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Fig. S1 HRTEM image of β-MnO2. 
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In order to confirm the position of M=O at β-MnO2, we have carried out the experiments of O3 

adsorption and decomposition on β-MnO2. We found a peak at 1300 cm−1 becomes more and more obvious 

when increasing O3 concertation (Fig. S2), indicating that M=O at 1300 cm−1 does exist at the surface of β-

MnO2. 

 

 

Fig. S2 DRIFT spectra of oxygen groups at β-MnO2 at surfaces at different energy densities. 

Experimental conditions: 20vol.%O2 and 80vol.%Ar, room temperature, O3 concentration was changed by 

changing energy density (joules of electric energy per litter gas, J/L). 
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The DRIFTS spectra at various times under a fixed discharge condition or without discharges are 

shown in Fig. S3. As the discharge time increases, the peak height of M=O at 1300 cm−1 gradually increases 

and finally stabilizes. When the discharge is stopped, the peak height of M=O is basically unchanged, 

indicating that M=O is a strong adsorbed oxygen species (chemical adsorption). 

 
Fig. S3 DRIFT spectra of β-MnO2 at different times with or without discharges (plasma on or off). 

Experimental conditions: 20vol.%O2 and 80vol.%Ar, room temperature. 
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In order to investigate the reactivity of M=O, O3 gas mixed with H2 gas was fed to β-MnO2 at various 

temperatures. When the temperature increases, the peak height of M=O gradually decreases. When the 

temperature reaches 150 °C, the peak height of M = O is negative (Fig. S4). This result obviously shows 

that the M=O from O3 decomposition can react with H2. 

 
Fig. S4 DRIFT spectra of β-MnO2 at different temperatures and a fixed O3 concentration. 

Experimental conditions: H2: 2.37%, O2:10%, Ar: balance; temperature: 25-200 oC. 
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Fig. S5 Relation of normalized intensities of M2+-O2
2- and M+-O2-. 

  

0.0 -0.2 -0.4 -0.6 -0.8 -1.0

0.0

0.2

0.4

0.6

0.8

1.0

y=-0.8908x-0.0081

R2=0.9656

N
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 o

f 
M

2
+

-O
2

2
-

Normalized intensity of M+-O2
-



 

 

7 

 

 

Fig. S6 Operando DRIFT-MS profiles of metal oxides (a-c CeO2 and d-f Co3O4). 
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Fig. S7 Experimental setup of operando TPR-FTIR-MS system. 
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Table S1 Advantages and disadvantages of analytical methods for oxygen species and oxygen 

vacancies 1,2. 

Method Advantage Disadvantage Detection capacity 

IR, Raman 

Distinguish between 

different types of oxygen 

species and semi-

quantitative 

Short-lived species 

are difficult to 

measure 

Different lattice configurations are 

distinguishable; surface species 

can also be differentiated 

O2-TPD/H2-

TPR 

Distinguish between 

surface and bulk species, 

semi-quantitative 

Cannot distinguish 

between different 

surface species 

Distinguishes surface species from 

bulk 

EPR  
Substances containing 

unpaired electrons 

Can only capture 

paramagnetic 

species 

O2
2-, O2 −, O−, and O3

− are visible 

and distinguishable 

DFT 

Not limited by experiment 

and detectable 

performance 

Need to simplify 

invalid 

assumptions 

All oxygen species are 

distinguishable from each other 

MS 

Can measure the quantity 

of exchangeable oxygen 

and quantitative 

Cannot distinguish 

between different 

surface species 

Distinguishes surface species from 

bulk 

X-ray 

Techniques 

Surface and bulk species 

can be distinguished, 

semi-quantitative 

Distinction  

between different 

oxygen species is 

difficult 

Distinguishes surface species from 

bulk 

Oxygen 

isotope 

Determine which 

structure results in the 

conversion between easily 

exchangeable oxygen 

atoms and oxygen species 

Different charged 

oxygen species 

cannot be 

distinguished 

Can identify different types of 

surface species and lattice oxygen  

TGA 

Can indirectly judge and 

characterize oxygen 

vacancies in the crystal 

lattice, semi-quantitative 

Cannot distinguish 

the type of reactive 

oxygen species 

Indirect study of oxygen vacancies 

in the catalyst lattice 

STEM 
Can accurately qualitative 

oxygen vacancy 

Cannot distinguish 

the type of reactive 

oxygen species 

and quantify 

Determine the presence of oxygen 

vacancies 

PALS 

Sensitive to atomic-scale 

defects (vacancies, 

dislocations) 

Cannot distinguish 

the type of reactive 

oxygen species 

and quantify 

Obtain the internal microstructure 

and defect structure of the 

condensed matter 
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Table S2 Composition of the gases fed to the TPR cell. 

Gas atmosphere Composition (%) Total gas flow rate (mL/min) 

H2/Ar H2: 2.37%, Ar: balance 38 

H2+O2 H2: 2.37%, O2:10%, Ar: balance 38 

O2/Ar O2: 5.26%, Ar: balance 38 

Ar Ar:100% 20 
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Table S3 DRIFTS peaks and related functional groups. 

Wavenumber (cm–1) Functional group Reference 

750-800 M+-O2--M+, M-O-M 3 

1300-1400  M2+-O2–, M=O 4-6 

870 M+-O–, M-O 7 

1110-1120 M+-O
− 

2  8, 9 

930-960 M2+-O
2− 

2  10 

1520, 1610, 1640 δ(H2O), M-OH2 11 

3080, 3230, 3530, 3720 v(OH) 11, 12 
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