
H,e™ O 7O 40, 4+ < Mn*t - 027 — Mn** — O — Mn®* > >
X I
H;C OH + H;C H +< Mn3* — [ — Mn** — 02~ — Mn** > >
CO, + H,0 + < Mn®** — [0 — Mn** > (10)

However, the packaging and printing industries contribute to
OVOC emissions by producing some of the most common types
of OVOCs (primarily alcohols, aldehydes, ketones, and esters). The
findings of an analysis of OMS-2’s catalytic activity in the oxida-
tion of organic molecules are shown in Fig. S8 (Supporting infor-
mation). These VOCs may be totally oxidized in a similar fashion
to OMS-2 at lower temperatures. Because of the synergistic impact
between the corner- and edge-connected MnOg structural motifs
of OMS-2 catalysts, this material has shown to be a powerful cata-
lyst with promising application prospects for the reduction of VOC
emissions.

In conclusion, the flammability, toxicity, and polymerizability
of VAE pose a concern for the environment and human health.

Nevertheless, no evidence of very efficient catalytic degradation
of long-lasting vinyl acetate pollution has been revealed. The effi-
ciency of VAE catalytic oxidation is assessed for various structural
manganese oxides, including 2D layered-linked, 3D cross-linked,
and amorphous structural manganese oxides with tuneable MnOg
structural motifs and accessible oxygen vacancies (Vg and Vg_c).
In OMS-2 catalysts, the maximum catalytic activity was observed
due to the synergistic effects of two kinds of oxygen vacancies
and edging/corner-connected MnOg structural motifs. Moreover, in
situ experimental and theoretical methods are used to investigate
the structure-activity relationship and the degradation process of
VAE oxidation. Intriguingly, corner-connected MnOg structural mo-
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tifs and Vg_. structural oxygen defect sites of manganese oxides
significantly improved the low-temperature VAE activation, while
edge-connected MnOg structural motifs and Vg_. oxygen vacancies
of manganese oxides significantly improved the high CO, yield.
The availability of a redox couple, surface oxygen species, and
weak Mn-O bonds are crucial to the activation of the C-H, C-0,
and C=C bond and the deep catalytic oxidation of VAE, and both
corner/edge-connected MnOg and oxygen vacancies of manganese
oxides were found to enhance the formation of these intermediate
species. This work has the potential to provide an efficient struc-
tural and defect engineering technique for VOC oxidation catalysts.
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