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In this paper, low-temperature dielectric-blocked discharge plasma (DBD) was employed for the first time
to treat silica-doped H4PMo4; VO, (HPAV) catalysts (DBD(Ar/x)-MF-Catal) and apply them in the catalytic
methacrolein (MAL) selective oxidation to produce methacrylic acid (MAA). This work investigates in de-
tail the controllable regulation of the concentration of oxidation states on silica-doped HPAV catalysts by
adjusting the DBD discharge with controlled changes in voltage, current, treatment time, and treatment
medium. It reports the intrinsic correlation between oxidation states and MAL oxidation performance.
The research results indicated that the catalytic performance was related to the presence of oxygen va-
cancies and oxygen species (VO%*), and are the main reason for the selective oxidation of MAL to MAA.
Besides, the generation of oxygen vacancies and VO?* altered localized electrons, which resulted in the
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zlaﬁlna easier activation of O,. Theoretical calculations of DFT also proved the formation mechanism of oxygen
th;aﬁt vacancies and VO?* and electron properties on high-performance polymers, which elucidated the intrin-

sic influence of catalyst components. The DBD(Ar/10)-MF-Catal catalysts with suitable VO and oxygen
vacancy concentrations exhibited the highest catalytic performance with 90% MAL conversion and 70%

MAA selectivity and showed good stability (500 h).
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Methacrylic acid (MAA) is a major chemical raw material serv-
ing as an important intermediate for the production of poly methyl
methacrylate (PMMA), which is largely used in diverse industries
including paints and coatings, electronics, as a modifier for PVC,
and as bone inserts [1,2]. Up to now, the acetone-cyanohydrin
(ACH) method has been the main conventional process to produce
MAA. Nevertheless, the ACH method suffers from inherent draw-
backs, such as high toxicity of the raw material HCN, strong acid
corrosion of equipment, and the generation of a large amount of
waste NH4HSO,4, which have extremely restricted the MAA indus-
trial development [3]. As a result, it is urgently necessary to de-
velop a novel and green strategy to replace the ACH method. In
recent years, two-step oxidation of isobutene to MAA has been
universally proposed in many countries around the world, because
this approach affords its advantages such as easy availability of
raw materials, simplified process, low cost, and environmentally
friendly, meanwhile, it can greatly improve the economic value of

* Corresponding authors.
E-mail addresses: zhuminyuan@shzu.edu.cn (M. Zhu), kanglihua@shzu.edu.cn
(L. Kang).

https://doi.org/10.1016/j.cclet.2024.110298

isobutene [4]. Unfortunately, methacrolein (MAL) is an important
intermediate product in the two-step oxidation of isobutene, and
it has widely reported that MAL selective oxidation is the key step
for MAA manufacturing, which is the main technical barrier lim-
iting the industrial application of this process route. Therefore, it
is urgent to develop highly active catalysts for MAL selective oxi-
dation, which is of great significance for the two-step oxidation of
isobutene to MAA.

Until now, heteropolyacids (HPAs) have excellent characteris-
tics such as Brgnsted acidity, high proton mobility, and both elec-
tron donors and acceptors, making them green catalysts for ef-
ficiently catalyzing many organic reactions. Typically, it has been
widely reported that HPAs can efficiently catalyze the MAL selec-
tive oxidation to MAA [5]. Among various widely developed HPAs,
H4PMo01;VOy4o (HPAV) delivers high proton conductivity and re-
versible multi-electron redox properties, which makes it the main
catalyst for the gas-phase oxidation synthesis of MAA from MAL
[6]. In particular, it has been extensively reported that HPAV cat-
alysts modified with the antinuclear ions Cs* and NH4* exhibit
good redox properties. For example, Yu et al. obtained a series
of catalysts by pretreating CsCu-(NH4)HPAV with hydrogen and
found that the oxidation state was a vital factor affecting their
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catalytic performance [6]. Besides, Zhang et al. found that calci-
nation treatment can produce the oxidation state in CsCuFePMoV-
NH, which was favorable for the MAL-MAA oxidation system [7].
In another research, Wang et al. synthesized polyamide-amine-
CsH3PMo11V0O49 (PAMAM-CsPAV), which was treated at high tem-
perature and formed more redox active sites (VO?t), enhancing the
MAL selective oxidation to produce MAA [8]. These research results
indicated that the oxidized state in HPAV played a role of great im-
portance in the MAL selective oxidation to produce MAA. Although
many efforts have been devoted to applying different ways to reg-
ulate the oxidation state in HPAV compounds, there is still a great
challenge to produce the oxidation state for the preparation of ef-
ficient and suitable catalysts, due to the limited knowledge about
it. Up to now, the research on the oxidation state in HPAV catalysts
is far from sufficient. Accordingly, to achieve the development and
application of highly efficient and stable catalysts, it still is needed
to get insight into the interrelationship between the oxidation state
and the selectively catalytic MAL oxidation. The present studies
confirm that the active vanadium oxide (VO?*) and oxygen vacancy
in HPAV catalysts are the main active oxide species in the oxida-
tion of MAL for the synthesis of MAA. So far, there have been no
reports on the controllable regulation and mechanism of vanadium
oxide reduction and generation of oxygen vacancies (VOx — VO%*+
+ 0) in HPAV catalysts, and it is believed that these researches are
of great significance for the catalytic MAL oxidation to synthesize
MAA. Therefore, it can be seen that developing catalysts with rich
surface vanadium oxide (VO?*) and oxygen vacancies has become
an effective method to promote catalytic MAL oxidation to produce
MAA.

As mentioned above, although various strategies have been em-
ployed to regulate the oxidation state of HPAV to produce cata-
lysts for the MAL selective oxidation to high value-added MAA,
their cognition is still not enough, and catalytic performance is
not satisfactory. As a consequence, it is urgent to explore new
strategies to endow heteropolyacids with a satisfactory oxidation
state as catalysts for the MAL selective oxidation. Among various
strategies, low-temperature dielectric barrier discharge (DBD) has
attracted considerable attention [9,10], because it affords the in-
herent advantages: (1) Generation of a wide range of chemically
reactive substances (including: high-energy electrons, free radical
molecules, negative oxygen ions, ultraviolet photons, positive oxy-
gen ions) and provision of energetic and excited state electrons by
applying an electric field to a gas; (2) producing a large number of
active sites by inelastic electron collisions; (3) triggering a series
of physicochemical changes which are difficult to obtain by con-
ventional methods, and so on [11,12]. Based on these advantages,
some researchers have applied DBD to prepare highly efficient cat-
alysts, such as, Bai et al. used plasma treatment of carbon pa-
per electrodes to greatly improve the energy storage performance
of ferrohydrogen batteries [13]; Guo et al. reported that oxygen
plasma etching and modification of the surface of Co304 nanosheet
arrays (NAs) at the cathode of lithium-oxygen batteries effectively
improved the capacity of lithium-oxygen battery cathodes [14].
Among them, the most noteworthy is that DBD treatment can ef-
fectively regulate oxygen vacancy concentration and promote cat-
alyst activity. For instance, Xu et al. activated the Mn/ZSM-5 cata-
lysts by using DBD plasma and obtained the 7Mn/ZSM-5-CPM-DBD
catalyst, which delivered a high activity for C3Hg-SCR at ultra-low
temperature. The characterizations confirmed that DBD plasma ac-
tivation could generate higher active Mn species dispersion, larger
pore size, more abundant oxygen vacancies, and less destructive
to zeolite than traditional calcination activation [15]. In addition,
Peng et al. synthesized the OV-Sb,WOg photocatalyst after Sb,WOg
was treated by plasma under argon atmosphere. The photocat-
alytic experiments demonstrated that the as-obtained OV-Sb,WOg
achieved high activity and good stability, due to the introduction
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of oxygen vacancies after plasma treatment [16]. Other than, Jang
et al. investigated the Ar or O, plasma treatment to modulate the
oxygen vacancy concentration of the MnCuOx-H catalyst to elec-
trocatalyst the nitric acid reduction reaction to produce ammo-
nia and achieved good catalytic results, this is attributed to the
feature that the more oxygen vacancies formed from the plasma
treatment could facilitate adsorption and weakening N-O bonds of
NOj3 [17]. Additionally, Li et al. modulated its surface oxygen vacan-
cies using plasma-induced oxidative desulfurization of a surface-
reconstructed Mo-doped W;gO49 catalyst thereby greatly improv-
ing the catalytic activity [18]. According to these researches, it can
be inferred that plasma treatment can induce oxygen vacancies
and alter metal oxide vacancy concentrations in HPAV catalysts
to boost their catalytic performance. Therefore, the application of
DBD treatment for HPAV to obtain catalysts is of great significance
and promising.

Due to its discrete ionic structure and high proton mobility,
HPAV exhibits disadvantages such as high solubility in water and
other polar solvents and low specific surface area [19,20]. To over-
come these shortcomings, much work has been done to combine
HPAV with other materials [21-24]. Among them, nano-SiO, has
many advantages as a HPAV dopant due to its unique properties
such as cheap and easy availability, large specific surface area, and
stable chemical properties [25-27]. Herein, based on the nano-
SiO,-doped HPAV catalysts that we studied earlier, we prepared
the precursor catalyst (8(Cs(NH4),PAV)&4(Cs3PAV)-NH,-SiO, (ab-
breviations: Pre-Catal)) with Cs* and NH4* modified HPAV grow-
ing on SiO, (15+5nm) via two-step in-situ molecular beam epi-
taxy. DBD was employed to treat roasted Pre-Catal (abbreviations:
MF-Catal). During DBD discharge, the concentration of oxygen va-
cancies and metal oxide defects in DBD(y/x)-MF-Catal (y and x rep-
resent the gas medium and time of DBD activation treatment, re-
spectively) was controlled by regulating voltage, current, process-
ing time, and medium. Simultaneously, the effects of oxygen va-
cancies and metal oxidation states of catalysts for DBD treatment
on catalytic performance and oxidation ability for the selective ox-
idation of MAL to MAA were further explored according to the
experiments. Additionally, the formation of oxygen vacancies and
VO2+ in HPAV and the intrinsic correlation between the effect of
oxygen vacancies and VO2* on catalysis were simulated and veri-
fied by DFT calculations. This work provides great theoretical sig-
nificance and guiding value for the development of highly active,
stable, and long-life catalysts for the MAL selective oxidation to
prepare MAA.

The catalyst preparation and activation treatment process are
shown in Fig. 1. Fig. 1a shows the preparation and roasting treat-
ment process of the catalyst precursor. Fig. 1b shows the roasting
catalyst modulating the oxygen vacancies and the metal oxidation
state by DBD activation treatment. Specific details can be found in
Supporting information.

The surface element composition and oxidation state of het-
eropolymer catalysts plays an important role in catalyzing the ox-
idation of MAL to MAA [28]. In order to investigate the effect
of controllable oxidation state of DBD activation-treated catalysts
on the intrinsic nature of the catalytic activity, surface elemen-
tal compositions and valence changes of Pre-Catal, MF-Catal and
DBD activation-treated catalysts in Ar atmosphere were analyzed
by XPS. The spectrums and surface analysis results of V 2P, N
1s, O 1s and Mo 3d are recorded in Figs. 2a and b, Fig. S4 and
Table S1 (Supporting information). From Fig. 2a and Table S1, it
can be seen that the peaks appearing near 516.6eV and 517.6eV
belong to V4* and V°*, respectively [29]. The V4t and V>* mo-
lar ratios of MF-Catal and DBD(Ar/x)-MF-Catal catalysts increased
in the roasting and post-roasting DBD activation treatments, and
the DBD(Ar/x)-MF-Catal catalysts showed an increasing trend in
the V4*/V>* ratio with the increase of the DBD treatment time in
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Fig. 2. (a, b) The narrow-scan XPS spectra of V and O of HPAV catalysts; O¢, Oy
and O; represent terminal oxygen, bridge oxygen and central oxygen in the HPAV
catalysts, respectively. (c) EPR spectrum of SiO,, DBD(Ar/10)-MF-SiO,, Pre-Catal, MF-
Catal and DBD(Ar/x)-MF-Catal catalysts. (d) Py-IR spectrum of Pre-Catal, MF-Catal
and DBD(Ar/x)-MF-Catal catalysts.

Ar atmosphere, which indicated that the roasting and DBD activa-
tion contributed to the transformation of V>* oxides to V4* oxides
in Pre-Catal catalyst. This is attributed to the self-reduction caused
by the decomposition of organic matter and amino groups in the
heat-treated heteropolymer compounds and DBD inelastic electron
collisional activation treatments, which resulted in the formation
of more VOZ2*t species in the secondary structure and interactions
with the Keggin unit. The analysis of O 1s in Fig. 2b and Table S1
was obtained with spectra around 530.6, 531.7, and 532.8eV for
the three combined oxygen components of the HPAV heteropoly-
mer compounds, corresponding to the surface terminal oxygens,
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bridging oxygens, and central oxygens (O, Oy, and O;), respectively
[30]. The analytical effect of silica-oxygen is ignored here because
they are similar species for comparison, whereas yet the silica re-
mains in its pristine steady state during the roasting and activa-
tion treatments of DBD. The EPR tests of SiO, and DBD(Ar/10)-MF-
Si0, in Fig. 2c gained this perspective. After the activation treat-
ments of roasting and DBD, the fine peaks of oxygens changed sig-
nificantly, the molar ratio of O/(0,+0;) decreasing, and it signif-
icantly decreases with the increase of the activation time of the
DBD treatment in argon, suggesting that the activation treatments
of roasting and DBD altered the amount of O; present on the sur-
face. Combined with the accurate analysis of the fine spectra of
V 2P35, N 1s (Fig. S4a in Supporting information), O 1s and Mo
3d (Fig. S4b in Supporting information) obtained, this is attributed
to the easier cleavage of the V-O¢ bonds in HPAV, this conclusion
is also demonstrated in subsequent DFT calculations. It increases
V-0 fracture during roasting and DBD activation treatments, frag-
menting into more lattice oxygen that spills over to form oxygen
vacancies. Based on the detailed analyses of the V, N, O, and Mo
elements on the surface of all catalysts, it is obvious that the peaks
of each element are shifted towards higher binding energies. This
indicates a change in the chemical environment of the surface el-
ements, which is attributed to the activation of roasting and DBD
contributed to the reduction and migration from the primary to
the secondary structure of vanadium oxides in HPAV. During these
activation processes, the V-O; bond of the HPAV is broken and the
V-0 ligand (dotted oxygen) is oxidized to an O, molecule and es-
capes into the air, causing the reduction of V>* and the formation
of VO%*+ and oxygen vacancies (VOx — VO%* + 0), which increases
the concentration of VO** and oxygen vacancies (Fig. 1b). When
analyzed in conjunction with the performance graphs of the ac-
tivity tests, this may contribute to improving the catalytic activity
of the oxidation reaction and is the main catalytically active site.
These phenomena are in good agreement with the classical vari-
ants reported earlier [31].

EPR is an effective technique to characterize the changes in
the elemental species morphology and relative oxygen vacancy
concentrations for dopant and catalysts. The low-temperature
EPR spectra of SiO,, DBD(Ar/10)-MF-SiO,, Pre-Catal, MF-Catal and
DBD(Ar/x)-MF-Catal are shown in Fig. 2¢c. The ultrafine structure of
vanadium (g-values: g, =1.932, g, =1.971) indicates the presence
of V(IV) form in Pre-Catal, MF-Catal and DBD(Ar/x)-MF-Catal cata-
lysts [32]. The spectral intensities reveal that more V(IV) is present
in MF-Catal and DBD(Ar/x)-MF-Catal than in Pre-Catal, and the in-
tensity of V(IV) increases with the increase in the treatment time
of DBD in Ar atmosphere, suggesting that the roasting and the acti-
vation treatment of DBD have led to an increase in the amount of
VO2*, EPR also determined the relative content of oxygen vacan-
cies for SiO, and DBD(Ar/10)-MF-SiO,, and pristine, roasted, and
DBD-activated catalysts. Clearly, the SiO, and DBD(Ar/10)-MF-SiO,
dopants do not show an oxygen vacancy signal of g=2.003, in-
dicating that the SiO, dopant is stable and maintains its origi-
nal steady state in the roasting and activation treatment of DBD.
While pre-Catal, MF-Catal and DBD(Ar/x)-MF-Catal show a signifi-
cant oxygen vacancy signal of g=2.003, which corresponds to the
trapping of electron in the oxygen vacancies [33,34]. The oxygen
vacancies concentration in the catalysts increased after the activa-
tion treatments of roasting and DBD, and the signal intensity was
significantly enhanced with the increase of DBD treatment time
in the Ar atmosphere compared to MF-Catal, which persuasively
proved that the DBD activation treatments effectively increased the
oxygen vacancies concentration in the DBD(Ar/x)-MF-Catal cata-
lysts. This is because the DBD activation treatment induces the for-
mation in HPAV of VO2* and oxygen vacancies (VOx — VO2* +0),
which increases the concentration of VO2* and oxygen vacancies
in catalyst. These results are consistent with the XPS, UV-vis (Fig.



G. Hu, C. Wang, Q. Wang et al.

S8a in Supporting information) and Raman (Fig. S8b in Supporting
information) results. They all indicate that the DBD treatments can
change the concentrations of VO2* and oxygen vacancies, and the
DBD treatment of Ar can effectively and controllably regulate the
concentrations of VO2+ and oxygen vacancies of the main catalyt-
ically active species. Many studies have shown that oxygen vacan-
cies can improve catalytic performance by adsorbing oxygen and
reducing reaction activation energy [35]. This may be the main rea-
son for the increased activity of DBD activation treatment catalysts.

The synthesis of MAA by MAL oxidation requires both the ox-
idizing properties of the catalyst and its acidic properties for co-
catalytic synthesis. Among them, the acidity of the catalyst plays
an irreplaceable role in the carboxylation of aldehydes [36] and
it is necessary to investigate the acidic properties of catalysts for
the synthesis of MAA by MAL selective oxidation. The results of
Py-IR and NH3-TPD tests on the acidic properties of all catalysts
are shown in Fig. 2d and Fig. S8c (Supporting information). In
Fig. 2d, the Py-IR adsorption bands of all catalysts at 1450 cm~!,
1540 cm~! and 1488 cm~! belong to Lewis, Bronsted and total ad-
sorbed pyridine with acid-site coordination, respectively [37]. Com-
paring them, after roasting and DBD activation treatment, it was
obtained that the Lewis, Bronsted and total acids of MF-Catal and
DBD(Ar/x)-MF-Catal catalysts increased and were positively corre-
lated with the treatment time of DBD. Such strong acidity of the
catalysts is caused by the off-domains of the negative charge of
the anion on the many oxygen atoms on the surface of the Keg-
gin structure [38]. The roasting and DBD activation treatments pro-
mote the generation of VO?+ and oxygen vacancies (Figs. 2a—c), re-
sulting in a larger space for the off-domains on the oxygen atoms,
which reduces the charge density on the surface of the oxygen
atoms in the Keggin structure, thereby increasing the mobility of
the dihydrogen protons at the terminal oxygen of the heteropoly-
meric anions [8]. In addition, He et al. [37] reported that the pres-
ence of VO?+ species favors the generation of surface Lewis and
Bronsted acid sites, which is consistent with the effective modu-
lation of VO2* concentrations by roasting and DBD activation in
this study. NH3-TPD further proves the validity of the acidic energy
viewpoint of the catalyst (Fig. S8c in Supporting information).

The previous characterization shows that both roasting and
DBD activation treatment can effectively promote the reduction of
vanadium-oxygen species and the formation of oxygen vacancies
(VOx — VO2* + 0), and the theoretical underpinnings of its forma-
tion are clearly important. The main active species VO?* and oxy-
gen vacancies are present in PAV~, so the establishment and opti-
mization of the above model of catalyzer is mainly to discuss the
ion energy comparison of VO?* and oxygen vacancy formation in
PAV-. The PAV- model was executed using Gauss View 5.0 soft-
ware, which systematically describes the mechanism of the PAV—
to form the major active sites of VO2+ and oxygen vacancies by
density flooding theory (DFT), which is undoubtedly more convinc-
ing and supportive. The molecular energy calculations for the ac-
tivation in PAV~ to break the V-O bond to form VO2t and oxygen
vacancy are shown in Fig. 3a. By assuming the breakage of differ-
ent V-0 bonds in PA~ (PAV~(D): V-O¢, PAV—(P): V-0;, PAV—(Q1):V-
Oy, PAV=(Q2): V-Oy,, PAV=(Q3): V-Op3, PAV-(Q4): V-Op,) to form
different stable ions containing VO2* and oxygen vacancies, and
by performing DFT analysis of the energies of different ions con-
taining VO?+ and oxygen vacancies, it is obtained that the differ-
ential energy of breaking V-O; bonds in PAV~ is the lowest and
lower than other ion energies of containing VO?+ and oxygen va-
cancies (PAV—(D) < PAV—(Q1) < PAV—(P) < PAV—(Q3) < PAV—(Q4)
< PAV—(Q2)). This suggests that the V-O; bonds of PAV~ in the cat-
alyst are more prone to break to form VO2?* and oxygen vacancies
during roasting and DBD activation. This is consistent with the XPS
characterization results, and further proves the correctness of the
analytical results of V>* reduction and oxygen vacancy formation
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Fig. 3. (a) Molecular energy calculations for the PAV- of breaking different V-O
bond to form VO** and oxygen vacancy by activation. (b) Molecular electrostatic
potentials on the van der Waals surfaces of the PAV- of breaking different V-O bond
to form VO?* and oxygen vacancy by activation.

(VOx — V02t +0) of PAV- in the catalysts from theoretical calcu-
lations.

The catalytic oxidation of MAL to synthesize MAA must be ac-
companied by the transfer of electrons, and the surface charge
distribution of catalyst clusters is undoubtedly important for the
catalytic reaction. The effect of catalyst clusters forming differ-
ent VO%+ and oxygen vacancy sites by activation on the catalytic
activity must be related to the surface electronic properties, the
molecular electrostatic potential of the van der Waals surface can
well demonstrate the characteristics of charge distribution of dif-
ferent V-O bond breakage to form PAV- containing different VO%*+
and oxygen vacancy sites, and the results are shown in Fig. 3b.
These electrostatic potential maps were plotted by setting the elec-
tron density to 0.001, with blue representing positively charged
regions, red representing negatively charged regions, and darker
red representing denser electron density. Compared to the PAV—
molecular electrostatic potential, the surface electron distribution
of PAV- containing different VO2+ and oxygen vacancy sites is
significantly changed after activation. In the PAV—(D), PAV—(P),
PAV—(Q1), PAV-(Q2), PAV—(Q3) and PAV—(Q4) plots, it can be ob-
served that the red region of the PAV—(D) plot is more dense,
which indicates that the electron density of the PAV—(D) region
formed by V-O; bond breaking is more denser, which makes it eas-
ier to transfer electrons during the catalytic reaction and exhibits
stronger catalytic performance. Electron localization function (ELF
can be found in Supporting information) further demonstrates that
the formation of PAV—(D) by V-O; bond breaking is more favorable
for electron transfer in the reaction (Fig. S9 in Supporting informa-
tion). To analyze more deeply and specifically the charge changes
of vanadium and vanadium-adjacent oxygen atoms for different V-
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0 bond breaks to form PAV~ containing VO2* and oxygen vacancy,
the Maliken charges of the smallest units in the structure of PAV—
anions of containing VO?* and oxygen vacancy have been calcu-
lated, and the results are shown in Table S3 (Supporting infor-
mation). Table S3 lists in detail the Maliken charges of vanadium
and vanadium-adjacent oxygen atoms in PAV~ containing differ-
ent VO2t and oxygen vacancy sites. Among them, the vanadium
of PAV—(D) formed by V-O; bond breaking had the highest posi-
tive charge (1.546), indicating that the active sites formed by this
group are more susceptible to transferring electrons and exhibit
superior catalytic ability. This is a perfect fit with the above con-
clusion, which clearly and explicitly analyzes the effect of different
V-0 bond breakages of the PAV- to form VO2+ and oxygen vacancy
on catalytic electron transfer.

The oxidation state of HPAV is a key factor affecting the syn-
thesis of MAA by MAL-catalyzed oxidation [6-8], and adjusting the
oxidation state of the catalysts is an effective strategy to promote
the MAA synthesis reaction. Roasting and DBD activation can ef-
fectively adjust the oxidation state of SiO,-doped HPAV catalysts.
The effects of these effective activation treatments on the catalytic
activity are shown in Figs. 4a-c, and Figs. S10a and d (Supporting
information). All catalyst evaluations were performed at 320 °C and
GHSV of 1145 h~!. Obtained from Figs. 4a and b, the conversion
and selectivity of Pre-Catal and DBD(Air/10)-Catal catalysts without
roasting activation treatment are relatively low. After the roasting
activation treatment, the catalytic activity after roasting was im-
proved to some extent. It was obtained by the test evaluation of
the activity that the DBD(Ar/10)-MF-Catal catalyst with roasting in
air first and DBD activation treatment afterward had the best activ-
ity, with 90% conversion and 70% MAA selectivity. The high energy
and excited state electrons provided by DBD activation treatment
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can well regulate the oxidation state of HPAV. This is attributed to
the fact that the average electron energy for DBD excitation is 1-
10 eV, which is the optimal range for exciting molecular and atomic
species and breaking chemical bonds [39]. Figs. S10a and d ex-
plored the optimal conditions for DBD activation treatment of MF-
Catal catalyst (these data on catalytic activity are obtained from
the 10-h average of the reaction), and it was obtained that the
current, voltage, and treatment time of DBD activation treatment
increased from small to increase, the conversion of MAL was posi-
tively correlated with the increase, and the selectivity of MAA was
first increased and then decreases. The best catalytic performance
of DBD(Ar/10)-MF-Catal catalyst was obtained when the catalyst
was treated at (100V, 1.5 A) in the Ar atmosphere for 10 min. For
500 h of continuous reaction (Fig. 4c), the conversion had a slight
decrease, and the selectivity remained relatively stable (it showed
good catalytic performance and stability compared to previously
reported loaded catalysts (Table S4 in Supporting information)).
Stem from the results of this thesis, we deduced the mechanistic
process of the reaction between the oxygen vacancies and VOt of
HPAV catalyst to this reaction, and the results are shown in Fig.
4d. Step 1: Adsorption of O, by oxygen vacancies; Step 2: Activa-
tion of O, by oxygen vacancies to form lattice oxygen atoms; Step
3: Bronsted acid of catalyst and water opens the carbon-hydrogen
bond of the reactant molecule MAL and forms free proton; Step 4:
Free proton and lattice oxygen form the reactive intermediate *OH;
Step 5: Carbon bonding to *OH forms carboxylate group; Step 6:
De-attachment of MAA on the catalyst and reversion of the cata-
lyst oxygen vacancies to their original state. Based on this analysis
of the influence of the above optimization of activation treatment
methods and treatment conditions on catalyst activity, and com-
bined with the characterization and DFT calculation, the following
results are obtained:

(1) The thermal activation treatment by roasting first led to the de-
composition of APTA and partial decomposition of the amino
group, which optimized the pore structure and HPAV crystal
phase content of MF-Catal catalyst, reduced part of the V>*
in HPAV, and generated a certain concentration of VO%* and
oxygen-vacancy active sites (VOx — VO2* +0). Then, after the
activation of DBD in the Ar atmosphere for 10 min, the V>*
was further reduced, which gave the DBD(Ar/10)-MF-Catal cata-
lyst the optimal concentration of VO2* and oxygen vacancies in
the catalytic active sites. The catalyst conversion and selectivity
can be well improved, which makes it easier to obtain max-
imum active surface oxygen and accelerate the generation of
carboxylic acid groups and electron transfer on the catalyst sur-
face. This is attributed to the simultaneous occurrence of reduc-
tion and re-oxidation in the Keggin unit, and the rates of these
two processes depend on the number of effective active sites,
which are closely related to the contents of VO?+ and oxygen
vacancies.

(2) The migration concentration of VO2* to the secondary structure
and the concentration of oxygen vacancies can affect the elec-
tronic atmosphere of the Keggin unit, promoting charge trans-
fer to enhance the oxidation and re-reduction capacity of the
active substances in the redox process, and thus altering their
redox properties. This is due to the migration of the electron
cloud in the Keggin unit as a result of the gain activation and
loss to participate in the reaction of oxygen atoms involved in
the reaction during the redox process. Suitable concentrations
of VO** and oxygen vacancies accelerated the oxidation reac-
tion of MAL and improved the selectivity of MAA.

(3) The activation treatment of DBD enhanced the acidity of the
catalyst and promoted the carboxylation of the aldehyde group,
which was favorable for the generation of the target product
MAA.
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(4) However, the over-activation treatment of DBD in an argon at-
mosphere makes the catalyst contain an excessive concentra-
tion of oxygen vacancies. Especially, when its concentration is
too high, it greatly increases the ability to activate O, and the
concentration of reactive oxygen species, so that the ability to
trigger a high rate of redox cycling occurs under the same re-
action conditions, and reactive oxygen of portion oxidizes MAL
to CO, CO, and acetate, reducing the yield of the target product
MAA.

In this study, the roasted SiO,-doped HPAV catalysts were sub-
jected to DBD activation treatment conditions to obtain a series
of catalysts with controllable oxygen vacancies and metal oxida-
tion states. The controlled modification of the oxygen vacancies
and metal oxidation states of HPAV due to DBD treatment and
its intrinsic linkage to catalyze MAL were systematically inves-
tigated. It was found that the high catalytic activity can be at-
tributed to the generation of abundant surface VO*+ and oxygen
vacancies by the DBD activation treatment, which improves the re-
dox properties and decreases the charge density on the surface
of oxygen atoms in the heteropolymeric structure. The decrease
in charge density increased the off-domain and dihydrogen pro-
ton mobility of the oxygen atom at the end of the heteropoly
anion and enhanced the surface acid sites of the catalyst. How-
ever, excessive concentration of oxygen vacancies leads to exces-
sive oxidation and decreases the reaction selectivity. DFT calcula-
tions to verify the theoretical reduction of V°* species and the
formation process of oxygen vacancies demonstrated that V-O; is
more likely to break to form V4t and oxygen vacancies. Its forma-
tion affects the distribution of the electron localization in the Keg-
gin unit and leads to a weakening of the metal-oxygen bonding,
which results in an easier transfer of electrons and an easier ex-
citation of oxygen atoms. DBD excitation treatment of heteropoly-
meric species is an effective method to modulate redox properties
and greatly improve the catalytic performance of SiO,-doped HPAV
catalysts, which develops a new activation treatment method for
the synthesis of high-activity catalysts and has a broad application
prospect.
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