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ABSTRACT: Catalytic oxidation has been considered an effective
technique for volatile organic compound degradation. Develop-
ment of metal foam-based monolithic catalysts coupling electro-
magnetic induction heating (EMIH) with efficiency and low energy
is critical yet challenging in industrial applications. Herein, a
Mng,-NF monolithic catalyst prepared by -electrodeposition
exhibited superior toluene catalytic activity under EMIH
conditions, and the temperature of 90% toluene conversion
decreased by 89 °C compared to that in resistance furnace
heating. Relevant characterizations proved that the skin effect
induced by EMIH encouraged activation of gaseous oxygen,
leading to superior low-temperature redox properties of Mn, 4 ,-NF
under the EMIH condition. In situ Fourier transform infrared
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spectroscopy results showed that skin effect-induced activation of oxidizing species further accelerated the conversion of
intermediates. As a result, the Mn,g,-NF monolithic catalyst under EMIH demonstrated remarkable performance for the toluene
oxidation, surpassing the conventional nonprecious metal catalyst and other reported monolithic catalysts.
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1. INTRODUCTION

Considering the widespread and increased usage of toluene, its
evaporation gives rise to one typical pollutant of volatile
organic compounds (VOCs), causing more risks to the
environment and human beings.l Hence, more regulations
are employed to restrict its massive emission, which has led to
the thriving development of controlling technologies including
thermal combustion, biologic degradation, photo/photother-
mal catalysis, thermocatalytic oxidation, and electrocatalytic
oxidation.”™> Among the above techniques, thermocatalytic
oxidation is the most promising method widely emerging for
purification of the industrial exhaust, ascribed to its less
secondary pollution and high efficiency. Due to the
advantages of low cost, substantial reserves, variable valence,
and diverse crystal structures, non-noble metal-based catalysts
have attracted wide attention.”® Among them, manganese
oxide (MnO,) can be regarded as one of the most attractive
candidates for toluene elimination. However, its relatively
inferior catalytic activity compared with that of the noble
metal-based catalysts would increase the energy consumption
in the pollutant treatment process.

In recent years, to improve degradation efficiency and
reduce energy consumption of pollutant treatment, intensive
strategies by using the ion promotion effect, facet engineering,
morphology control, element doping modification, and defect
engineering have been developed."”” From the perspective of
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reaction systems, there are also many studies that optimize
catalytic combustion devices by equipping with exhaust heat
exchangers, electric heating rods, airflow diaphragms, and
processor covers to minimize heat loss.'””"> In general,
regenerative catalytic oxidation relying on ceramics honey-
comb-based catalysts has recently been widely applied in
industrial VOCs purification, resulting in a lower pressure drop
and high thermal storage density.'”"> However, its energy
supply mode for catalytic combustion process always depends
on electric power or fossil combustion heating, which leads to
the problems of slow startup and low heat transfer efficiency.
To counter this challenge, we had proposed to use
ferromagnetic foam-based materials loaded with an active
component and further coupled with electromagnetic
induction heating (EMIH) to complete an enclosed circle of
storage oxidation, which is fit to control the intermit
source."*™"® With the advantages of efficient heat transfer
and rapid heating, EMIH has been demonstrated to economize
on 98.9% of energy consumption compared with traditional
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resistance furnace heating (RFH).'® In addition to energy
saving and flexible operation, the demanded temperature of
catalysts could be reduced by EMIH compared to that in RFH
according to the literature.'””® However, research studies
aimed at understanding the promotion effect of EMIH are still
rare. In our previous reports, the powders of Mn-based oxides
and zeolite-supported Pt were loaded on Ni foam as an
electromagnetic receptor.'®™'® The monolithic catalysts
obtained by mechanical coating lacked structural connection
between the catalytic site and magnetocaloric support, thereby
resulting in no obvious difference of activity. Notably, Ni foam
was chosen as the magnetocaloric support, which was
reportedly used to prepare monolithic catalysts owing to its
three-dimensional porous structure, good thermal conductivity,
and unique mechanical plasticity. Recently, many studies have
reported that monolithic catalysts of metal oxides grown on Ni
foam exhibit good catalytic performance in the oxidation of
VOCs.*"*?

In order to enhance interaction between Ni foam and its
supported composition, electrodeposition was applied to in situ
graft manganese oxide (MnO,) sheets on Ni foam to form a
monolithic catalyst. Through modification of the deposition
time, the amount of MnO, loading was changed. The activities
to catalyze toluene oxidation under EMIH varied with MnO,
loading as an inverted volcano curve. Among them, Mn,g,-NF
was chosen as the best option for EMIH-driven oxidation.
Compared to that under RFH, the demanded temperature for
90% conversion of toluene on Mn,g,-NF was reduced by 89
°C under EMIH, which was related to the skin effect induced
by EMIH. By aligning EMIH with structural characterizations,
it was observed that the EMIH-induced electron enrichment
on the surface of Ni foam brought a negative electric field to
the loaded MnO,, which was favorable for the activation of the
oxidizing species, causing better performance in eliminating
toluene at low temperature.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. (CH;COO),Mn,
CH;COONH,, (CHj;),SO, and toluene were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All
chemicals were of analytical grade and used as received without
further purification.

2.2. Preparation of Catalysts. Monolithic catalysts of Ni
foam-supported manganese oxides were synthesized by
electrodeposition.”> The Ni foam was ultrasonically cleaned
with ethanol, acetone, and deionized water. Electrodeposition
was carried out by a CHI 660D model electrochemical
workstation with a two-electrode system, a piece of clean Ni
foam (3.0 cm X 4.0 cm) as the working electrode and a carbon
rod (¢ = 8 mm) as the counter electrode. The manganese
oxide nanosheets were electrodeposited in an aqueous solution
of 0.01 M (CH;COO),Mn, 0.02 M CH;COONH,, and 10 wt
% (CHs,),SO with a constant voltage of 1 V at 70 °C. The
monolithic catalysts were named as Mn,-NF (x = 1.6, 7.7, 18.2,
and 25.3), where x refers to the actual Mn loads, which were
determined by an X-ray fluorescence (XRF) spectrometer, as
shown in Figure S1. In the control experiment, Mn,g,-NF was
treated by mechanical friction to enlarge the interval between
the MnO,, layer and Ni surface, which was denoted as Mng,-
NE-S. To investigate the influence of EMIH treatment, Mn g ,-
NF was heated by EMIH in the air stream and the temperature
was kept at 200 °C for different times, so the obtained sample
was named Mn,g,-NF-EMIH-X min (note: X = S, 10, and 15

min). The pure NF sample was also treated via the same route
only without the involvement of (CH;COO),Mn, in which the
Coulomb quantity is 180 C, named as NF.

2.3. Characterization. The samples were characterized by
XRF, X-ray diffraction (XRD), Raman spectroscopy, scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), H, temper-
ature-programed reduction (H,-TPR), O, temperature-pro-
gramed desorption (O,-TPD), toluene temperature-pro-
gramed oxidation (Toluene-TPO), toluene temperature-
programed surface reaction (Toluene-TPSR), Fourier trans-
form infrared (FTIR) spectroscopy, and diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS). An
electrochemical workstation (CHI 660D, Shanghai CH
Instruments) was used to measure the electromagnetic
properties of the samples. The detailed procedures for
characterization are described in the Supporting Information.

Especially, the redox property of Mn,g,-NF monolithic
catalysts under EMIH was studied by applying an electro-
magnetic temperature control device (Figure S2). Prior to H,-
TPR, the rolled-up monolithic catalyst was pretreated at 200
°C with a pure Ar stream of 30 mL/min flowing rate for 60
min and was cooled down to room temperature. Then, the
stream was changed to 5% H,/Ar, and the temperature was
elevated from 30 to 240 °C at a rate of 10 °C/min with
programed EMIH. Notably, a thermal conductivity detector
(TCD) was applied to monitor the H,-TPR process.

In addition, the reactant intermediates under EMIH were
investigated by in situ FTIR spectroscopy, which was carried
out on a Thermo Fisher is50 instrument. The monolithic
sample was heated to 200 °C in an air stream to remove H,O
vapor and then was cooled to 25 °C. At this temperature, the
IR spectrum was recorded as the background. Subsequently,
the toluene-polluted 20% O,/N, stream was passed through
the sample for adsorption saturation. Finally, by turning on
EMIH (setting 24.3 mT of altering magnetic field, Table S1),
toluene was oxidized over the monolithic catalyst in the
pollutant atmosphere for 20 min. The variation of chemical
bonds during adsorption and oxidation was detected by FTIR
spectroscopy. In situ FTIR spectroscopy was also conducted in
a pure N, atmosphere to inspect the oxidation of toluene by
lattice oxygen on the monolithic catalyst.

2.4. Activity Test. A monolithic catalyst (4 X 3 cm) was
rolled-up and loaded in a quartz tube (¢ = 6 mm). The
performance in catalyzing thermal oxidation of toluene was
evaluated by a fixed bed equipped with resistance furnace
(Figure S3). The magnetocaloric oxidation of toluene was
conducted on a fixed bed configured with an EMIH device, as
shown in Figure S2. The EMIH device was operated at
handling conditions of 24.2 V and 2.8 A, which could generate
24.3 mT of alternating magnetic field in the reaction area
(Table S1). A 20% O,/N, stream containing 1000 ppm
toluene was passed through the bed layer with a rate of 66 mL/
min, resulting in a gas hourly space velocity (GHSV) of 4668
h™'. The catalytic performance was evaluated by toluene
conversion and mineralization. The calculation equations are
as follows.

toluene conversion (%)
= ([toluene],, — [toluene] ,)/[toluene],, X 100%
(1)
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Figure 1. Structural and physicochemical characterization of all the samples. (a) XRD patterns of Mn,-NF in the range of 5—43°. (b) Raman
spectra of Mn,-NF. (c—f) SEM cross-sectional images, SEM surface images, and TEM images of Mn, --NF, Mn,,-NF, Mn,4,-NF, Mn,; ;-NF,
respectively. (g) Mn 2p spectra of Mn,-NF. (h) H,-TPR profiles measured by the TCD. (i) O,-TPD results measured by online MS.
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3. RESULTS AND DISCUSSION

3.1. Textural and Physicochemical Characterization.
The Mn,-NF monolithic catalysts were prepared by electro-
depositing MnO,, on a nickel foam (NF) support (as illustrated
by Figure S4). Actual Mn contents of Mn, ¢-NF, Mn,,-NF,
Mn,4,-NF, and Mn,;-NF monolithic catalysts were 1.6, 7.7,
18.2, and 25.3 wt %, respectively, which were determined by
XRF (Figure S1). The XRD patterns (Figure SS) of Mn,-NF
monolithic catalysts show obvious characteristic peaks of Ni
species, and the signal peaks gradually become weaker as the
load mass increases, suggesting that the MnO, coating covers
the NF successfully. Furthermore, the specific XRD patterns of
Mn,-NF in the range of 5—43° (Figure la) show that Mn, 4
NF and Mn,,-NF monolithic catalysts exhibit the weak
diffraction characteristic of the MnO, phase (MnO, # 03-06S-
2821) and the apparent Mn;0, phase (Mn;0, #01-086-2337)
appears on Mn;g,-NF and Mn,;;-NF monolithic catalysts.
Moreover, in the Raman spectra (Figure 1b), the three peaks at
658.4, 374.7, and 318.9 cm™! are characteristic of the Mn—0O
vibration modes of Mn;0,,”**° confirming the formation of
Mn;0,.

SEM and TEM images were obtained to probe the
morphology and microstructure of the Mn,-NF monolithic
catalysts. SEM cross-sectional images of Mn,-NF (left portion
of Figure 1c—f) present the attachment state between MnO,
and NF. As the percentage of Mn reaches 25.3 wt %, cracks
appear between MnO,, and the support (Figure 1f). As shown
in the top right of Figure lc—f, all Mn,-NF samples have a
flower-like hierarchical structure composed of MnO, sheets,
which is conducive to increasing the contact between the
reaction substrate and Mn,-NF catalysts. TEM images (bottom
right part of Figure lc,d) of Mn, -NF and Mn,,-NF disclose
that the resolved lattice fringe is 0.240 nm, which can be
assigned to the (101) plane of MnO,. For Mns,-NF and
Mn,;;-NF, the lattice spacings of 0.240 and 0.313 nm
corresponding to MnO, (101) and Mn;O, (112) lattice
planes, respectively, can be observed in the bottom right part
of Figure le,f>® The above observation results are in
accordance with XRD patterns, proving that crystalline phases
of surface components change from MnO, to Mn;O, with a
prolonged electrodeposition time.

XPS spectra were employed to reveal the oxidation states of
metal jons and oxygen species on the surface of the Mn,-NF
monolithic catalysts. As presented in Figure 1g, the Mn 2p XPS
profiles of the Mn,-NF could be divided into three peaks at
643.8, 642.1, and 641.2 eV, corresponding to the Mn*, Mn*,
and Mn** species, respectively.'® As the Mn loading increases,
a higher proportion of Mn*" gradually appears on the surface
of catalysts, which is reflected in the regular modification of the
Mn?*/Mn>**/Mn** ratio from a 1/20.2/15.0 ratio for Mn, <-NF
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Figure 2. Evaluation of the catalytic performance in removing toluene. (a,b) Activity profiles from perspectives of conversion and mineralization
under conditions of 1000 ppm toluene, 20% O,/N,, EMIH driven, and GHSV = 4668 h™. (c) 90% of conversion (Ty,) of Mn,-NF monolithic
catalysts. (d,e) Activity profiles of the Mn,g,-NF catalyst from the perspectives of conversion and mineralization under conditions of 1000 ppm
toluene, S vol % H,O (when used), 20% O,/N,, EMIH or RFH condition, and WHSV = 44,000 mL/(g h) (based on MnO,). (f) To, of the Mn5,-
NF monolithic catalyst. (g) Catalytic stabilities of Mn,g,-NF for different conversion conditions of containing 1000 ppm toluene, S vol % H,0, and

WHSV = 44,000 mL/(g h) (based on MnO,,).

to the 1/3.6/3.4 ratio for Mn,s;-NF. It is ascribed to the
thickness of the MnO, coating because the thicker MnO,
coating accompanied by the higher overpotential prohibits
oxidation of Mn>* ions. The O 1s XPS profile (Figure S6)
could be fitted into three peaks belonging to hydroxyl oxygen
(O(om)), adsorbed oxygen (O,4), and lattice oxygen (Oy,y),
respectively.”® The Oy,/O,q4, ratios decrease with the
increasing Mn loading. The similar changing tendencies of
Mn?*/Mn**/Mn* and O,,,/O,q, ratios indicate the relation-
ship between the low-valence Mn cations existing and the
generation of surface adsorbed oxygen. Meanwhile, binding
energies of Oy, and O, species also increase with Mn loading,
suggesting the activation of Oy, with lower electron cloud
density.”>*’

The influence of Mn loading on the reducibility was
examined by H,-TPR and is displayed in Figure 1h. The
reduction of Mn,-NF occurs in three distinct steps: 235—255
°C (peak @), 320—364 °C (peak ), and 408—483 °C (peak
7). Peak a observed at a low temperature (235—255 °C) is due
to the weakly adsorbed oxygen species.”® Peaks  and y
correspond to the process of MnO, — Mn;O, — MnO.”® As
the thickness of the Mn layer increases, the peaks f and y are
shifted to higher temperatures, which can be ascribed to the
fact that the low-valence Mn in the surface layer hinders the

reduction of high-valence Mn in the inner layer according to
the above structural analysis. An O,-TPD test (Figure 1i) was
performed to inspect the mobility of oxygen components.
Desorption peaks at 391—396 and 473—535 °C are assigned to
surface active oxygen species and lattice oxygen species,
respectively.”® The desorption temperature for lattice oxygen
can be ranked in the following order: Mn,;;-NF (473 °C) —
Mn,g,-NF (481 °C) — Mn,,-NF (505 °C). The lower
desorption temperature confirms that the activated Oy, on the
surface promotes oxygen mobility, which corresponds to the
XPS analysis of O 1s.

3.2. Performance in Toluene Oxidation. The perform-
ance of monolithic catalysts in catalytic oxidation toluene was
first evaluated by applying EMIH as the heating source. The
activities are assessed on the basis of toluene conversion and
CO, rising, namely, mineralization (Figure 2a,b). As depicted
by Figure 2a, pristine NF has no activity to catalyze toluene
oxidation, thereby resulting in rare conversion even if the
temperature reaches above 250 °C, which implies the
dominant role of MnO, for catalytic oxidation. The perform-
ance is, in fact, influenced by MnO, loading. The changing
tendencies of toluene conversion and mineralization about
temperature are similar. The shift of activity curves suggests
that the temperature for removal of toluene on Mn,g,-NF is
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Table 1. Summary of Previous Research Papers on Toluene Oxidation®®~>*
Toq
catalyst catalytic mode reaction conditions (°C) ref.
flower-like Mn, 0, thermal catalysis 1000 ppm, 20,000 mL/(g h), 20% O,/N,, 100 mg of the catalyst 238 38
a-MnO,-Mn,, thermal catalysis 1000 ppm, 60,000 mL/(g h), 20% O,/N,, total rate 200 mL/min, 200 mg of the sample ~ 222 39
MnO, thermal catalysis 500 ppm, 60,000 h™', 20% O,/N,, 0.1 mL of the catalyst 238 40
MnO-250 photothermal catalysis 170 ppm, 45,000 mL/(g h), 20% O,/N,, 393 mW/cm™ 212 41
Co;/MnO, thermal catalysis 1000 ppm, 60,000 mL/(g h), 20% O,/N,, 66 mg of the catalyst 260 42
CuO-MnO, thermal catalysis 1000 ppm, 60,000 mL/(g h), 20% O,/N,, 66 mg of the catalyst 225 43
5.0% Ce/OMS thermal catalysis 1000 ppm, 60,000 mL/(g h), 20% O,/N,, 66.6 mg of the catalyst 230 44
9 wt % MnO,-CeO, photothermal catalysis 100 ppm, 60,000 mL/(g h), 20% O,/N, 210 45
Pt/a-MnO, thermal catalysis 1000 ppm, 60,000 mL/(g h), 20% O,/N, 170 46
Ag/5-MnO, thermal catalysis 1000 ppm, 60,000 mL/(g h), 20% O,/N,, 100 mg of the catalyst 224 47
Au/3DOM Mn,0, thermal catalysis 1000 ppm, 40,000 mL/(g h), 20% O,/N, 244 48
0.65Pt/Mn-TiO, photothermal catalysis 200 ppm, 56,250 mL/(g h), 20% O,/N,, 20 mg of the catalyst 195 49
Co—Fe monolithic thermal catalysis 200 ppm, 10,000 h™, 20% 0,/N,, a 1.8 X 1.8 X 0.9 cm cube of the catalyst 347 S0
catalyst
Pt/TiO, monolithic thermal catalysis 2000 ppm, GHSV = 3000 h—', WHSV = 370,000 mL/(g h) (based on Pt/TiO,), 20% 212 51
catalysts 0,/N,
Pt/CuMnCe monolithic  thermal catalysis 2000 ppm, 5000 h™", 20% O,/N,, 10 mm diameter and S0 mm length of the cylindrical 216 52
catalyst cordierite honeycomb
Co,AlO,/Ni foam thermal catalysis 1000 ppm, 10,000 h™, 20% O,/N,, § cm X 7 cm X 1.6 mm of Ni foam 272 S3
monolithic catalyst
MnO,-0O,/CF monolithic  thermal catalysis 1000 ppm, 10,000 h™", 20% O,/N,, a 1.5 cm X 1.0 cm Ni piece 215 54
catalyst
Mn,5,-NF monolithic thermal catalysis 1000 ppm, GHSV = 4668 h—', WHSV = 44,000 mL/(g h) (based on MnO,), 20% O,/N,, 274  this
catalyst 3 cm X 4 cm X 1.6 mm of Ni foam, RFH work
Mn5,-NF monolithic electromagnetic 1000 ppm, GHSV = 4668 h—', WHSV = 44,000 mL/(g h) (based on MnO,), 20% O,/N,, 185 this
catalyst thermal catalysis 3 cm X 4 cm X 1.6 mm of Ni foam, EMIH work

remarkably lower than those of the others. Considering the
temperature for 90% conversion (Tgo) as an assessment rule,
an inverted volcanic tendency is presented in Figure 2c. The
decrease of Ty, with MnO, loading is due to the increased
content of the active site, but Mn,;;-NF with higher MnO,,
loading requires higher Ty, than Mng,-NF. According to the
discussion about H,-TPR and O,-TPD, Mn,,;-NF exhibits
comparable reducibility and oxygen reactivity to Mng,-NF,
which is commonly thought to perform a similar activity. In
our opinion, this opposite result is related to the separation
between the MnO, coating and Ni foam, causing more
difficulty in delivering energy from the magnetocaloric support
to the active site under the EMIH condition. In the control
experiment, the interface between the manganese oxide layer
and Ni foam of Mng,-NF could be destroyed through
mechanical friction, resulting in Mn,g,-NF-S with a looser
interface, as shown by Figure S7. The activity of Mn,g,-NF-S is
significantly reduced compared to that of Mn,g,-NF under
EMIH, so its ignition curve is shifted to a higher temperature
of about 30 °C, as depicted by Figure S8, which implies the
important role of the metal oxide—support interaction in
EMIH-driven catalytic oxidation.

Mn,,-NF is screened out to investigate the influence of
different heating models involving EMIH and RFH on the
catalytic performance. At ideal conditions without humidity,
Ty for EMIH-driven catalytic oxidation of toluene is about 89
°C, lower than that for RFH-driven catalytic oxidation (Figure
2d,f). Although the introduction of S vol % H,O has a slight
negative effect on eliminating toluene, the demanded temper-
atures for EMIH-driven catalysis are still much lower than
those for traditional oxidation depending on RFH (Figure
2d,e). In practice, apart from the influence of water vapor, the
stability under various temperature switchings should be
considered. The robust property of the EMIH-driven system

for removal of toluene on Mn,g,-NF is examined by repeatedly
modifying temperature. As shown in Figure 2g, 1000 ppm
toluene is completely oxidized into CO, at 210 °C; when
temperature decreases to 180 °C toluene conversion and
mineralization are about 25% and decline gradually due to
accumulation of intermediates, and then, upon elevating the
temperature to 210 °C, conversion returns to 100%, and
mineralization increases to even higher than 100% at the initial
stage owing to the deep oxidation of these intermediates. The
cycling test is repeated steadily for S times during 10 h. To
further clarify the difference between EMIH and RFH, toluene
oxidation experiments in a N, atmosphere were performed
under EMIH and RFH conditions. As seen in Figure S9a,b, a
small amount of toluene is converted in both EMIH and RFH
conditions, indicating that lattice oxygen is involved in the
reaction. But toluene conversion eventually tends to 0 without
the supplement of O,, manifesting that Mn,g,-NF would
activate the O, molecules to supply the reaction, which follows
the classic Mars—van Krevelen mechanism. Moreover, the
lower temperature of toluene conversion shows that EMIH is
beneficial to the activation of oxidizing species compared to
RFH.

In order to understand its technologic merits, the EMIH-
driven system is compared with other recent studies from four
aspects, namely, the metal material, architecture, energy
inputting method, and reaction temperature. As listed in
Table 1, Mn-containing catalysts usually outperform other
tradition metal oxides and exhibit activity comparable to that
of supported precious metals in catalytic oxidation of toluene.
The values of Ty, demanded by Mn-containing catalysts mostly
fall in between 210 and 250 °C when thermal catalytic
oxidation of toluene is powered by resistance furnace or light
illumination. Monolithic catalysts prepared through coating
active species on a ceramics honeycomb or metallic foam are
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Figure 3. Inspecting the influence of EMIH on structural properties. (a) i—t curve of Mny,-NF obtained at power on/off EMIH. (b) Schematic
elucidation of the influence of EMIH. (c) FTIR spectra of Mng,-NF, Mn,5,-NF-S min, Mn,g,-NF-10 min, and Mn,,-NF-EMIH-15 min. (d) Mn
2p XPS spectra of Mn,g,-NF, Mn,5,-NF-EMIH-S min, Mn,5,-NF-EMIH-10 min, and Mn,,-NF-EMIH-1S min. (¢) O 1s XPS spectra of Mn;g,-
NF, Mn,,-NF-EMIH-S min, Mn g ,-NF-EMIH-10 min, and Mn;g,-NF-EMIH-15 min. (f) H,-TPR conducted at conditions of EMIH and RFH.

preferred by practical applications owing to the lower pressure
drop and easy installation. However, the reaction temperature
of monolithic catalysts is usually higher than that of powder
catalysts. This is because monolithic catalysts expose fewer
active sites than powdered catalysts under the same volume
conditions and monolithic catalysts have limited gas—solid
transfer compared to powders. Among non-noble monolithic
catalysts, the Toy of Mn,g,-NF under EMIH is 185 °C, which is
the lowest. Ni foam of Mn5,-NF not only serves as monolithic
support but also as a translator that receives, converts, and
delivers electromagnetic energy to the MnO, coating directly.
As shown in Figure S10, the MnO,, layer on Ni foam could be
heated to as high as 305 °C by EMIH at 23.8 mT. However,
individual MnO,, powders could be self-heated to only 60 °C
by EMIH with the same intensity, which is insufficient to
trigger toluene oxidation.

3.3. Promotive Effect of the Skin Effect Induced by
EMIH. To further understand the promotion effect of EMIH,
induced voltage and induced current under EMIH were
detected by an electrochemical workstation. As shown in
Figure S11, the alternating magnetic field causes an induced
electromotive force in the opposite direction of the original
potential. As a result, the induced current (Figure 3a) also
exhibits the same orientation as the induced voltage due to the
same direction of the induced electromotive force and the
induced current. After turning off the EMIH device, the
current value gradually returns to the initial level. Moreover, in
the control experiment (Figure S12), Mns,-NF (AI = 3.8 X
1074) shows a stronger current response than Ni foam (AI =
4.5 X 107°), indicating the association between the MnO, layer
and Ni foam. The above results prove that eddy current is
generated inside the monolithic catalyst under EMIH
conditions (illustration in the left part of Figure 3b). And
meanwhile, the high-frequency current forces alternating
current to the surface of the monolithic catalyst in the form
of a thin layer,” which causes the skin effect (illustration in the

right part of Figure 3b).

In order to investigate the influence of the skin effect on the
chemical bonds of MnO,, FTIR spectra of Mn,g,-NF, Mn,g,-
NF-EMIH-S min, Mng,-NF-EMIH-10 min, and Mn,g,-NF-
EMIH-15 min were analyzed (Figure 3c). The absorption
band at 721.9 cm™ is assigned to the vibration absorption
superposition of the Mn—O—Mn bridging oxygen bond.'®
After treatment by EMIH for S min in an air atmosphere, the
infrared absorption band of the Mn—O—Mn structure shifts
from 721.9 to 727.5 cm™" and further shifts to 730.5 cm™
when treatment time reaches over 10 min, indicating that the
bond energy is strengthened due to modification on the
microstructure. In addition, the surface chemical states were
further investigated by XPS patterns. The Mn 2p spectra
shown in Figure 3d can be deconvoluted into three peaks at
643.8 eV, 642.3, and 641.0 eV, corresponding to Mn*, Mn*,
and Mn** species, respectively.'® Based on the peak
integration, the ratio values of Mn*"/Mn>"/Mn*" are 1/3.9/
3.3 for Mn,4,-NF, 1/3.6/3.9 for Mn,g,-NF-EMIH-S min, 1/
3.5/4.1 for Mng,-NF-EMIH-10 min, and 1/3.5/4.2 for
Mn,g,-NF-EMIH-15 min. It indicates that the content of
Mn*" increases with EMIH, but a promotion ceiling appears
with prolonged treatment, which is in accordance with the
previous discussion about FTIR spectroscopy. It should be
noted that there is no obvious change arising to the matrix
lattice of the MnO, layer on Mns,-NF with EMIH-induced
growth of the Mn valence, as evidenced by the XRD patterns
in Figure S13. In general, it is accepted that the larger
proportion of high-valence Mn corresponds to the tinier
quantity of oxygen vacancies.”’ Therefore, the increase of the
manganese valence state manifests that the skin effect
promotes the electron donating ability of low-valence
manganese and reduces defect sites. Active electron donors
require suitable electron acceptors. The oxygen molecule is the
most direct electron acceptor in this reaction system. Thus, the
XPS spectra of O 1s analysis are given in Figure 3e. The values
of Opy/O.g are 2.32, 2.21, 2.06, and 1.98 for Mn,,,-NF,
Mn,4,-NF-EMIH-5 min, Mn,g,-NF-EMIH-10 min, and
Mn,g,-NF-EMIH-15 min, respectively, indicating that more
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Figure 4. Exploitation of the mechanism of toluene catalytic oxidation driven by different heating models. (a) In situ DRIFTS results of RFH-driven
catalytic oxidation of toluene in a 20% O,/N, atmosphere on Mn,g,-NF at 200 °C. (b) In situ FTIR results of catalytic oxidation of toluene in a
20% O,/N, atmosphere on Mng,-NF that was heated to about 200 °C by EMIH of 24.3 mT intensity. (c) Illustration of the proposed mechanism

of catalytic oxidation of toluene driven by different heating models.

surface adsorbed oxygen species (such as O,~, and O~) occupy
the above reduced defect sites due to facilitation of the skin
effect. O,q, tends to participate into the oxidation reaction due
to its high activity and the interaction with reactants,””*" which
also explains why the activity under EMIH is better than the
activity of the same sample under RFH.

According to the above discussion, the aggregation of
surface electrons in a high-frequency electromagnetic field
promotes electron donation from low-valence Mn to molecular
oxygen, resulting in an increase of the high-valence Mn cation
and surficial adsorbed oxygen species, which has an inevitable
effect on reducibility. To investigate the influence, H,-TPR was
conducted by using EMIH at the same conditions as those of
traditional RFH-driven H,-TPR. As presented in Figure 3f,
EMIH-driven reduction of Mng,-NF is obviously faster than
that heated by RFH with the same heating rate of 10 °C/min,
implying the stronger enhancement of oxygen reactivity by
EMIH than by RFH. To further explore the role of the skin
effect in the reaction process, a Toluene-TPSR experiment was
conducted in 20% O,/N, or N, atmospheres under EMIH or
RFH conditions. As shown in Figure S14, under the same
heating mode, the output of CO, over the Mng,-NF
monolithic catalyst in a 20% O,/N, atmosphere is higher
than that in a N, atmosphere, indicating that gaseous oxygen is
involved in the reaction. Compared with the temperature of
the CO, curve under the RFH-driven condition in an air
atmosphere (bule line), the CO, curve under the EMIH
condition (red line) obviously shifts to lower temperature,
which means that the EMIH mode is conducive to the
activation of gaseous oxygen at low temperature. Therefore,
EMIH boosts catalytic oxidation of toluene at relatively lower
temperature.

3.4. Investigation of the Reaction Mechanism under
EMIH. For the purpose of gaining more foundational

perceptions into the catalytic toluene oxidation mechanism
under RFH and EMIH, in situ DRIFTS and in situ FTIR
spectroscopy were applied for tracking the variation of
intermediate species. Figure 4a exhibits a series of in situ
DRIFTS spectra over the Mn,g,-NF catalyst under RFH at a
toluene atmosphere. When a toluene-polluted 20% O,/N,
stream 1is introduced into the reaction cell at room temper-
ature, characteristic peaks of toluene could be observed at
3076, 3037, 2937, 2883, 1609, and 1498 cm™* (Figure S15),
which confirms that toluene adsorbed on the surface of the
Mng,-NF catalyst.>>** As the temperature is increased to 200
°C by RFH, intermediate products such as benzyl alcohol,
benzaldehyde, benzoate, and maleic anhydride gradually
accumulate and the CO, intensity increases slightly, indicating
the accumulation of intermediates on the catalyst. As a
contrast, Figure 4b shows the dynamic changes in the FTIR
spectra of Mng,-NF under EMIH at a toluene atmosphere.
The in situ reaction cell under EMIH adopts the infrared
transmission technique, therefore showing a more obvious
infrared absorption signal (Figure S16). After the EMIH is
turned on, the characteristic bands of toluene are in decline,
and the CO, peak increases significantly. It is worth noting that
only the accumulation of benzoic acid species is observed. This
is because the ring-opening process is the rate-determining
step in the catalytic oxidation of toluene, which easily leads to
the accumulation of benzoic acid.** The above results indicate
that EMIH is conducive to the rapid conversion of
intermediates. Similar in situ IR results obtained in a N,
atmosphere (Figures S17 and S18) indicate that lattice oxygen
is activated to participate in the oxidation reaction, which is
believed to be in accordance with the Mars—van Krevelen
mechanism. Combining with activity data in Section 3.2 and
characterization analysis in Section 3.3, we can draw a
conclusion that the skin effect induced by EMIH is beneficial
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fro activating the O, molecules and surface oxygen species,
which directly promotes the conversion of intermediates.

To further determine the reaction pathway of toluene
oxidation, the Toluene-TPO experiment driven by RFH was
performed in a N, atmosphere. As shown in Figure S19a, the
signal intensities of benzyl alcohol, benzaldehyde, and benzoic
acid decrease successively, implying that toluene is first
oxidized to benzyl alcohol by lattice oxygen, followed by
benzaldehyde and benzoic acid. The mass spectrum also
detects a weak signal fluctuation of maleic anhydride. And as
the temperature increases, the signal of CO, reaches the
maximum at around 280 °C (Figure S19b). According to other
studies on the toluene oxidation mechanism, we can know that
toluene oxidation is a stepwise process.35’36 Therefore, the
reaction mechanism of toluene oxidation over Mn,g,-NFcan
be inferred, as displayed in Figure 4c. Under the condition of
RFH, the process of toluene — benzyl alcohol —
benzaldehyde — benzoic acid— maleic anhydride — oxy-
genated species = CO,, H,O is the main reaction pathway for
toluene oxidation.””*” Differently, a magnetic thermal effect
accompanied by the skin effect could promote the enhance-
ment of surface reactive oxygen, resulting in rapid conversion
of intermediates, which is favorable to the mineralization of
toluene.

3.5. Environmental Significance and Implications. In
this study, a monolithic catalyst of Ni foam-supported MnO,,
coupled with EMIH is proposed for VOCs degradation, and
the mechanism of electromagnetic induction promotion is
further revealed. Mn,-NF catalysts are prepared by the anodic
oxidation method, and the Mn,4,-NF catalyst is screened out
as the optimal catalyst, which displays an excellent catalytic
performance for toluene oxidation (T4, = 185, 89 °C lower
than that for the same catalyst under RFH). Further structural
characteristics and in situ FTIR spectroscopy prove that the
skin effect induced by EMIH facilitates the activation of
oxidizing species on the surface and enhances the redox
property of the Mn,g,-NF monolithic catalyst. The superior
reactivity of oxidative species further accelerates the conversion
of intermediates, resulting in better performance for eliminat-
ing toluene at lower temperature.

In the aspect of theory, this work proposes the facilitating
effect of the skin effect induced by EMIH in the catalytic
oxidation system, which provides a reference for the develop-
ment of the electromagnetic induction technology in the
environmental field. EMIH has advantages of high efliciency,
energy saving, environmental protection, and sustainability,
which has been involved in many areas, including magnetic
hyperthermia, organic synthesis, catalysis, and so on. This
efficient form of energy transmission has a good application
prospect in the VOCs control system. Therefore, it is of great
significance for air pollution control to further explore the
mechanism of activity promotion under electromagnetic
conditions to construct a catalytic reaction system driven by
electromagnetic induction.

In practical applications, many point source pollutants from
VOCs emissions are intermittent and uncertain, which requires
an efficient and energy-saving catalytic reaction system. Foam-
based monolithic catalysts proposed in this study have good
metal plasticity and can be designed into a variety of
configurations in different scenarios. The porous structure
can also meet the requirements of a low pressure drop and a
high surface-to-volume ratio in practical application. Com-
bined with electromagnetic induction, the rapid heating

characteristic can achieve flexible applications. We believe
that this reaction system can effectively control the widely
distributed point source pollution of VOCs. The under-
standing of the skin effect will provide the basis for the
application of electromagnetic induction in the field of
environmental catalysis.
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