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ABSTRACT: The alternative use of electric energy by renewable
energy to supply power for catalytic oxidation of pollutants is a
sustainable technology, requiring a competent catalyst to realize
efficient utilization of light and drive the catalytic reaction. Herein,
in situ-synthesized manganese oxide heterostructure composites are
developed through solvothermal reduction and subsequent
calcination of amorphous manganese oxide (AMO). 95% of
toluene conversion and 80% of CO2 mineralization were achieved
over amorphous manganese oxide calcined at 250 °C (AMO-250)
under light irradiation, and catalyst stability was maintained for at
least 40 h. Highly utilization of light energy, uniformly dispersed
nanoparticles, large specific surface area, improved metal
reducibility, and oxygen desorption and migration ability at low
temperature contribute to the good catalytic oxidation activity of AMO-250. Light activated more lattice oxygen to participate in the
reaction via the Mars−van Krevelen (MvK) mechanism, and traditional e−−h+ photocatalytic behavior exists over the AMO-250
heterostructure composite as an auxiliary degradation path. The reaction pathways of photothermocatalysis and thermocatalysis are
close, except for the emergence of different copolymers, where light enhances the deep conversion of intermediates. A proof-of-
concept study under natural sunlight has confirmed the feasibility of practical application in the photothermocatalytic degradation of
pollutants.
KEYWORDS: photothermocatalytic oxidation, VOCs, manganese oxides, sunlight energy, natural sunlight

1. INTRODUCTION
Volatile organic compounds (VOCs) emitted from anthro-
pogenic and natural sources come into human living space and
endanger human health. Moreover, VOCs are major precursors
leading to ozone and secondary organic aerosols in the
atmosphere.1−3 Human yearning for good living space has
driven the development of air pollution elimination technol-
ogy. For VOCs with low concentration and flow rate,
photocatalysis and catalytic oxidation are effective degradation
methods.4−6 However, for the degradation of aromatic
compounds, such as toluene, they still suffer from low
quantum efficiency and high energy consumption, respectively,
which make it essential to find a good way that integrates
multiple advantages to handle pollutants.7 Photothermocatal-
ysis makes use of infrared heating and the nonradiative thermal
effect generated by the photon coupling to provide power for
the catalytic reaction. Based on the special design of
photothermocatalysts, (2−8) × sun irradiation (1 × sun = 1
kW·m−2) can be effectively exploited to make the catalyst reach
the required temperature for reaction through light absorption
and light-to-heat conversion. Photothermocatalysts applied in
VOC removal are mainly developed based on thermal catalysts,

including noble metal-based catalysts and transition-metal
oxide catalysts. Photothermal catalytic oxidation of VOCs has
been verified on a variety of catalysts, such as TiO2/CeO2,

8

MnOx/TiO2,
9 CeMnxOy/TiO2,

10 Pt/CuO−CeO2,
11 and Pt/

CeO2/TiO2,
12 as a catalytic process where the comprehensive

effects of photocatalysis and thermocatalysis work together to
promote the catalytic reaction. Our previous work has also
proved that light not only acts as a heat source but also
activates more lattice oxygen to participate in the reaction,
while photocatalysis plays an auxiliary role.13,14

To effectively improve photocatalytic activity, heterojunc-
tion engineering has been regarded as an appealing strategy to
enhance the light absorption of semiconductors and prolong
the separation lifetime of photogenerated charge carriers.15,16

Heterocomplexes on account of transition-metal oxides are
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extensively applied in catalysis due to their reversible valence
states and abundant active sites.17,18 The virtues of manganese
oxides have been verified in the field of photocatalysis and
thermocatalysis, mainly consisting of several stable metal
oxides (MnO, Mn2O3, Mn3O4, and MnO2), whose oxidation
states vary due to their band gap and structural properties.19−22

In theory, heterostructure composites involving two or more
manganese oxides possess the improving separation efficiency
of photogenerated charge carriers, abundant catalytic active
sites, and good light absorption, thus exhibiting great potential
for photothermocatalytic oxidation.
In the present work, a MnO/Mn3O4 heterostructure catalyst

with the function of effective light harvesting and abundant
active sites is designed and constructed for the photo-
thermocatalytic elimination of toluene. Amorphous manganese

oxide (AMO) was synthesized by solvothermal reduction and
subsequent calcination in situ at different temperatures to
regulate the structure. The function and the reaction
mechanism of heterostructure catalysts in photothermocata-
lytic degradation of toluene are exclusively investigated. The
reaction pathway of thermocatalytic and photothermocatalytic
oxidation of toluene over the catalyst is excavated and
compared. Furthermore, the degradation of pollutants under
natural sunlight is attempted to explore the feasibility of the
practical utilization of sunlight.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. All chemicals are of

analytically pure grade without further purification. Manganese
acetate tetrahydrate (Mn(CH3COO)2·4H2O), n-octanol, and

Figure 1. (a) Toluene conversion and (b) CO2 yield over AMO, AMO-250, AMO-400, AMO-500, and AMO-700 under full-spectrum irradiation
with varied light intensities (335, 360, 391, 417, and 453 mW/cm2). (c) Stability of AMO-250 under dry and humid conditions [relative humidity
(RH) = 50 and 100%, respectively] for toluene conversion with a light illumination of 453 mW/cm2. Reaction condition: 170 ppm of toluene;
45,000 mL/(g·h).
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absolute alcohol were purchased from Sinopharm Chemical
Reagent Co., Ltd. Deionized water was used in synthesis
experiments.
2.2. Catalyst Preparation. Pristine AMO (MnO) was

synthesized by a solvothermal method. 4 g of manganese
acetate tetrahydrate (Mn(CH3COO)2·4H2O) was dissolved in
a mixture of 16 mL of n-octanol and 48 mL of ethanol. The
solution was stirred for 2 h and then transferred into a 100 mL
Teflon-lined stainless-steel autoclave, which was sealed and
heated at 220 °C for 4 h. Until the autoclave cooled down to
room temperature, the resulting slurry was filtered and washed
several times with absolute ethanol. The final product was
dried at 100 °C for 8 h and collected. The obtained amorphous
MnO was denoted as AMO. The AMO was calcined at 250,
400, 500, and 700 °C under air for 3 h in a tubular furnace and
named AMO-250, AMO-400, AMO-500, and AMO-700,
respectively.
2.3. Evaluation of Photothermocatalytic Degradation

Activity of Toluene. The test condition and operation
procedures of photothermocatalytic oxidation, photocatalytic
oxidation, thermocatalytic oxidation, and the degradation
experiment of pollutants under natural sunlight are described
in Text S1. The schematic diagram of the photothermal
experimental setup is shown in Scheme S1.
2.4. Catalyst Characterization. The catalysts were

characterized by X-ray diffraction (XRD), thermogravimetry
(TG), X-ray photoelectron spectroscopy (XPS), high-reso-
lution transmission electron microscopy, nitrogen adsorption−
desorption, UV−vis−IR diffuse reflectance spectroscopy
(DRS), oxygen-temperature programmed desorption (O2-
TPD), hydrogen-temperature programed reduction (H2-
TPR) and toluene-temperature programed desorption (tol-
uene-TPD), toluene-temperature programed oxidation (tol-
uene-TPO), electron paramagnetic resonance (EPR), and in
situ DRIFTS. The detailed characterization process is recorded
in Text S2.

3. RESULTS AND DISCUSSION
3.1. Photothermocatalytic Performance for Toluene

Degradation. Figure 1a,b displays the time dependence of
toluene degradation and CO2 production over the catalysts
under full spectrum with varied light intensities (335, 360, 391,
417, and 453 mW/cm2). Under identical light intensity, the
photothermocatalytic activities follow the sequence: AMO-250
> AMO-400 > AMO-500 > AMO > AMO-700. Compared

with the traditional electric heating mode, the layer temper-
ature rises rapidly and reaches equilibrium upon light
irradiation due to effective light absorption and light-to-heat
conversion (Figure S1). The equilibrium temperature is
approximately equal over the catalyst under determined light
intensity due to the similar crystal structure and rises along
with the increase of light intensities (335, 360, 391, 417, and
453 mW/cm2) over each individual catalyst, as displayed in
Figure S2. Remarkably, with the elevation of input energy, the
temperature and toluene removal efficiency increased. The
high light intensity is converted to high temperature over the
catalysts, which is the energy source driving the photo-
thermocatalytic reaction, namely, the photothermal effect.
Under the light intensities of 335 and 360 mW/cm2, the
catalysts exhibited a toluene conversion efficiency of more than
90% during the initial reaction time, which then dropped
gradually within 120 min. Toluene degradation could remain
above 90% with a light intensity higher than 391 mW/cm2 over
AMO-250 when the layer temperature was 212 °C or above.
Under irradiation with a light intensity of 453 mW/cm2, AMO-
250 shows a catalyst layer temperature of 233 °C and presents
the best photothermocatalytic performance with a toluene
conversion of 95% and a CO2 mineralization of 80% for at least
120 min compared to the counterparts. Under the same
reaction condition, the catalytic activity of commercial MnO2
is presented in Figure S3, and it displays 86% of toluene
conversion and 54% of CO2 yield at 231 °C. Also, the catalytic
activity of the obtained AMO-250 was compared with the
other manganese-based catalysts in the literatures, as recorded
in Table 1. AMO-250 exhibits advantageous photothermoca-
talytic performance under light irradiation, even compared
with catalysts working under stable electric heating conditions.
Furthermore, the stability of AMO-250 in the continuous

photothermocatalytic degradation of toluene was checked
under dry and humid conditions at a light intensity of 453
mW/cm2, as shown in Figure 1c. In the first 198 min, the
toluene conversion dropped from 98 to 92% and then was
maintained for at least 12 h. At a 50% relative humidity, the
catalyst did not show any deactivation and maintained the
degradation efficiency of 92% within another 12 h. When the
relative humidity increased to 100%, the toluene conversion
decreased and remained at 89% for 12 h because of the
competitive adsorption of water and reactant molecules on
active centers. At last, after cutting off the water vapor, the
photothermocatalytic performance recovered to 92%. As

Table 1. Summary of Manganese-Based Catalysts for Toluene Catalytic Oxidation Reported in the Literatures

catalyst concentration (ppm), GHSV(mL/(g h) light irradiation (mW/cm2) temperature (oC) toluene conversion (%) refs

AMO-250 170, 45 000 393 212 90 This work
453 233 95

commercial MnO2 453 231 86
9 wt.%MnOx−CeO2 100, 60 000 210 90 17

CoMn2O4 500, 22 500 210 90 18

α@β-MnO2 500, 30 000 205 100 23

A-LaTi0.6Mn0.4O3+δ 200, 30 000 650 227.5 96 14

MnO2-Ac 1000, 90 000 200 90 24

MnOx-ET 1000, 60 000 225 90 25

MnO2/LaMnO3 2000, 120 000 279 90 20

α-MnO2/Mn3O4 300, 45 000 764 130 90 16

Mn2O3@MnO2 1000, 60 000 252 90 26

Mn2O3 1000, 60 000 239 90 27

MnOx 500, 60 000 238 90 21
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displayed in Figure S4, the CO2 yield increased from 70 to 86%
within the first 198 min and then the variation trend was
consistent with that of toluene conversion. The CO2 yield was
maintained at 86% within 24 h under dry conditions and 50%
relative humidity. At a 100% relative humidity, the CO2 yield
reduced and remained at 73% for 12 h. Finally, after cutting off
the water vapor, it was restored to 79% for at least 6 h.
Therefore, the AMO-250 catalyst exhibits desirable and long-
term stability.
3.2. Structural Characterizations of the Catalysts.

XRD patterns associated with crystal structure of the samples
are presented in Figure 2a, and AMO is identified as
amorphous MnO with poor crystallinity. Since AMO is
synthesized in reducing alcohol solvent under high temper-
ature and pressure, its surface contains a large number of
organic substances and adsorbed hydroxyl groups. Thermog-
ravimetric analysis was performed within the temperature
range of 40−800 °C under air flow, as displayed in Figure S5.
The initial weight loss of 1.4% below 170 °C is assigned to the
physically adsorbed water species over the catalyst surface, and
subsequently, the great weight decrease of 23.4% between 170
and 260 °C is attributed to the combustion and removal of

organic matter.28 A strong endothermic peak is observed at
258 °C based on the DTG analysis. Subsequently, the slow
weight recovery is due to the oxidation reaction process from
the low valency to the high valency of manganese oxides. It has
been proven that MnO will be transformed into Mn2O3
through a heat treatment above 500 °C in air.29 As shown in
Figure 2a, the calcined samples at 250 and 400 °C comprise
MnO and Mn3O4, which are matched with a cubic structure
(JCPDS 77-2363, Fm̅3m) and tetragonal structure (JCPDS 80-
3802, I41/amd). For AMO-500 and AMO-700, the crystalline
structures were reconstructed and changed into Mn2O3
(JCPDS 41-1442, Ia3̅). The crystal size of the catalysts was
estimated according to the Scherrer formula and is recorded in
Table 2 based on the strongest peak in the XRD patterns. The
grain size of AMO-250 and AMO-400 is about 14 nm
depending on the (211) crystal plane at 36.1° of Mn3O4. With
the elevation of activation temperature, the particle size of
AMO-500 and AMO-700 increases to 27 and 43 nm,
respectively, owing to the agglomeration of nanoparticles at
high temperature.30,31

The surface Mn-oxidation state and concentration of oxygen
species were detected by XPS, and the data fitting is shown in

Figure 2. (a) XRD patterns and XPS spectra of (b) Mn 2p, (c) Mn 3s, and (d) O 1s of the samples (AMO, AMO-250, AMO-400, AMO-500, and
AMO-700), (e) EPR of the samples, and (f−g) HR-TEM images of AMO-250.
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Figure 2b,d and Table 2. Mn 2p is divided into three peaks at
642.5−643.2, 641.4−641.9, and 640.5−640.8 eV, correspond-
ing to Mn4+, Mn3+, and Mn2+, respectively (Figure 1b).32 The
peak at 646.4 eV is a satellite peak only belonging to MnO in
the AMO sample. The average oxidation state (AOS) increases
after the calcination treatment, which is determined according
to the formula AOS = 8.96−1.13ΔE (the energy gap between
the two multiple splitting peaks in Mn 3s) (Figure 2c).
Previous research has proved that the ΔE for Mn2+, Mn3+, and
Mn4+ are 6.0, 5.2, and 4.7 eV, respectively.33−35 As presented
in Figure 2c, the ΔE of AMO is 6.2 eV, indicating that
manganese exists in the form of MnO. In addition, all calcined
samples exhibit a ΔE of 5.5 eV, confirming the presence of
mixed valence states for manganese. The quantitative analysis
results of XPS spectra are given in Table 2. High-temperature
activation augments the ratio of Mn4+ and reduces the
proportion of Mn2+ in the samples to maintain a charge
balance accompanied by oxygen evolution. In AMO-250 and
AMO-400, the proportion of manganese in different valence
states is approximately close, which is conducive to the redox
process between them (Mn2+ ↔ Mn3+ ↔ Mn4+).36 The O 1s
spectra (Figure 2d) were deconvoluted into two peaks at
531.3−531.5 eV and 529.6−529.9 eV, attributed to the
adsorbed oxygen and surface lattice oxygen.35 Obtained by
the solvothermal reduction method, the surface of AMO
adsorbs a lot of organic substances and hydroxyl groups,
resulting in a high ratio of surface-adsorbed oxygen species
(Table 2). Calcination treatment reduces the concentration of
adsorbed oxygen, and all the calcined samples show an
approximate proportion. In addition, the binding energy of
lattice oxygen in AMO-250 and AMO-400 displays a positive
shift, representative of weak metal−oxygen bond strength.37,38
Therefore, AMO-250 and AMO-400 have improved oxygen
mobility, which is generally considered to be conducive to the
formation of oxygen vacancies. EPR was further carried out to
give a discussion about oxygen vacancies. As shown in Figure
2e, the signal at g = 2.003 is attributed to oxygen vacancies, and
the intensities follow the following sequence: AMO < AMO-
400 < AMO-500 < AMO-700 < AMO-250, which is consistent
with the ratio of Mn3+. Generally, an oxygen vacancy is
credited with active sites related to the adsorption and
activation of reactant molecules; however, the oxygen vacancy
content here is not completely consistent with the catalytic
activity, illustrating that the catalytic performance of the
catalysts is also affected by other factors. Still, the AMO-250
catalyst exhibiting the best catalytic oxidation activity possesses
the highest oxygen vacancy content. Furthermore, the XRD
patterns and XPS spectra for fresh and spent catalysts are
compared in Figure S6. The results demonstrate that the
crystal structure of the used catalyst does not change and the
ratio of surface-absorbed oxygen increases during the catalytic
reaction process. The proportion of Mn2+ is slightly higher
than that of Mn3+ and Mn4+.
The morphology information of AMO-250 is demonstrated

in Figure 2f and presents uniform nanoparticles with a size of
about 14 nm, which is consistent with the results of XRD. Also,
the lattice spacings are attributed to the crystal planes of MnO
and Mn3O4 (Figure 2g). The nitrogen adsorption−desorption
isotherm test results of all samples are depicted as typical type-
IV isotherms and H3-type hysteresis loops (Figure S7)
corresponding to the mesoporous structure, and the calculated
specific surface areas based on Brunauer−Emmett−Teller
method are recorded in Table 2. The calcined samples get ridT
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of the blocking of the organics, thus exhibiting a higher SBET
than AMO (30.56 m2/g). Furthermore, compared with AMO-
500 and AMO-700 (31.11 and 19.62 m2/g), AMO-250 and
AMO-400 possess larger specific surface areas (60.35 and
44.18 m2/g) and average pore volume and channel diameter.
The elevation of calcination temperature leads to the decrease
of specific surface area, which might be mainly due to the
increase of particle size and blocking of pores caused by high
temperature.30,39

3.3. Optical Absorption and Redox Properties. During
the photothermocatalytic process powered by solar energy, the
exploitation of light energy is mainly light absorption and heat
conduction by the catalysts. Therefore, it is necessary to
investigate the light absorption capacity of the catalyst. As
shown in Figure 3a for UV−vis−IR DRS, all the synthesized
manganese oxides exhibit good absorption to the majority of
the solar spectrum in the wavelength range of 200−1000 nm.
Efficient light-to-heat conversion makes the temperature of the
catalyst layer elevate to a desirable level, which thus potentially
drives the photothermocatalytic reaction to occur. The
measured temperatures of AMO, AMO-250, AMO-400,
AMO-500, and AMO-700 are close to each other under the
same light intensity owing to the approximate light absorption
ability (Figure S2).
Chemisorption experiments (H2-TPR and O2-TPD) were

conducted to explore the redox properties of the catalysts. The
desorption and mobility ability of oxygen species over the
catalysts are investigated by conducting O2-TPD (Figure 3b).
The desorption order of oxygen species is as follows: (1)
physically adsorbed oxygen (<200 °C), (2) chemically
adsorbed oxygen (200−400 °C), (3) superficial lattice oxygen
(400−600 °C), and (4) lattice oxygen (>600 °C).40,41 The
appearance of an inverted peak at 308 °C over AMO might be
due to the reaction between the residual absorbed organic
matter and the trace oxygen in the pipelines as the sample
pretreatment temperature in helium only rises to 250 °C.

AMO-250 and AMO-400 demonstrate a lower desorption
temperature and higher content of chemically adsorbed oxygen
and superficial lattice oxygen, which are the oxygen species
mainly involved in the reaction. AMO-700 only shows the
desorbed lattice oxygen above 600 °C as a result of the tight
metal−oxygen bond caused by high-temperature calcination.
The interface synergy in the heterostructure enhances the
adsorption of oxygen species, thus facilitating the catalytic
oxidation reaction.26 AMO-250 displays the highest oxygen
desorption amount at 40−650 °C, as recorded in the inserted
table of Figure 3b, indicating good oxygen desorption and
migration capacity. Moreover, the metal reducibility of the
catalysts was investigated. As displayed in Figure 3c, the H2-
TPR profiles of the calcined samples exhibit hydrogen uptake
from 150−600 °C, associated with the reduction of manganese
oxide composites. Since AMO was obtained by high-temper-
ature solvothermal (ethanol) reduction, it does not consume
hydrogen. The desorption of oxygen species by He occurs at a
higher temperature than the reduction by hydrogen, attributed
to the strong reactivity of hydrogen. AMO-250 presents three
reduction peaks located at 232, 301, and 424 °C. The peak
centered at 232 and 301 °C is associated with the reduction of
Mn4+ to Mn3+, and the peak at 424 °C is attributed to the
reduction of Mn3+ to Mn2+.42,43 The spectrum of AMO-400
shows a similar phenomenon, and the peaks shift to a higher
reduction temperature. Three reduction peaks are detected
over AMO-500 and AMO-700 at higher temperatures due to
the enhancement of the Mn−O bond by high-temperature
activation. The formation of a heterostructure also improves
the metal reducibility of the catalyst.23,26 Also, with the
calcination activation temperature of the samples elevating, the
hydrogen consumption was increased, as presented in the
inserted table of Figure 3c, suggesting the reduction of more
high-valence manganese in the high-temperature region.
Generally, the oxygen species reacting with hydrogen and the
metal reducibility at low temperatures are more related to the

Figure 3. (a) UV−vis−IR DRS, (b) O2-TPD profiles (inserted table: quantitative analysis of oxygen desorption, 40−650 °C), (c) H2-TPR
(inserted table: quantitative analysis of hydrogen consumption, 40−700 °C), and (d) initial H2 consumption rate (rinitial) at a low temperature of
AMO, AMO-250, AMO-400, AMO-500, and AMO-700.
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catalytic performance. Therefore, the H2 consumption rate at
the beginning procedure was calculated according to the
differential formula. AMO-250 displays the lowest initial
reduction temperature and the highest initial H2 consumption
rate (Figure 3d), thus showing the best catalytic oxidation
activity for toluene degradation.
3.4. Promotive Effect of Light and Photocatalytic

Behavior over AMO-250. The catalytic activities of AMO-
250 heterostructure catalysts under full-spectrum irradiation
and in dark were evaluated at the same temperature. As
demonstrated in Figure 4a, AMO-250 exhibits better photo-
thermocatalytic degradation performance of toluene than
thermocatalytic oxidation for at least five temperature points
(193, 203, 212, 226, and 233 °C), suggesting that light not
only functions as a heat source but also facilitates the catalytic
reaction. Besides, the CO2 yield of photothermocatalysis
presents an obvious advantage over thermocatalysis at low
temperatures (193, 203, and 212 °C), as exhibited in Figure
S8. However, CO2 production powered by electric heating at
226 °C exceeds that at 233 °C, which might be owing to the
deep mineralization of intermediate products accumulated
during the continuous heating process. Furthermore, catalytic
behaviors at the same temperature (212 °C) at different
wavelengths of light are investigated, as displayed in Figure 4b,
and the activity order is as follows: UV−visible-IR > UV−
visible > IR > electric heating. Light irradiation, especially high-
energy UV−vis part (wavelength <700 nm), significantly
promotes the catalytic oxidation reaction.
It is well known that the adsorption and activation of

reactants (toluene and/or oxygen species) are the pivotal steps
during the catalytic oxidation reaction. The influence of light
irradiation on the oxygen species over AMO-250 was
investigated by comparing the results of O2-TPD and H2-
TPR after light pretreatment and without light pretreatment.

As shown in Figure 4c, the desorption temperature of lattice
oxygen shifts to a lower position, and more lattice oxygen is
reduced. Thus, more activated lattice oxygen can be produced
and participates in the reaction. Also, toluene desorption takes
place at a lower temperature of 94 °C after light pretreatment
(Figure 4d). Notably, the peak ascribed to CO2 (m/z = 44)
appears and starts from 120 °C. Considering no oxygen
injection into the system, CO2 is produced through the
reaction between surface lattice oxygen and activated toluene.
As manifested in Figure S9, almost no obvious CO2 signal
arises in O2-TPD below 350 °C, while a large amount of CO2
is produced in toluene-TPD, indicating that CO2 originates
from the toluene conversion reaction rather than the adsorbed
species on the catalyst surface. As is known, the process of
lattice oxygen participating in the catalytic reaction over
transition-metal oxides follows the Mars−van Krevelen (MvK)
mechanism.44,45 More CO2 production in toluene-TPD proves
that light promotes the activation of lattice oxygen, thus
accelerating the photothermocatalytic reaction activity. In
toluene-TPO profiles (Figure 4e), the toluene desorption peak
shifts to a higher temperature than in toluene-TPD, implying
that the rich oxygen atmosphere promotes the adsorption and
activation of toluene on the catalyst. In addition, the toluene
desorption amount decreased over the catalyst after light
pretreatment, ascribed to the enhanced adsorption of toluene
over the more activated lattice oxygen by light irradiation. After
light pretreatment, more CO2 was produced over the AMO-
250 catalyst, manifesting that light activates more lattice
oxygen to participate in the reaction, thus improving the
catalytic oxidation reaction. EPR results (Figure 4f) in the dark
and under irradiation reveal that light promotes the generation
of oxygen vacancies, which is conducive to the adsorption and
activation of reactants.

Figure 4. (a) Comparison of thermocatalysis and photothermocatalysis for toluene degradation at the determined temperature (193, 203, 212, 226,
and 233 °C), (b) toluene conversion and CO2 yield under different wavelength bands [UV−visible−IR, UV−visible (<700 nm), and IR (>800
nm)] at 212 °C achieved through an optical filter [reaction condition: 170 ppm of toluene, 45,000 mL/(g·h)]. (c) O2-TPD and H2-TPR, mass
spectrum signals (toluene: 92, CO2: 44) of toluene-TPD (d) and toluene-TPO (e) after light pretreatment and without light pretreatment over the
AMO-250 catalyst, and (f) EPR in the dark and under irradiation.
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In addition, the conventional photocatalytic process over the
AMO-250 heterostructure composite was explored. A photo-
catalytic oxidation experiment eliminating the thermal effect
was carried out under an ultraviolet light of 365 nm obtained
by filtering the full spectrum with a light intensity of 453 mW/
cm2. The catalyst layer temperature was 40 °C, and the result
demonstrates that the toluene degradation efficiency decreased
from 36% to 7% within 2 h without CO2 production (Figure
S10). Therefore, photocatalytic oxidation can only destroy
toluene, and high temperature is the crucial factor to promote
deep mineralization. The generation of photocurrent over
AMO-250 under light irradiation in Figure S11 proves that
light excites the semiconductor to produce charge carriers.
Furthermore, free radical capture experiments (Figure S12)
confirm the generation of reactive oxygen species (DMPO-·
OH and DMPO-·O2

−) over AMO-250. Free radicals with
strong oxidation ability can effectively initiate chemical
reactions. EPR experiments were conducted under heating
and irradiation conditions, respectively. As revealed in Figure
S12a,d, heating can stimulate the generation of minor
superoxide radicals and hydroxyl radicals on the catalyst

surface, while more free radicals are produced when the
semiconductor catalyst is activated by light irradiation. Overall,
under the condition of both irradiation and heating, most
superoxide radicals and hydroxyl radicals arise over the catalyst
surface, due to the simultaneous existence of light and heat
energy, as shown in Figure S12a,d. Besides, at the same
temperature, the full spectrum can stimulate the production of
more free radicals than UV−vis or IR illumination, as displayed
in Figure S12. The above experiments proved the existence of
the photocatalytic process; that is, the heterostructure catalyst
is excited by light irradiation to generate electrons and holes
and further reacts with other matter (H2O, O2) to generate
strong oxidizing species (·OH and·O2

−). However, photo-
catalytic degradation is undeniably not the dominant
degradation pathway.
3.5. Reaction Mechanism of Toluene Catalytic

Oxidation over AMO-250. To disclose the reaction pathway
of toluene degradation over AMO-250, a series of in situ
DRIFTS experiments were carried out. Generally, the reaction
mechanism follows the MvK mechanism over the reducible
transitional-metal oxide.45 Also, the toluene-TPD experiment

Figure 5. In situ DRIFTS spectra of (a) thermocatalytic oxidation and (b) photothermocatalytic oxidation, possible intermediate products detected
by GC−MS in the process of (c) thermocatalysis and (d) photothermocatalysis, and (e) reaction mechanism of toluene catalytic oxidation over
AMO-250.
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(Figure 4d) has proved that the lattice oxygen of the AMO-
250 participates in the reaction. For in situ DRIFTS
experiments, toluene oxidation was conducted in a N2
atmosphere to further validate the role of surface lattice
oxygen. Prior to the experiments, the catalyst was pretreated in
N2 at 250 °C for 1 h, and then the background and baseline
were collected at 212 °C in N2. Subsequently, the toluene
vapor was introduced by N2 into the cell and the spectrum was
acquired. As displayed in Figure 5a, within 40 min, the peaks of
absorbed toluene and derived intermediates were detected
gradual enhancement over the catalyst. The peaks at 3066,
3038, 2392, and 2881 cm−1 are observed, representing the C−
H stretch vibration and aromatic ring structure of toluene.18

The peaks located at 1022, 1069, and 1138 cm−1 are the
characteristics of benzyl alcohol, and the peak centered at 1178
is attributed to the aldehyde species.11 Benzoate species
(1370−1594 cm−1) are most evidently formed on AMO-
250.11,18 The band that appeared at 1305 cm−1 is identified as
maleic anhydride.24,25,27 Comparatively, these peaks also
appeared in the photothermocatalytic process (Figure 5b). It
is worth mentioning that the in situ DRIFTS testing process of
photothermocatalysis is consistent with that of thermocatalysis,
except that the background and spectrum are collected under
the heating condition at 212 °C assisted by light irradiation.
The peaks associated with carboxylate appear in both
photothermocatalytic and thermocatalytic processes over
AMO-250, though the intensities are different. Additionally,
more peaks assigned to anhydride species (1305, 1816, 1917,
and 1960 cm−1) appeared and were observed to be enhanced
under light irradiation, indicating the deep oxidation of
toluene. A continuous reaction process was performed to
observe the promotional effect of light, and the in situ DRIFTS
spectrum is demonstrated in Figure S13. The background and
spectrum of the absorption process were gathered at 35 °C in
N2, and then the reactor was closed and the reaction
temperature was increased to 212 °C. The peaks at 3038,
2881, and 1600 cm−1 are assigned to the aromatic ring of
toluene.24 Thereafter, toluene was converted into other
carbonaceous species with the temperature rising to 212 °C,
such as benzaldehyde (1178 cm−1) and benzoic acid (1594,
1536, 1395 cm−1). Then, light irradiation with a light intensity
of 391 mW/cm2 was introduced into the cell. The peaks
ascribed to benzoic acid showed changes in intensity, and the
peaks corresponding to anhydride species (1315 cm−1) were
enhanced, implying the promotional effect of light on the
catalytic reaction. At last, air was introduced into the cell for 3
min to supplement oxygen species for the reaction; according
to the MvK mechanism, the peaks of most intermediates were
observed to weaken and disappeared. Besides, the reaction
products during the oxidation process were collected,
separated, and then identified by GC−MS, as displayed in
Figure 5c,d. The products detected in both photothermoca-
talytic and thermocatalytic processes include acetone (1),
benzyl alcohol (2), benzene (3), acetic acid (4), toluene (5),
benzaldehyde (6), and benzoic acid (7). Significantly,
phenylmaleic anhydride (8) and benzyl benzoate (9) were,
respectively, collected from the exhaust gas of the thermoca-
talytic reaction at 246 °C and the photothermocatalytic
reaction at 233 °C, originating from the polycondensation and
esterification reaction. Therefore, light promotes the catalytic
reaction process and the reaction pathway for the catalytic
oxidation of toluene over AMO-250 follows toluene → benzyl
alcohol → benzaldehyde → benzoic acid → benzene →

anhydride →acetone, acetic acid→ CO2, H2O, as shown in
Figure 5e. Generally, toluene oxidation begins with the
dissociation of a hydrogen atom from the methyl group
(−CH3) and the formation of benzyl species since the
dissociation energy in primary C−H bonds is less than that
in terminal methyl groups. Moreover, in the toluene-TPD and
toluene-TPO profiles (Figure S14), intermediates including
benzene, benzyl alcohol, benzaldehyde, benzoic acid, and
maleic anhydride were also detected by mass spectrometry.
3.6. Photothermocatalytic Oxidation of Toluene

Powered by Outdoor Natural Sunlight. To verify the
feasibility of photothermocatalytic toluene degradation experi-
ments powered by the outdoor natural sunlight, a portion of
gas pipelines and connected quartz reactor were moved out
and placed outdoors. The natural light intensity is about 60
mW/cm2 between 12:20 and 14:40 on a sunny day
(September 30th, 2022). The light intensity was recorded, as
shown in Figure 6a, and labeled as a blue dot. An optical

Fresnel lens with a diameter of 90 mm is used to focus sunlight
on the catalyst to provide energy for the reaction and the
temperature of the catalyst layer after focusing is shown and
labeled as a yellow line in Figure 6a. Although available solar
irradiance is weak in autumn under low solar elevation, with
the help of a condenser, the catalyst layer can still achieve a
high temperature at about 230 °C through light absorption and
heat conduction. After 14:00, the sun slanted westward, and
the solar energy began to spread out, accounting for the drop
in temperature.46−48 Geographically, the solar radiation
intensity decreases along with the decline in solar altitude
angle. As displayed in Figure 6b, above 50% of toluene
conversion and about 10% of CO2 mineralization were
continuously maintained over AMO-250. Since light is focused
on the catalyst by manually adjusting the concentrator, the
temperature of the catalyst layer fluctuates in a wide range,
resulting in an instantaneous large amount of CO2 emission
during the adjustment process. According to the working
principle of the condenser, we know that the focused beam
forms a very small aperture in the focal plane so as to gather
enough energy in the sunlight. The small aperture can only
heat part of the catalyst, and then the heat will be conducted
on the rest of the metal oxide. Inhomogeneous heating mode
results in the inhibition of deep mineralization. Significantly,
outdoor experiments validate that the practical application of

Figure 6. (a) Variation of solar radiation intensity (yellow line) and
layer temperature obtained by focusing on the catalyst with the
Fresnel lens (blue line) from 12:20−14:40 on Sept. 30, 2022, in
Xiamen City, China. (b) Simultaneous evolution of toluene
conversion and CO2 yield over AMO-250. Reaction conditions: 170
ppm of toluene, 20 mg of catalyst, GHSV = 45,000 mL/(g·h).
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natural light on the photothermocatalytic oxidation of toluene
is still very promising. Through further design and manufacture
of natural light tracking and collection equipment, we will be
able to achieve pollutant elimination without external input
energy.
3.7. Environmental Implications. VOCs are important

precursors for the formation of ozone and secondary aerosols,
and their own toxicity is harmful to the environment and
human health. Catalytic oxidation relying on the catalyst is an
effective technology to achieve efficient and stable pollutant
degradation with less energy consumption. However, con-
tinuous electric energy heating is required to supply power for
the catalytic reaction. Especially, for the removal of aromatic
hydrocarbon pollutants, external heating needs to provide a
high temperature above 150 °C to maintain a stable catalytic
reaction. Therefore, renewable energy is expected to replace
the traditional electric heating method to supply energy for the
degradation of pollutants. The efficient use of sunlight to
realize the catalytic degradation of VOCs is an effective and
energy-saving way to deal with the pollutants in the
environment, in which the key is the delicate design of
photothermocatalysts. In this work, a MnO/Mn3O4 hetero-
structure catalyst was synthesized by the solvothermal method
and subsequent calcination. AMO-250 exhibits strong light
absorption ability and light-to-heat conversion, and achieves
better photothermocatalytic performance than the counterpart
catalysts, attributed to the large specific surface area, improved
oxygen migration, and metal reducibility. Photothermocatalytic
oxidation exhibits better degradation efficiency at least five
temperature points than conventional catalytic oxidation, and
UV−vis and IR irradiation have a comprehensive effect on
promoting the photothermocatalytic activity. The catalytic
reaction over AMO-250 follows the MvK mechanism and
photo activates more lattice oxygen involved in the reaction,
thus improving the catalytic oxidation activity. Also, photo-
catalysis exists as an auxiliary pathway during the photothermal
process. The semiconductor catalyst is excited by light
irradiation to generate electrons (e−) and holes (h+), which
further react with oxygen and water to produce reactive oxygen
species (·O2

− and·OH) to participate in the reaction. Overall,
photothermocatalytic oxidation of toluene over AMO-250 is a
photodriven thermocatalytic reaction, accompanied by the
photoactivation of lattice oxygen and photocatalytic process,
where lattice oxygen and reactive oxygen species (·O2

− and·
OH) are the main active oxygen species. The reaction
pathways of photothermocatalysis and thermocatalysis are
roughly the same, except for the appearance of different
copolymers (benzyl benzoate and phenylmaleic anhydride).
The catalytic degradation of toluene under natural sunlight
over AMO-250 endows great potential in the application of
photothermocatalytic oxidation in VOC removal, while the
equipment for collection and utilization of light energy still
needs further exploration and improvement.
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