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• Mn3O4/Co3O4 exhibit superior photo-
thermal catalytic activity than Mn3O4 
and Co3O4, respectively. 

• The composite of Mn3O4/Co3O4 forms 
an S-type heterojunction. 

• Mn3O4/Co3O4 couples the thermal and 
photoelectric effects of UV–vis light. 

• Photothermal conversion pathways of 
toluene on Mn3O4/Co3O4 were 
investigated. 

• This work offers a new idea for the 
fabrication of photothermal catalysts.  
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A B S T R A C T   

Transition metal oxides have high photothermal conversion capacity and excellent thermal catalytic activity, and 
their photothermal catalytic ability can be further improved by reasonably inducing the photoelectric effect of 
semiconductors. Herein, Mn3O4/Co3O4 composites with S-scheme heterojunctions were fabricated for photo-
thermal catalytic degradation of toluene under ultraviolet-visible (UV-Vis) light irradiation. The distinct hetero- 
interface of Mn3O4/Co3O4 effectively increases the specific surface area and promotes the formation of oxygen 
vacancies, thus facilitating the generation of reactive oxygen species and migration of surface lattice oxygen. 
Theoretical calculations and photoelectrochemical characterization demonstrate the existence of a built-in 
electric field and energy band bending at the interface of Mn3O4/Co3O4, which optimizes the photogenerated 
carriers’ transfer path and retains a higher redox potential. Under UV-Vis light irradiation, the rapid transfer of 
electrons between interfaces promotes the generation of more reactive radicals, and the Mn3O4/Co3O4 shows a 
substantial improvement in the removal efficiency of toluene (74.7%) compared to single metal oxides (53.3% 
and 47.5%). Moreover, the possible photothermal catalytic reaction pathways of toluene over Mn3O4/Co3O4 
were also investigated by in situ DRIFTS. The present work offers valuable guidance toward the design and 
fabrication of efficient narrow-band semiconductor heterojunction photothermal catalysts and provides deeper 
insights into the mechanism of photothermal catalytic degradation of toluene.  
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1. Introduction 

The growth in fossil fuel consumption [80,79], and the development 
of petrochemical and chemical industries, coupled with the use of a large 
number of paints, has led to a yearly increase in volatile organic com-
pounds (VOCs) emissions [16,54,91]. As a common precursor of ozone 
and PM2.5, the removal of VOCs has become an essential challenge for 
atmospheric environmental management [17,28]. Various technologies 
have been developed for the end-of-pipe treatment of VOCs, including 
adsorption [44,85], catalytic combustion [45,72], and plasma [32,90]. 
However, the strategy of adsorption is to immobilize VOCs into adsor-
bent to prevent fugitive dispersion, but cannot achieve the decomposi-
tion of pollutants, while catalytic combustion and plasma technologies 
often require the loading of precious metals and consume large amounts 
of energy to meet the intensity of thermal or electric fields required for 
pollutant decomposition. In the background of the global efforts to 
reduce carbon emissions, it is extremely necessary to explore an effi-
cient, low-energy, and environmental-friendly treatment technology. 

Photothermal catalysis is an emerging green catalytic technology in 
recent years, which is widely studied in the fields of VOCs removal [25, 
58], CO2 reduction [30,48], hydrogen evolution [60,62], and methane 
reforming [36,82]. Different from conventional photocatalysis [13,38, 
56,76], photothermal catalysis also utilizes the light-driven thermal 
effect to raise the surface temperature of catalysts, thus it is possible to 
realize the coupling of the thermal and photoelectric effects to bring 
about higher catalytic efficiency [13,40,56]. Generally, there are two 
main strategies to design and fabricate photothermal catalysts for VOCs 
removal: (a) combining thermally active narrow bandgap metal oxides 
(MnOx, CoOx, CuOx, FeOx) with photothermal materials (graphene, 
carbon nanotube, MXene) or precious metal particles (Au, Pt, Ag) to 
improve light absorption and photothermal conversion to achieve 
higher surface temperatures for catalytic combustion of VOCs [27,37, 
75]; (b) construction of composite catalysts with narrow bandgap and 
wide bandgap semiconductors to achieve photothermal catalytic 
degradation of VOCs by using the synergistic effects between photo-
electric effect induced by low wavelength sunlight (UV) and thermal 
effect induced by the medium and long wavelength sunlight (visible or 
infrared light), such as TiO2/CuO [41], TiO2/Co3O4 [67], C/MnO/TiO2 
[59], and ZnO/La0.8Sr0.2CoO3 [64]. Nevertheless, few studies have been 
conducted to improve the photothermal catalytic properties of narrow 
bandgap semiconductors composite catalysts by exploiting their pho-
toelectric effects. This may be because the conduction band (CB) and 
valence band (VB) potential of narrow bandgap semiconductors gener-
ally cannot reach the potential of O2/⋅O2

- and H2O/⋅OH- to generate 
active radicals, and their photogenerated carriers compounding rate is 
fast. However, if the overall energy band width of the composite is 
expanded by the construction of Z- or S-type heterostructures while 
retaining the broad spectral absorption capability of the respective 
narrow-band semiconductors [3,4,2,25], it is expected to become an 
ideal photothermal catalyst for VOCs degradation. 

Manganese and cobalt-based oxides are among the most studied 
materials for thermocatalytic oxidation of VOCs due to their multiple 
valence states, high oxygen storage capacity, high abundance on earth, 
and cheap price [10,61,77,84]. Moreover, given their narrow bandgap, 
dark appearance, and excellent light absorption and photothermal 
conversion properties, they have also been extensively studied in pho-
tothermal catalysis in recent years [24,66,74]. While the research of 
manganese-cobalt mixed oxides in the field of photothermal catalysis is 
still relatively little reported. There is also a lack of in-depth under-
standing of the relationship between the interfacial characteristics, en-
ergy band structure, and photothermal catalytic performance of 
manganese and cobalt oxides heterojunction. 

In this work, by rational fabricating narrow bandgap oxide hetero-
junction, the photothermal degradation of toluene over manganese- 
cobalt composite oxide was investigated under continuous flow condi-
tions. The Mn3O4/Co3O4 heterojunction composite with distinct phase 

interfaces exhibited better photothermal catalytic activity compared to 
monometallic oxides. Experimental characterization and theoretical 
calculations demonstrated that the abundant heterogeneous interface 
favored the generation of oxygen defects, improved the migration of 
surface lattice oxygen, and accelerated oxygen recycling by adsorption 
of activated oxygen molecules at the interface. Moreover, the difference 
in energy band and work function enabled Mn3O4/Co3O4 to form an S- 
scheme heterojunction, which was conducive to retaining a higher redox 
potential, accelerating electron transfer, and producing more reactive 
oxygen species under light irradiation. Meanwhile, the photothermal 
oxidation pathways of toluene were investigated by in situ DRIFTS. 
Furthermore, the Mn3O4/Co3O4 demonstrated superior stability, water 
resistance, and operational flexibility. 

2. Materials and methods 

2.1. Materials and chemicals 

The reagents manganese acetate, cobalt nitrate, ammonia (25–28 vol 
%), and ethanol (99%) were obtained from Sinopharm Chemical Re-
agent Co, Ltd. All the reagents are of analytical purity and do not require 
further purification for use. The gases of O2 and N2 were of high purity 
(99.999%) and purchased from Changsha Rizhen Gas Co., Ltd. 

2.2. Catalysts preparation 

Preparation of Mn-Co composite oxides: Mn-Co composite oxides 
were synthesized by the hydrothermal coprecipitation method. Firstly, a 
certain mass of Mn(CH3COO)2⋅4 H2O and Co(NO3)2⋅6 H2O were dis-
solved in 70 mL of deionized water and stirred for 30 min to form a 
transparent solution. Wherein, the total amount of Mn and Co was 10 
mmol, and the molar ratio of Mn: Co was 1:9, 3:7, 5:5, 7:3, and 9:1, 
respectively. Subsequently, 15 mL ammonia was added dropwise into 
the mixture solution and stirred for 1.5 h. The suspension was then 
transferred to a 100 mL Teflon-lined autoclave and maintained at 160 ◦C 
for 12 h. When the reaction was finished, the autoclave was cooled 
naturally to room temperature. Consequently, the sediment was washed 
three times successively with deionized water and ethanol and dried at 
70 ℃ overnight. Finally, the metal oxide precursors were calcined at 
500 ℃ for 2 h with a ramp of 2 ℃/min to get the final catalysts, which 
were named MnxCo10− x (x = 1,3,5,7,9). The process of synthesizing 
Mn3O4 and Co3O4 is similar to the above, with the difference that only 
Mn(CH3COO)2⋅4 H2O or Co(NO3)2⋅6 H2O was used. Mn3O4/Co3O4 in the 
following is another name for Mn5Co5 sample. 

2.3. Material characterization 

X-ray diffraction (XRD) of catalysts was carried out on a Rigaku 
SmartLab power diffractometer (Cu Kα radiation) with a scan rate of 5◦/ 
min. X-ray photoelectron spectroscopy (XPS, Thermo Scientific) was 
employed to analyze the valence state and electron transfer of catalysts. 
The nitrogen adsorption and desorption curves of the catalysts were 
recorded by Quantachrome Nova 4000e. And the specific surface area 
(SBET) and pore volume (Vp) were calculated by the Brunauer-Emmett- 
Teller (BET) and Barret-Joyner-Halenda (BJH) methods. Raman spec-
trum was performed on a HOBIBA spectrometer with an excitation 
wavelength of 532 nm. The morphology and structure of the prepared 
samples were characterized using a scanning electron microscope (SEM, 
TESCAN MIRA4) and transmission electron microscope (TEM, FEI Tec-
nai G2 F20). Electron paramagnetic resonance (EPR, Bruker EMXplus-6/ 
1) spectra were carried out to detect the oxygen vacancy. Ultraviolet- 
visible (UV-Vis, PerkinElmer Lambda750S) spectroscopy was per-
formed at room temperature to test the light absorption capacity of the 
as-prepared samples. H2 temperature-programmed reduction (H2-TPR) 
was performed on a Micromeritics AutoChem II 2920 adsorption in-
strument. Before the test, the samples (50 mg) were pretreated in He 
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flow (50 mL/min) at 300 ◦C for 60 min to remove the absorbed water 
and impurities species. After natural cooling to room temperature, the 
thermal conductivity detector (TCD) signal was recorded as the tem-
perature raised at a ramp of 10 ◦C/min up to 800 ◦C in 5% H2/Ar stream 
(50 mL/min). Similarly, the O2 temperature-programmed desorption 
(O2-TPD) was conducted on the same apparatus. In brief, 80 mg catalyst 
was pretreated in 10% O2/He flow (50 mL/min) at 200 ◦C for 1 h and 
cooled to ambient temperature. Then the prepared samples were heated 
in He gas stream (50 mL/min) from 50◦ to 800◦C at a rate of 10 ◦C/min. 
To study the adsorption and desorption ability of samples for toluene, 
the toluene temperature-programmed desorption tests (toluene-TPD) 
were employed on equipment built by our laboratory. The 100 mg 
sample was pretreated with 50 mL/min N2 flow at 500 ◦C for 1 h, then 
cooled to 30 ℃. The samples were exposed to 500 ppm toluene/N2 with 
a flow rate of 50 mL/min to saturation, after which the sample was 
purged with N2 for 3 h to remove weakly adsorbed toluene. The tem-
perature was then ramped up to 500 ◦C at a rate of 1 ◦C/min while 
toluene desorption data were recorded with the FID detector. The 
electrochemical measurements of the transient photocurrent, electro-
chemical impedance spectroscopy (EIS), and Mott-Schottky were per-
formed in a standard three-electrode cell connected to an 
electrochemical workstation (CHI760E). The electrolyte is 0.5 M Na2SO4 
aqueous solution, and the counter electrode, reference electrode, and 
working electrode are a platinum electrode, a calomel electrode, and an 
indium-tin-oxide (ITO) electrode coated with catalysts, respectively. 
The photoluminescence (PL) measurements of the samples were 
executed on an Edinburgh FLS1000 fluorescence spectrophotometer at 
room temperature with excitation wavelength of 365 nm. In situ DRIFTS 
of Mn3O4/Co3O4 were measured on Thermo Fisher Nicolet 6700 FTIR 
under UV-Vis irradiation. The samples were compacted to a piece in the 
in situ cell and pretreated in a He flows at 230 ℃ for 1 h to remove 
surface water and/or physically adsorbed oxygen. The toluene with a 
concentration of 500 ppm was injected into the gas chamber, which was 
balanced with N2 or synthetic air. 

2.4. Catalytic performance test 

The evaluation of the toluene photothermal catalytic oxidation ac-
tivities of the samples was carried out in a cylindrical stainless steel 
reactor (Fig. S1). A circular quartz window was on the top of the reactor 
for light penetration. 0.1 g catalysts were evenly spread on the porous 
sand core plate in the middle of the reactor through an 80-mesh sieve. 
The flow rate of the feed gas was 50 mL/min, which contained 500 ppm 
toluene and 20 vol% O2, and the rest was balanced by N2. A K-type 
thermocouple was contacted with the center of the catalyst surface for 
monitoring the actual temperature. The light source of the photothermal 
catalytic oxidation reaction of toluene is UV-Vis light (PLS-SXE300, 
Beijing Perfect light Technology Co. Ltd.). Before each photothermal 
catalytic reaction, the light intensity on the surface of catalysts was 
calibrated with an optical power meter (PL-MW2000, Perfect Light). The 
water vapor was carried into the reactor by a nitrogen stream, and the 
amount of water vapor was controlled by changing the flow of nitrogen 
and the temperature of the water bath. The toluene and the main oxide 
product CO2 were analyzed by a gas chromatography (GC-2014 C, 
Shimadzu) and a CO2 detector (PGA 650, Phymetrix). The conversion of 
toluene (Xtoluene) and the yield of CO2 were calculated by the following 
equations, respectively: 

Xtoluene = 100% ×
[Toluene]feed − [Toluene]out

[Toluene]feed
(1)  

CO2 yield = 100% ×
[CO2]produced

7 × [Toluene]feed
(2)  

where [Toluene]feed and [Toluene]out represent the concentration of 
toluene in the feed gas and at the outlet of the reactor, respectively; 

[CO2]produced represents the actual CO2 concentration produced at the 
outlet. 

The reaction rates (rtoluene) of toluene were calculated by the 
following equations [39]: 

rtoluene =
Xtoluene × Ctoluene

mcat.
(3)  

where Ctoluene (μmol⋅min− 1) and mcat. (g) represent the mole flow rate of 
inlet toluene and the weight of catalyst, respectively. 

2.5. Computational models and methods 

The density functional theory (DFT) simulation was conducted by 
Vienna Ab initio Simulation Package (VASP, version 6.2.1) with pro-
jected augmented wave (PAW). The Perdew-Burke-Ernzerhof (PBE) 
function combined with the Hubbard model (GGA+U) was applied for 
generalized gradient approximation. The cut-off energy of the plane 
wave was set to 500 eV and the Ueff (i.e., U-J) of Co and Mn were set at 
3.5 and 4 [14,71]. The width of the Gaussian smearing was set to 
0.05 eV. A vacuum layer (15 Å) in the Z direction was used to separate 
the slab models. 

For investigating the interfacial properties between Co3O4 and 
Mn3O4, two models for monomeric catalysts and two supported models 
for heterojunction catalysts were built (Fig. S2). Specifically, the four 
layers Co3O4 slab model was obtained by the reconstruction of Co3O4 
(220) [2 × 2] supercell (11. 50 ×11.50 ×22.22 Å). The slab model for 
Mn3O4 with four layers was built by reconstructing Mn3O4 (211) [1 × 1] 
supercell (10.48 ×11.24 ×20.76 Å). For simulating the Co3O4 surface in 
composite Co3O4-Mn3O4, a supported-model CCo/Mn was built on Co3O4 
(220) with (Mn3O4)2 segment from Mn3O4 cell. Vice versa, the CMn/Co 
was built on Mn3O4 (211) with (Co3O4)2 segment from Co3O4 cell to 
simulate the Mn3O4 surface of Mn3O4-Co3O4. The bottom two layers of 
the models were fixed during geometrical optimization. A Gamma-Pack 
grid of 2 × 2 × 1 of k-points was employed in the geometrical optimi-
zation, which relaxed with a 0.02 eV/Å of maximum atomic forces and 
10− 5 eV of SCF tolerance. VASPKIT was used during the DFT simulation. 
The magnetic states of Mn and Co were set according to the literature 
[65,71]. 

The oxygen vacancy formation energy (EOV) was defined as follows: 

EOV = Edef + 0.5 Eo2 − Eslab (4)  

where Edef and Eslab are the total energy of slab with and without a 
oxygen vacancy, and EO2 is the total energy of O2 molecule in the gas 
phase. 

The O2 adsorption energy (Eads) was estimated by: 

Eads = Eslab− ads − Eo2 − Eslab (5)  

where Eslab-ads represent the total energy of the surface after oxygen 
adsorption. 

The toluene adsorption energy (Eads-tol) was estimated by: 

Eads− tol = Eslab− tol − Etol − Eslab (6)  

where Eslab-tol represents the total energy of the surface after toluene 
adsorption, and Etol is the total energy of toluene molecule in the gas 
phase. 

The work functions (Ф) was calculated as follows: 

Ф = Evac − EFermi (7)  

where Evac and EFermi represent the energy of vacuum level and Fermi 
level, respectively. 

The free energy of the reaction steps before ring-opening was 
calculated by the formula: 

ΔG = ΔEDFT +ΔEZPE − TΔS (8) 

J. Zhao et al.                                                                                                                                                                                                                                     



Journal of Hazardous Materials 452 (2023) 131249

4

where ΔEDFT is the DFT electronic energy difference of each step, ΔEZPE 
is the correction of zero-point energy, ΔS is the variation of entropy, and 
T is the surface temperature of Mn3O4/Co3O4 under UV-Vis illumination 
(T = 444 K). 

3. Results and discussion 

3.1. Crystal structure and morphology 

The crystal compositions and crystallographic structures of Mn-Co 
oxides were measured by XRD (Fig. 1). For single Mn oxide, the 
diffraction peaks at 18.0, 28.9, 30.9, 32.3, 36.1, 38.1, 44.4, 48.3, 49.9 
50.8, 58.5, 59.9, and 64.6◦ are attributed to (101), (112), (200), (103), 
(211), (004), (220), (301), (204), (105), (321), (224), and (400) crystal 
planes of Mn3O4 (PDF#80–0832). In the synthesis of Mn-Co mixed ox-
ides, when Co/Mn is less than 1, with the increase of Co content, it can 
be seen that the XRD peaks shift to the right and gradually form (Co, Mn) 
(Co, Mn)2O4-like spinel phase (PDF#18–0408) with diffraction peaks at 
18.2, 29.3, 32.9, 36.4, 59.0, 60.7◦, which is due to the ionic radius of 
Co2+ (0.72 Å) and Co3+ (0.69 Å) is smaller than that of Mn2+ (0.80 Å) 
and Mn3+ (0.72 Å), resulting in the replacement of some Mn ions by Co 
[86]. And when Co/Mn is larger than 1, the XRD diffraction peaks of the 
samples are gradually dominated by the characteristic peaks of Co3O4 
(PDF#80–1541) as the Co content increases. Herein, the Co3O4 phase 
were 31.2, 36.8, 44.4, 59.3, and 65.2◦, which were assigned to the (220), 
(311), (400), (511), and (400) facets. While for Mn5Co5, the coexistence 
of the characteristic peaks of Co3O4 (18.9, 31.2, 36.8, 44.8, 59.3, 65.2◦) 
and Mn3O4 (36.1, 44.4, 58.5, 64.6◦) indicate that Mn5Co5 is mostly a 
composite of Co3O4 and Mn3O4 (Mn3O4/Co3O4). SEM images showed 
the changes before and after the compounding of Mn3O4 and Co3O4. As 
shown in Fig. 2(a-c), the Mn3O4 presents polygonal lamellae with size 
greater than 100 nm, and the Co3O4 are clusters of spherical particles 
with sizes of 20–30 nm. While the Mn3O4/Co3O4 has the common 
characteristics of Mn3O4 and Co3O4, showing mixed morphology of 
flakes and particles. Furthermore, the N2 adsorption-desorption 
isotherm in Fig. S3 was analyzed and the BET results listed in Table 1, 
which indicated that the Mn3O4/Co3O4 had smaller pore sizes, larger 

specific surface area, and increased pore volume compared to Mn3O4 
and Co3O4. Additionally, the crystalline lattice size of Mn3O4/Co3O4 in 
the HRTEM images of Fig. 2(d) matched that of Co3O4 and Mn3O4 
species. In particular, the lattice fringe of 0.246 nm corresponds to the 
(211) facet of Mn3O4, and the lattice fringe of 0.290 nm is ascribed to the 
(220) plane of Co3O4. Moreover, a clear phase interface boundary be-
tween Co3O4 and Mn3O4 can be observed (see the white line in Fig. 2 
(d)), and the Fourier transform diagram shows a distinct distortion of the 
lattice stripe, which indicates a strong interaction occurred between 
Co3O4 and Mn3O4 at the interface. Moreover, the detailed elemental 
distribution of Mn3O4/Co3O4 catalysts can be observed by EDS (Fig. 2 
(e-h)), in which the elements of Mn, Co, and O were uniformly distrib-
uted. This facilitated the formation of more homogeneous Mn-Co oxide 
interfaces. 

The Raman spectrogram (Fig. S4) was further to analyze the bonding 
properties of Mn3O4/Co3O4. For Mn3O4, the strongest peak at 642 cm− 1 

is attributed to the symmetric stretching vibration of Mn (III, IV) [61]. 
Meanwhile, a series of characteristic Raman peaks at 191, 472, 513, 610 
and 676 cm− 1 could be observed in Co3O4, which are ascribed to the 
E2 g, Eg, F2 g, F2 g, and A1 g Raman-active modes of the Co3O4, respec-
tively [86]. The spectrum of Mn3O4/Co3O4 displays two broad peaks at 
480 and 609 cm− 1, where the former is attributed to Co-O-Co (Eg), and 
the latter may be caused by the left shift of the Mn-O (A1 g) characteristic 
peak of Mn3O4 [15,47]. Compared to the respective pure oxides, the 
strongest peaks become much wider, weaker, and even shift or disap-
pear to some extent, which indicates a strong interaction between the 
two oxides near the interface, thus weakening the nearby Mn-O and 
Co-O bonds and causing a decrease in crystallinity and distortion of the 
lattice [5,42,47,87]. These results are also confirmed by XRD and TEM 
analyses (Fig. 1 and Fig. 2(d)). As such, oxygen mobility can be 
enhanced, thus making it easier to generate abundant oxygen vacancy 
defects around the interface, which in turn produced more reactive 
oxygen species to participate in the catalytic oxidation process [23]. 

3.2. Photothermal catalytic oxidation and thermal catalytic oxidation 
performances 

The photothermal catalytic oxidation of toluene by a series of syn-
thesized catalysts was investigated at a concentration of 500 ppm 
toluene and compared with the catalytic performance of individual 
metal oxides. As shown in Fig. S5-S6, the results showed that the toluene 
conversion and CO2 yield exhibited the same trend of increasing and 
then decreasing with the increase of Mn/Co ratio in the above composite 
catalysts. It is noteworthy that the Mn5Co5 (called Mn3O4/Co3O4 in the 
text below) exhibited the highest toluene conversion and CO2 mineral-
ization rate, reaching 74.7% and 60.4% at 120 min, respectively. 
Compared to the single metal oxides of Co3O4 and Mn3O4 with 53.3% 
and 47.5% of toluene conversion, the catalytic performance of Mn3O4/ 
Co3O4 was significantly enhanced. And the Mn3O4/Co3O4 has the 
highest reaction rate (Table 1). Based on the results of XRD and HRTEM 
that Mn3O4/Co3O4 was a heterogeneous structure composed of Mn3O4 
and Co3O4, it was assumed that the catalytic performance enhancement 
may be due to the interaction between Mn3O4 and Co3O4. The composite 
Mn3O4 +Co3O4 (M+C) was obtained by mechanically mixing a certain 
ratio of Mn3O4 and Co3O4, which was calculated by the ICP results of 
Mn3O4/Co3O4 (Table 1). The photothermal catalytic performance of 
M+C was shown in Fig. 3(a-b), its toluene conversion was between that 
of Mn3O4 and Co3O4, and much lower than Mn3O4/Co3O4, speculating 
that the chemical interaction and interfacial effect between manganese 
and cobalt oxides are one of the main reasons for enhancing photo-
thermal catalytic efficiency of Mn3O4/Co3O4. In addition, the perfor-
mance of Mn3O4/Co3O4 is compared with other reported photothermal 
catalysts in the literature under similar reaction conditions in Table S1. 
In the UV-Vis irradiation range, Mn3O4/Co3O4 exhibits promising cat-
alytic properties. Furthermore, a comparative experiment was con-
ducted to compare the performance of Mn3O4/Co3O4 with that of Fig. 1. XRD patterns of Mn3O4, Co3O4, and MnxCo10− x mixed oxides.  
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commercial TiO2 (P25) catalysts. As shown in Fig. S7, the toluene con-
version of P25 was significantly lower than that of Mn3O4/Co3O4 and 
deactivated rapidly. After a 2 h reaction, the P25′s color changed from 
white before to light yellow, presumably due to the rapid accumulation 
of intermediates on the surface. 

To further investigate the difference between photothermal catalysis 
and thermal catalysis, the study of thermal catalytic oxidation toluene 
on Mn3O4/Co3O4, M+C, Mn3O4, and Co3O4 was conducted in a fixed 
bed (Fig. S1). The toluene concentration, flow rate, and catalyst amount 
in the thermal catalytic experiments were consistent with those in the 
photothermal catalytic experiments. The results were displayed in Fig. 3 
(d) and Fig. S8. It was found that the Co3O4 exhibited the best thermal 
catalytic activity, while Mn3O4/Co3O4 showed the best photothermal 
activity. As seen in Fig. 3(d), the toluene conversion of Co3O4 is higher 
than that of Mn3O4/Co3O4 in the range above 160 ℃. However, the 
temperature of Mn3O4/Co3O4 under illumination was lower than that of 

Co3O4 in the photothermal catalytic system (Fig. 3(c)). Theoretically, 
assuming that only a light-driven thermocatalytic reaction occurred in a 
photothermal catalytic system, the photothermal catalytic efficiency of 
Mn3O4/Co3O4 should be lower than that of Co3O4. However, the pho-
tothermal performance of Mn3O4/Co3O4 was significantly better than 
that of Co3O4, indicating that the introduction of light can not only 
provide heat but also induce photocatalysis or photoactivation of com-
posite catalysts. 

3.3. Surface property analysis of Mn-Co oxides heterojunction 

To illustrate the reasons for the promotion of photothermal catalytic 
oxidation of toluene by Mn-Co oxides heterojunctions, the chemical 
states of the catalyst samples were detected by XPS and the analysis 
results are summarized in Table 1. The presence of Mn, Co, and O atoms 
in Mn3O4/Co3O4 was determined by XPS full spectrum in Fig. 4(a). As 

Fig. 2. (a-c) SEM of Mn3O4, Co3O4 and Mn3O4/Co3O4; (d) HR-TEM images of Mn3O4/Co3O4; (e-h) SEM image and the corresponding elemental mapping scan of 
Mn3O4/Co3O4. 

Table 1 
Elemental contents based on ICP measurement, BET surface area, and surface molar ratios based on XPS spectra of the MnxCo10− x mixed oxides.  

Catalyst Element content (at 
%)a 

Mn/Co SBET
b 

(m2 g− 1) 
Pv

c 

(cm3 g− 1) 
APDd 

(nm) 
Surface molar ratioe Reaction ratesf 

(μmol g− 1 min− 1) 

Mn Co Experimental Design Mn4+/Mn2+ Mn3+/Mn2+ Co3+/Co2+ Oads/Olatt 

Mn3O4 100 - - - 17.52 0.09 14.50 2.16 2.42 - 0.32 0.53 
Mn1Co9 10.30 89.70 0.11 0.11 44.54 0.22 15.33 1.12 1.82 0.44 0.38 0.72 
Mn3Co7 31.03 68.97 0.45 0.43 43.75 0.30 22.38 1.02 2.14 0.48 0.39 0.79 
Mn5Co5 50.86 49.14 1.03 1.00 40.46 0.19 15.17 1.43 2.69 0.57 0.58 0.84 
Mn7Co3 72.88 27.12 2.69 2.33 24.40 0.15 21.24 1.05 2.62 0.56 0.33 0.77 
Mn9Co1 90.64 9.36 9.67 9 30.14 0.18 20.90 1.24 1.50 0.55 0.33 0.64 
Co3O4 - 100 - - 16.48 0.11 23.89 - - 0.65 0.36 0.60 

a Atom ratio from ICP-MS measurement. 
b BET specific surface area. 
c Total pore volume measured at P/P0 = 0.995 isotherm using the BJH method 
d Average pore diameter calculated form the BJH desorption branch. 
e Calculated based on XPS spectra. 
f Toluene reaction rate (in 120 min) of catalysts. 
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shown in Fig. 4(b), the XPS spectral peaks of O 1 s were used to analyze 
the oxygen species. Specifically, the peaks at the binding energies of 
529.7–530.3 eV are the characteristic peaks of lattice oxygen (Olatt), the 
peaks at 531.1–531.3 eV are attributed to the adsorbed and dissociated 
reactive oxygen species (Oads) near the oxygen vacancies, and the peaks 
at 532.9–533.6 eV are ascribed to the oxygen species (Ow) in the 
adsorbed molecular water [61,63]. In general, the large number of O2 
species adsorbed on the catalyst surface is associated with the capture of 
organic molecules and the activation of gaseous oxygen [43]. Moreover, 
surface-adsorbed oxygen species have better migration ability than lat-
tice oxygen, which facilitates the catalytic oxidation reaction of VOCs 
[50]. The ratio of adsorbed oxygen to lattice oxygen (Oads/Olatt) content 
for different Mn-Co oxides is given in Table 1. The Mn3O4/Co3O4 pos-
sesses the highest value of Oads/Olatt, which was consistent with the 
excellent photothermal catalytic performance. Importantly, after the 
formation of Mn3O4/Co3O4 heterojunction, the peak of lattice oxygen in 
O 1 s shifted positively, which was attributed to the transfer of interfa-
cial charge between Mn3O4 and Co3O4 hybridized the lattice oxygen of 
Mn3O4/Co3O4 and caused the electron density of lattice oxygen 
decreased [31,70]. Furthermore, in Fig. 4(c) and Fig. S9, the Mn 2p3/2 
XPS spectra of Mn-Co oxides at 640.4 ± 0.4, 641.9 ± 0.3, and 643.8 
± 0.4 eV correspond to Mn2+, Mn3+, and Mn4+ species, respectively 
[53]. It should be noted that the ratio of Mn4+/Mn2+ and Mn3+/Mn2+

for Mn3O4/Co3O4 is the highest compared to other manganese cobalt 
composites (Table 1), and this further promotes its redox performance 
[69]. Meanwhile, in Fig. 4(d), the Co 2p3/2 XPS spectrum can be 
decomposed into four peaks with binding energies of 780 ± 0.3, 781.3 
± 0.3, 785.3 ± 0.2, and 789.3 ± 0.2 eV, corresponding to Co3+, Co2+

species, and oscillatory satellite peaks associated with Co3+, Co2+

substances, respectively [84]. As shown in Table 1, Co3O4 has the 
highest Co3+/Co2+ ratio, while the ratio of Mn3O4/Co3O4 is slightly 
lower than that of Co3O4. In general, more Co3+ favors the complete 
oxidation of toluene [42]. Furthermore, we explored the relationship 
between the toluene conversion of MnxCo10− x and the Mn, Co, O species. 
The trend curves of toluene conversion with the ratios of Mn/Co, Oad-

s/Olatt, (Mn4++Mn3+)/Mn2+, and Co3+/Co2+ for the Mn-Co series cat-
alysts were summarized in Fig. S10, and the results showed that they 
were all volcanic in shape, indicating that the catalytic oxidation of 
toluene over Mn-Co oxides was strongly correlated with Oads, Mn4+, 
Mn3+, and Co3+, which was consistent with the literature reports [61]. 

H2-TPR was employed to study the reduction property of the cata-
lysts, and the results were presented in Fig. 5(a). For Mn3O4, the 
reduction peaks at 329 ℃ and 457 ℃ could be clearly observed, which 
corresponded to the reduction of Mn4+ to Mn3+ and Mn3+ to Mn2+, 
respectively [20]. For Co3O4, the reduction peak at 277 ◦C corresponded 
to the reduction of Co3+ to Co2+, and the broad peak ranged from 301◦

to 423◦C was attributed to the reduction of Co2+ to Co0 [89]. After the 
combination of Co3O4 and Mn3O4, the minimum reduction temperature 
of Mn3O4/Co3O4 showed a low-temperature shift relative to Mn3O4. 
Moreover, the peaks of the reduction of Co3+ to Co2+ and Mn4+ to Mn3+

overlapped as one broad peak at about 290 ◦C due to the stronger 
interaction between Mn3O4 and Co3O4, while the peaks appearing at 
348 ◦C and 469 ◦C were attributed to the reduction of Co2+ to Co0 and 
Mn3+ to Mn2+, respectively [61]. In addition, a new peak was observed 
at 564 ℃, which could be related to the presence of Co-[O]x-Mn coor-
dination bonds [67]. As displayed in Fig. 5(a), the minimum reduction 
temperatures were in the order of Co3O4 < Mn3O4/Co3O4 < Mn3O4. In 
general, catalysts with lower reduction temperatures tended to exhibit 

Fig. 3. (a-b) Photothermal catalytic performance of Mn3O4, Co3O4, Mn3O4/Co3O4, M+C; (c) catalyst surface temperature during photothermal catalysis reaction; (d) 
thermal catalytic performance of Mn3O4, Co3O4, Mn3O4/Co3O4, M+C. (Reaction conditions: 500 ppm toluene, 100 mg of catalyst, GHSV= 30,000 mL•g− 1•h− 1, light 
intensity of 822 mW/cm2). 
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better redox properties, which was also evidenced by the order of T50 
and T90 in the thermal catalytic oxidation of toluene (Fig. S8). 

According to the results of previous Raman, TEM, and XRD charac-
terization, the mismatch of different crystal lattices between hetero-
junctions tends to produce more structural distortion and thus vacancies 
nearby the interface [67]. The characteristic peak of EPR at g= 2.003 for 
dark conditions at room temperature is associated with single electron 
trapping vacancies, and the intensity of the peak is usually proportionate 
to the oxygen vacancy concentration [49,73]. As shown in Fig. 5(b), the 
Mn3O4/Co3O4 has the strongest peak intensity, followed by Co3O4, and 
Mn3O4 was basically invisible, indicating that the most oxygen va-
cancies were generated on Mn3O4/Co3O4. Generally, more oxygen va-
cancies mean that more gaseous oxygen species would be adsorbed and 
produce more reactive oxygen species, which was further verified by the 
fact that Mn3O4/Co3O4 shows the highest adsorbed oxygen content in 
the XPS results of O 1 s 

To investigate the adsorption and activation of oxygen and the lattice 
oxygen migration ability of these Mn-Co oxides, O2-TPD analysis was 
performed [7]. It is well known that oxygen species in materials include 
physisorbed oxygen (O2), chemisorbed oxygen (α-species, O2

- , O-), sur-
face lattice oxygen (β-species, O2-) and bulk lattice oxygen (γ-species), as 
shown in Fig. 5(c), where α-species are related to the oxygen vacancy 
content and β-species are related to the lattice oxygen migration ca-
pacity [88]. As shown in Fig. 5(c-d). the oxygen desorption peak area of 
Mn3O4/Co3O4 is the largest at 100–400 ◦C, followed by Co3O4 and 
Mn3O4, which is attributed to that the Mn3O4/Co3O4 has the largest 
specific surface area and the most sites of chemically adsorbed oxygen. 

Moreover, the Mn3O4/Co3O4 presents a lower surface lattice oxygen 
desorption temperature (435 ℃), indicating that the surface lattice ox-
ygen mobility of Mn3O4/Co3O4 is significantly enhanced compared to 
Mn3O4 and Co3O4. It is widely accepted that the oxidation of VOCs 
occurring on transition metal oxides mostly follows the 
Marse-van-Krevelen mechanism involving the participation of lattice 
oxygen in the redox cycle [55]. Herein, the better surface lattice oxygen 
mobility contributes to the deep oxidation of toluene. 

In addition, based on different surface models, the formation energy 
of oxygen vacancies at the monomer oxide surface and heterojunction 
interface was calculated by DFT simulations. The surface models and the 
calculated oxygen vacancy formation energies are shown in Fig. 6. The 
EOV of the Co3O4 slab and Mn3O4 slab were predicted to be 2.85 eV and 
3.44 eV, respectively. While at the heterostructure interfaces of CCo/Mn 
and CMn/Co, the EOV were significantly weakened with − 0.95 and 
1.93 eV, respectively. It is suggested that heterojunction oxide interfaces 
have higher surface lattice oxygen activity than pure oxides, resulting 
the oxygen vacancies being easily formed [52,67]. Moreover, according 
to the results of theoretical calculations, the sequence of forming oxygen 
vacancies from easy to difficult is as follows: CCo/Mn (or CMn/Co) > Co3O4 
> Mn3O4, which was consistent with oxygen vacancy concentrations 
measured by the EPR, XPS, and O2-TPD. 

3.4. Energy band structure and S-scheme heterojunction 

In addition to the difference in the thermal catalytic capacity, the 
photoelectric properties also have a great influence on photothermal 

Fig. 4. (a) XPS survey spectrum and high-resolution XPS spectra of (b) O 1 s, (c) Mn 2p3/2 and (d) Co 2p3/2 of Mn3O4, Co3O4, and Mn3O4/Co3O4.  
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catalytic activity. The optical property of Mn3O4, Co3O4, and Mn3O4/ 
Co3O4 was detected by the UV-Vis diffuse reflectance spectra (DRS). As 
displayed in Fig. 7(a), the Mn3O4/Co3O4 and Co3O4 had a stronger light 
absorption capability compared to Mn3O4, which explained the fact that 
their surface temperature after illumination was higher than that of 
Mn3O4. Moreover, the curves of (αhν)2 versus light energy (hν) for the 
photocatalysts are presented in Fig. 7(b). According to the linear 
extrapolation method, the energy bandgap (Eg) of Mn3O4 and Co3O4 are 

1.58 eV and 1.28 eV, respectively. Furthermore, according to the slope 
of the curve of the Mott-Schottky in Fig. 7(c-d), it could be concluded 
that the Mn3O4 and Co3O4 are p-type semiconductors. Meanwhile, their 
flat-band potential values of 0.67 V and 0.82 V (vs SCE, the standard 
calomel electrode) could be obtained according to the tangent of the 
Mott-Schottky, respectively. For p-type semiconductors, the valence 
band potential (Ev) is generally 0.1–0.2 V higher than their flat band 
potential, thus the Ev of Mn3O4 and Co3O4 can be calculated to be 0.77 V 

Fig. 5. (a) H2-TPR of Mn3O4, Co3O4 and Mn3O4/Co3O4; (b) EPR spectrum of Mn3O4, Co3O4 and Mn3O4/Co3O4; (c) O2-TPD of Mn3O4, Co3O4 and Mn3O4/Co3O4; (d) 
comparison of O2-TPD intensities of Mn3O4, Co3O4 and Mn3O4/Co3O4 at 100–400 ℃. 

Fig. 6. Optimized structures with oxygen vacancies of (a) Co3O4 slab, (b) CCo/Mn model, (c) Mn3O4 slab, (d) CMn/Co model (top view and side view).  
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and 0.92 V (vs SCE). On the basis of the Nernst equation: ENHE = ESCE 
+ 0.24, the Ev of Mn3O4 and Co3O4 can be obtained to be 1.01 and 
1.16 V (vs NHE, the normal hydrogen electrode) [22]. Then based on 
Ec=Ev-Eg, the conduction potential (Ec) of Mn3O4 and Co3O4 was 
− 0.57 V and − 0.12 V, respectively. 

Theoretical calculations were used to further investigate the electron 
transfer between heterojunctions. Two loaded models CMn/Co and 
CCo/Mn were used to analyze the surface properties of Mn3O4-Co3O4 and 

Co3O4-Mn3O4. The electron transfer from Mn3O4 to Co3O4 can be 
determined by the phenomenon of electron aggregation and transfer on 
the Co3O4 side in the charge difference density diagram of Fig. 8(a-b), 
and this conclusion is further corroborated by the Bader charge analysis. 
Specifically, in the CCo/Mn model, the overall increased electron in the 
Co3O4 part is 1.81 electrons compared to the pure Co3O4, while in the 
CMn/Co model, the overall increased electron in the Co3O4 part is 0.26 
electrons compared to the monomeric Co3O4. These trends are 

Fig. 7. (a) UV-Vis DRS of samples and Mn3O4, Co3O4 and Mn3O4/Co3O4; (b) plots of (αhv)2 against the photon energy for Co3O4 and Mn3O4; the Mott-Schottky plots 
of (c) Mn3O4 and (d) Co3O4. 

Fig. 8. (a-b) Charge difference distribution between Mn3O4 and Co3O4 with the corresponding planar average charge density plot for the CCo/Mn and CMn/Co models 
(sideview); The average potential profile along Z axis direction of (c) Co3O4 and (d) Mn3O4 slabs; (e) Scheme of the formation mechanism of S-type heteroge-
neous junction. 
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consistent with the shifts of the Mn species toward higher binding en-
ergies and the Co species toward lower binding energies for Mn3O4/ 
Co3O4 in Fig. 4(c-d). Furthermore, the Fermi energy levels (EF) and work 
functions (Ф) of Co3O4 and Mn3O4 could be obtained by theoretically 
calculating their respective average potentials in the Z-axis direction. As 
shown in Fig. 8(c-d), the EF values of Co3O4 and Mn3O4 were calculated 
to be − 0.72 eV and − 2.11 eV, respectively. Meanwhile, 5.49 eV and 
4.83 eV of Ф values were obtained for Co3O4 and Mn3O4, respectively. 
Since Co3O4 had the lower EF, when Mn3O4 contacted with Co3O4, the 
electrons of Mn3O4 flowed to Co3O4, and the energy bands of Mn3O4 and 
Co3O4 were bent upward and downward respectively. Thus, an internal 
electric field was formed at the heterojunction interface from Mn3O4 
toward Co3O4 (left and middle in Fig. 8(e)) [92]. 

Combined with the previous energy band structure analysis and 
theoretical calculations, it can be speculated that photogenerated elec-
trons and holes are generated in Mn3O4 and Co3O4 under UV-Vis light 
excitation. With the synergistic effects of energy band bending, direc-
tional electric field, and Coulomb force, the photogenerated electrons in 
the conduction band of the Co3O4 compound with the valence band 
photogenerated holes of Mn3O4. Eventually, the conduction band elec-
trons of Mn3O4 and the valence band holes of Co3O4 are retained. In this 
way, the S-scheme heterojunction was formed, just as shown on the right 
in Fig. 8(e), which can maintain the maximum redox capacity of pho-
togenerated charge carriers. 

The interaction of semiconductor materials and photons induces the 
generation of excited state electron and hole pairs to participate in the 
photochemical reaction processes. Many previous reports have 

demonstrated that photocatalytic degradation of organic pollutants can 
be achieved by direct oxidation of holes or indirect oxidation of hy-
droxyl radicals formed by photoexcited hole oxidation of water mole-
cules (H2O + h+→ H+ +⋅OH) and superoxide radicals generated by 
photoexcited electron reduction of molecular oxygen (O2 + e-→⋅O2

- ) [1]. 
To further verify whether the catalyst produced active substances under 
light illumination, EPR spectroscopy was used for free radical detection. 
The samples were respectively dispersed in methanol and deionized 
water, and DMPO was added to the suspensions to detect ⋅O2

- and ⋅OH. 
Theoretically, the conduction band potential of Mn3O4 (− 0.57 eV) is 
higher than the redox potential of O2/⋅O2

- (− 0.33 eV), thus ⋅O2
- radicals 

could be formed under photoexcitation. Fig. 9(a) showed that the 
characteristic signal of ⋅O2

- radicals were indeed observed, while there 
was no signal on Co3O4. It was noteworthy that the signal of⋅O2

- was 
further enhanced on Mn3O4/Co3O4, indicating that more photo-
generated electrons react with oxygen, suggesting that the hetero-
junctions reduced the compounding of photogenerated carriers [34]. In 
contrast, in Fig. 9(b), all the samples could not produce the quadruple 
characteristic signal peaks of ⋅OH radicals after illumination, which was 
due to their valence band potentials being lower than the redox potential 
of H2O/⋅OH. 

In addition, the irregular coordination of heterometallic elements 
with oxygen atoms at the heterojunction interface could change the 
local electronic state and affect the adsorption and activation of reactant 
molecules [21]. The adsorption and activation of oxygen at the het-
erogeneous interface was further investigated by DFT calculations 
(Fig. S11). All heterogeneous models present higher adsorption energies 

Fig. 9. (a) ESR spectra of DMPO-⋅O2
- and (b) DMPO-⋅OH of Mn3O4, Co3O4, and Mn3O4/Co3O4 under UV-Vis illumination; (c) photocurrent responses and (d) EIS 

spectra of Mn3O4, Co3O4, Mn3O4/Co3O4, and M+C samples. 
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of oxygen compared to their pure slabs. In particular, the oxygen 
adsorption energy at the Co3O4 (220) surface was − 0.91 eV and the 
bond length of oxygen was 1.21 Å. After compounding with Mn3O4, the 
adsorption energy of oxygen at the heterogeneous interface decreased to 
− 1.31 eV and the bond length of oxygen increased to 1.32 Å, indicating 
that oxygen at the heterogeneous interface was more easily adsorbed 
and activated by the combined effect of Co3O4 and Mn3O4. Similarly, the 
oxygen adsorption energy at the CMn/Co interface decreased significantly 
from 0.38 eV to − 3.51 eV compared to that of pure Mn3O4 (211) sur-
face, and the oxygen bond length increased from 1.28 Å to 1.35 Å. The 
bond length of the activated oxygen molecule was close to 1.33 Å of ⋅O2

- , 
which further indicated that the heterogeneous structure was conducive 
to lowering the oxygen adsorption energy and activating oxygen mole-
cules into reactive oxygen species for participating in oxidation re-
actions [18,9]. 

Furthermore, the ability of Mn3O4/Co3O4 heterojunction in photo-
generated charge separation and electron transfer was investigated by 
transient photocurrent response and EIS tests. It could be seen in Fig. 9 
(c), the intensity of photocurrent on Mn3O4/Co3O4 was much higher 
than Mn3O4 and Co3O4, indicating that Mn3O4/Co3O4 heterojunction 
had excellent photo-induced carriers separation and charge migration 
ability [81]. In general, the smaller diameter Nyquist curve implied a 
lower resistance, which facilitated the transfer and separation of the 
photogenerated electron-hole [29]. As presented in Fig. 9(d), the 
Nyquist of Mn3O4/Co3O4 exhibited a smaller diameter compared to 
Mn3O4 and Co3O4, suggesting easier charge transfer [57]. It should also 
be particularly noted that the photocurrent intensity of M+C was not 
significantly different from that of the monometallic oxides, and the 
radius of the Nyquist pot was between Mn3O4 and Co3O4, indicating that 
the physically mixed metal composite oxides were not able to enhance 
their photoelectrochemical properties. Moreover, the PL emission 
spectra of Mn3O4, Co3O4, and Mn3O4/Co3O4 were carried out under the 

same conditions to further investigate the effect of heterostructure on 
the recombination rate of photogenerated carriers [35]. Generally, the 
height of the PL curve is directly proportional to the recombination rate 
[3]. As illustrated in Fig S12, the PL intensity of Mn3O4/Co3O4 is 
significantly lower than that of Mn3O4 and Co3O4, suggesting the 
S-scheme heterojunction structure can delay the rapid compounding of 
photogenerated electron-hole pairs and improve the photocatalytic 
performance [33]. 

3.5. Oxygen transient response and in situ DRIFTS experimental study 

The reaction mechanism and intermediates of toluene by photo-
thermal catalytic oxidation of Mn3O4/Co3O4 were investigated by the 
transient response and in situ DRIFTS experiments. The results of pho-
tothermal oxidation of toluene over Mn3O4/Co3O4 with different feed 
gas were presented in Fig. 10(a). It could be noticed that the conversion 
of toluene is maintained at 73.0% under air atmosphere. However, when 
replacing air with nitrogen, the toluene conversion and the CO2 yield 
decreased dramatically. After the reaction for 135 min in Toluene/N2 
atmosphere, the outlet concentration of toluene was almost the same as 
the inlet concentration, and CO2 is undetectable in the exhaust gas. The 
phenomenon that the oxidation of toluene still occurs gradually over 
time in the absence of gaseous oxygen indicates that the chemisorbed 
oxygen or the reactive oxygen species generated under light or reactive 
lattice oxygen of Mn3O4/Co3O4 may react with toluene. Once the 
toluene/N2 flow was cut off and toluene/Air was re-introduced, the 
toluene conversion and CO2 yield returned sharply to the level before 
the nitrogen was introduced. It suggests that the gaseous oxygen can 
replenish the above depleted reactive oxygen species and the oxidation 
rate of toluene with the participation of large amounts of gaseous oxy-
gen was higher than the reaction rate with the participation of limited 
oxygen species. 

Fig. 10. (a) Oxygen transient response performance of Mn3O4/Co3O4; (b) time-dependent in situ DRIFTS spectra of Mn3O4/Co3O4 with 500 ppm toluene under UV- 
Vis using N2 or synthetic air as balance gas; (c) the variation of infrared absorption intensity of toluene oxidation intermediates with in situ testing time; (d) 
mechanism of toluene photothermal catalytic oxidation over Mn3O4/Co3O4 under UV-Vis illumination. 
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The in situ DRIFTS experiment was further employed to investigate 
the conversion pathways of intermediates during the adsorption of 
toluene on Mn3O4/Co3O4 and photothermal oxidation in different gas 
atmospheres (Fig. 10(b)). The characteristic infrared absorption peaks of 
various intermediates are summarized in Table S2. At first, the sample 
was adsorbed with 500 ppm toluene/N2 for 60 min under dark condi-
tions. Several absorption peaks were observed in the region of 
3600–2800 cm− 1 and 1800–1000 cm− 1. Among them, the band located 
at 3083 and 3038 cm− 1 are attributed to the unsaturated C-H vibrations 
on aromatic rings and the peaks at 2937 and 2880 cm− 1 are assigned to 
symmetric and asymmetric vibrational peaks of C-H bonds of benzyl 
methyl groups [11,26]. Moreover, the peaks at 1605 and 1495 cm− 1 are 
vibrational characteristic bands of aromatic ring C––C bonds [26]. This 
indicates the presence of adsorbed toluene on the surface of the catalyst. 
During the first 20 min of toluene adsorption, significant absorption 
bands were immediately observed at 3459 and 1292 cm− 1, which are 
characteristic of benzyl alcohol (hydroxyl O-H and C-O stretching vi-
brations) [11,49]. Then the intensity of the peak at 3459 cm− 1 gradually 
decreased with time, while the peak of 1693 cm− 1 representing benz-
aldehyde began to increase significantly over time, suggesting that the 
methyl group on toluene was destroyed to form benzyl alcohol by the 
chemically adsorbed oxygen and surface lattice oxygen of the catalyst 
and then rapidly oxidized to benzaldehyde [10]. When the Xe lamp was 
turned on after toluene adsorption under an N2 atmosphere for 60 min, 
some new peaks appeared and strengthened gradually with the irradi-
ation time along with the gradual decrease of the characteristic peak of 
benzaldehyde. The bands at 1555, 1429, and 1378 cm− 1 were ascribed 
to symmetric and asymmetric stretching vibration peaks of the carbox-
ylic C––O bond, and the peak at 1041 cm− 1 may be also assigned to the 
C-O bond vibration peak in carboxylic acids, indicating the formation of 
benzoic acid species [10,11,72]. In addition, the appearance of the peaks 
at 1339 and 1083 cm− 1 indicated the production of maleic anhydride 
[52,68]. The weak adsorption peak located at 2341 cm− 1 corresponded 
to the O––C––O bond asymmetric stretching vibration of CO2 [26,39]. It 
suggested that illumination could drive the lattice oxygen in the catalyst 
to further oxidize benzaldehyde to benzoic acid, maleic anhydride, and 
CO2 even in the absence of gaseous oxygen, which coincided with the 
phenomenon of oxygen transient response experiment. With the intro-
duction of air after 30 min of reaction in a nitrogen atmosphere, it was 
found that the intensities of the characteristic peaks of benzaldehyde 
were obviously reduced and the intensities of characteristic peaks for 
benzoic acid, maleic anhydride, and CO2 were further enhanced. This is 
because the introduction of oxygen can form superoxide radicals under 
illumination and replenish the chemisorbed oxygen and reactive lattice 
oxygen of catalysts consumed in the oxygen-free catalytic stage, allow-
ing the intermediates accumulated on the catalyst surface to be further 
oxidized. Moreover, the variation of the intensities of the characteristic 
peaks of the intermediates (3459 cm− 1, benzyl alcohol; 1693 cm− 1, 
benzaldehyde; 1555 cm− 1, benzoic acid, 1339 cm− 1, maleic anhydride; 
2341 cm− 1, CO2) with time during the whole in situ DRIFTS experiment 
was normalized and presented in Fig. 10(c). Specifically, the charac-
teristic peak of benzyl alcohol decreases in intensity throughout the 
adsorption-reaction process. The peaks of benzaldehyde were continu-
ously generated on the catalyst surface during the adsorption process 
and decreased rapidly after the light was turned on. Meanwhile, the 
characteristic peaks of benzoic acid and maleic anhydride accumulated 
rapidly after the light was turned on and started to decrease after 10 min 
of oxygen introduction, indicating that the intermediates were contin-
uously oxidized and decomposed in the oxygen-containing atmosphere, 
which was also proved by the gradual increase of CO2 peaks. The trends 
of the intensities of the characteristic peaks of various intermediates 
indicated that the photothermal catalytic reaction pathway of toluene 
over Mn3O4/Co3O4 may proceed in the following steps: toluene → 
benzyl alcohol → benzaldehyde → benzoic acid → maleic anhydride → 
H2O and CO2. 

Additionally, DFT calculations were conducted to explore the 

potential mechanism for the enhanced photothermal catalytic perfor-
mance of Mn3O4/Co3O4. Specifically, to understand the adsorption ef-
fect of heterogeneous interfaces towards toluene, the adsorption models 
of toluene on the surfaces of Mn3O4, Co3O4 and interfaces of their 
composite structure were constructed as shown in Fig. S13. It was 
obvious that all the composite structures showed higher adsorption 
energies compared to their respective monomeric oxides, indicating that 
the introduction of heterogeneous structures could enhance the 
adsorption of toluene. Moreover, the adsorption capacity for toluene 
followed this order Mn3O4 (− 0.75 eV) < Co3O4 (− 1.16 eV) < Mn3O4/ 
Co3O4 (− 1.47/− 2.01 eV). These calculations were also confirmed by the 
results of the toluene-TPD tests in Fig. S14. Among them, Mn3O4/Co3O4 
had the highest toluene adsorption capacity and desorption tempera-
ture, Co3O4 was the second and Mn3O4 was the smallest. 

Numerous studies have confirmed that benzoic acid is a key inter-
mediate in the mineralization of toluene, which is the beginning of an 
effective ring-opening reaction [6,8,83]. Based on the results of in situ 
DRIFTS, the free energy change of the conversion path of toluene → 
benzyl alcohol → benzaldehyde → benzoic acid at the CMn/Co and CCo/Mn 
interfaces were calculated. It could be seen from Fig. S15, the conversion 
from toluene to benzoic acid over the CCo/Mn surface is a thermodynamic 
energy-decreasing process, indicating that toluene is easily converted to 
benzoic acid. However, on the CMn/Co surface, the conversion of benzyl 
alcohol to benzaldehyde is a free energy-lifting process, indicating that 
more external energy needs to be provided to induce the reaction to 
proceed. The difference in the ease of conversion of benzoic acid at the 
CMn/Co and CCo/Mn interfaces also indirectly explains the low overall 
mineralization rate of Mn3O4/Co3O4. 

To summarize, the detailed photothermal catalytic reaction mecha-
nism of toluene occurring on Mn3O4/Co3O4 under UV-Vis illumination 
was shown in Fig. 10(d). An S-scheme heterojunction of Mn3O4/Co3O4 
was formed between Mn3O4 and Co3O4, and due to the lattice mismatch, 
oxygen vacancies are more easily formed nearby the heterojunction 
interface. The oxygen vacancies facilitate the adsorption and activation 
of oxygen in the air to form reactive oxygen species (O-, O2

- ) and improve 
the mobility of lattice oxygen (O2-), which in turn participates in the 
toluene oxidation process under thermal drive. Moreover, the hetero-
geneous interface further enhances the adsorption of toluene, thus 
contributing to the photothermal degradation of toluene. In addition, 
due to the energy band bending and the built-in electric field, the pho-
togenerated electrons on the CB of Co3O4 and the holes on the VB of 
Mn3O4 compounded, which promoted charge transfer and inhibited the 
complexation of photogenerated electrons and holes on Mn3O4 and 
Co3O4. As a result, the higher CB and lower VB of the composite catalyst 
were retained, the photogenerated electrons generated on the CB of 
Mn3O4 reacted with air to form super oxygen radicals (⋅O2

- ), and the 
holes of Co3O4 VB could also participate in the toluene oxidation process 
as active substances. Overall, the photothermal degradation of toluene 
under UV-Vis light irradiation follows the conversion pathway (toluene 
→ benzyl alcohol→ benzaldehyde → benzoic acid → maleic anhydride → 
H2O and CO2) through the synergistic effect of thermal and photoelec-
tric effects on Mn3O4/Co3O4. 

3.6. Durability, water resistance, cycling stability, and performance under 
different operating conditions 

Considering that the CO2 conversion of Mn3O4/Co3O4 was only 60% 
in Fig. 3(b), it was speculated that there might be many intermediate 
products on its surface. In addition to the intermediates deposited on the 
catalyst surface observed by in situ DRIFTS, the presence of some cyclic 
hydrocarbons, benzene, and lipids in the tail gas was detected by using 
GC-MS (Fig. S16 and Table S3). This indicates that the products in the 
toluene oxidation process are very complex and may be accompanied by 
interactions between the intermediates. To test the catalyst’s ability to 
resist carbon accumulation, a long-cycle stability experiment was car-
ried out. The Fig. 11(a) showed that the catalytic performance of 
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Mn3O4/Co3O4 could remain stable for nearly 500 min despite the 
limited conversion of CO2. Generally, the process of VOCs actual emis-
sion is often accompanied by the presence of water vapor, which has an 
important influence on the catalytic performance. Thus, the gradient 
water resistance performance of Mn3O4/Co3O4 was also investigated, as 
shown in Fig. 11(b). With the successive introduction of 2.5 vol%, 5 vol 
%, and 7.5 vol% water vapor, the conversion of toluene remained 
essentially unchanged, while the conversion of CO2 increased slightly. 
And even after the water was cut off, the conversion of CO2 at 635 min 
(62.9%) was still higher than that before the addition of water (58.8%). 
It is speculated that the introduction of water vapor may have produced 
an activation effect, where the intermediate products were favorably 
converted to CO2 under wet conditions [78]. It also indicated that the 
competing adsorption effect of water was not obvious on the Mn3O4/-
Co3O4 surface and did not cause a decrease in the toluene conversion 
rate. Therefore, Mn3O4/Co3O4 exhibited good water resistance. In 
addition, the cycling stability of the catalyst was tested by turning off the 
light for half an hour after turning on the light for one hour and oper-
ating it four times in succession. From Fig. 11(c), it could be observed 
that the Mn3O4/Co3O4 has good cycling stability and its photothermal 
catalytic performance did not change significantly after four cycles of 
use, which offers possibilities for practical applications. 

To further explore the potential of Mn3O4/Co3O4 for practial appli-
cations, we also investigated the effects of different operating conditions 
on the catalytic performance, including light intensity, toluene initial 
concentration and space velocity. As shown in Fig. 11(d), the toluene 
conversion and CO2 yield were enhanced with increasing light intensity. 

It is because higher light intensity will further increase the reaction 
temperature and photon flux, more easily inducing thermocatalysis and 
exciting more electrons to form free radicals [19]. Furthermore, the 
conversion of toluene gradually decreased with the increase of the initial 
concentration of toluene under 981 mW/cm2 Xe lamp irradation, which 
was due to the limited active sites of the catalyst and the competition 
between toluene adsorption [12,51]. Similarly, the toluene conversion 
also showed a gradual decrease when the space velocity was increased. 
This is because that the higher the air velocity, the shorter the residence 
time of toluene on the catalyst surface, which tends to cause incomplete 
oxidation of toluene [46]. However, the Mn3O4/Co3O4 showed little 
change in the conversion of toluene in the range of 500–1500 ppm 
initial concentration and 30,000–60,000 mL⋅g− 1⋅h− 1 space velocity, 
indicating that Mn3O4/Co3O4 has excellent operational flexibility. 

4. Conclusion 

In conclusion, effective Mn3O4/Co3O4 heterojunction catalysts were 
synthesized through a facile hydrothermal co-precipitation method. The 
obtained Mn3O4/Co3O4 sample showed favorable photothermal cata-
lytic performance, which can remove 74.7% continuous state toluene 
under UV-Vis light irradiation. Importantly, the toluene conversion ef-
ficiency was 21.4% and 27.2% higher than that of pure Co3O4 and 
Mn3O4, respectively. It is considered that the interfacial effect leads to 
the larger surface area, the higher ratio of Mn4+, Mn3+, and Co3+ spe-
cies, and better low-temperature redox capability of Mn3O4/Co3O4, 
which contributed to the photothermal catalytic performance. 

Fig. 11. (a) Stability test, (b) water resistance, (c) cyclic stability of Mn3O4/Co3O4, and (d) performance of photothermal catalytic oxidation of toluene under 
different operating conditions. 
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Furthermore, according to the results of structural characterization and 
theoretical calculations, the heterojunction interfaces tended to cause 
more oxygen defects and also tend to adsorb and activate oxygen mol-
ecules. More importantly, an S-scheme heterojunction was formed be-
tween Mn3O4 and Co3O4 due to different work functions and energy 
band bending. Therefore, UV-Vis light irradiation can both accelerate 
the electron transfer between the heterogeneous interfaces and reduce 
the recombination of photogenerated carriers, and retain the high redox 
capacity to generate more reactive oxygen species, thus further pro-
moting the photothermal catalytic reaction. In addition, in situ DRIFTS 
analysis revealed the mechanism of the photothermal catalytic oxida-
tion of toluene over Mn3O4/Co3O4 and identified the conversion 
pathway. It was expected that the design and construction of narrow- 
band semiconductor heterojunctions rich in interfacial defects and 
unique energy band structures was an important inspiration for photo-
thermal synergistic catalytic removal of VOCs. 

Environmental Implication 

As a typical VOC, toluene is widely used in the construction and 
dyeing industries. However, it is harmful to the human respiratory and 
central nervous systems. Moreover, it is an important precursor to the 
formation of ozone and PM2.5, which are potentially more hazardous to 
the environment. Therefore, it is an urgent task to remove toluene waste 
gas. In this work, the efficient photothermal catalytic degradation of 
toluene was achieved on the Mn3O4/Co3O4 composite, which couples 
light’s thermal and photoelectric effects by the interfacial effect. It 
provides an innovative strategy for the design of photothermal catalysts. 
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