
 

Supplementary Material 

 

Text S1  Catalyst characterization and the evaluation of activity 

for CO oxidation 
 

Catalyst characterization 

 

The X-ray diffraction (XRD) patterns were obtained on the Bruker X-ray diffractometer (D8-
Advance, Bruker, Germany) equipped with Cu-Kα X-ray source. SEM images were recorded on a 
Merlin SEM microscope (Carl Zeiss, Germany). TEM images were acquired on a JEOL-2011 
instrument (JEOL, Japan). X-ray photoelectron spectroscopy (XPS) were measured on an 
ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo Fisher, USA) and the binding 
energy was calibrated with the C 1s peak at 284.8 eV. Raman spectra were obtained on a Britain 
inVia spectrometer. The specific surface area and pore size distribution were determined on a 
Micromeriticis ASAP 2020 analyzer (USA), using the nitrogen adsorption data at 77K. The 
element contents of catalysts were determined by inductively coupled plasma-optical emission 
spectroscopy (ICP-OES, Thermo IRIS Intrepid II XSP, USA). 

H2 temperature programmed reduction (H2-TPR) and O2 temperature programmed desorption 
(O2-TPD) were performed on an AutoChem II 2920 instrument (Micromeritics, USA) equipped 
with a thermal conductivity detector (TCD). Prior to testing, 50 mg samples (40–60 meshes) were 

pretreated at 105℃ for 30 min in the helium flow. For the H2-TPR measurement, the sample was 

programmed to rise to 800℃ at a ramp rate of 5℃/min in 5% H2/Ar atmosphere. For the O2-TPD 

analysis, the sample was purged with 5% O2/He for 30 min and then by helium for another 30 

min. Subsequently, it was heated from 40℃ to 800℃ at a ramp rate of 5℃/min in the helium 

flow. 

In situ diffuse reflectance infrared Fourier transform spectra (DRIFTS) was performed on a 
Nicolet 6700 FTIR (Thermo Fisher, USA) to detect the surface change of sample during CO 

adsorption and oxidation. Before the testing, the sample was pretreated at 105℃ in N2 flow for 2 

h and cooled to 35℃. 

 



 

Evaluation of activity for CO oxidation 

 

The catalytic performance for CO oxidation was evaluated in a quartz tube reactor with the inner 
diameter of 6 mm. Unless otherwise noted, 100 mg catalyst powder with the size of 40–60 mesh 
was used. The reactor was placed in a pipe furnace, which can programed temperature and 
maintained at each set temperature for 30 min. The total flow rate of was 250 mL/min with the 
corresponding weight hourly space velocity (WHSV) of 150 L/g·h. The inlet CO concentration 
was 250 ppm balanced with synthesized air, and the water content was adjusted by adjusting the 
flow rate through the water bath and was measured by a hygrometer (testo 635-2) with an 
accuracy of 0.1%. The concentrations of CO and CO2 was monitored online by GC-2014 
(Shimadzu, Japan) equipped with a flame ionization detector and a methanizer. The CO 
conversion ratio was calculated using the following equation (Eq. (S1)): 

CO conversion = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

× 100%     ,                (S1) 

where Cinlet and Coutlet are the inlet and outlet CO concentration, respectively. 

 
  



 

 

Fig. S1  (a) Nitrogen adsorption-desorption curves and (b) pore distributions of catalysts. 

 
  



 

Fig. S2  The XRD patterns of MnO2 and MnO2-150Cu after treated in O2-TPD until 500℃. 

 

  



 
Fig. S3  Raman spectra of different samples. 

 

  



 

 

 

Fig. S4  The performance of MnO2-150Cu for 1% CO conversion under dry air condition at different 

temperatures under the WHSV of 35 L/g·h. (a) 20℃, 35℃ and 48℃; (b) 60℃, 80℃ and 100℃. 

 
  



 

Fig. S5  The performance of MnO2-40Cu after it was heated at 250℃ for 4 h (Test conditions: CO inlet 

concentration 250 ppm, temperature 20℃, WHSV 150 L/g·h, dry air). 

 

 

 

Fig. S6  XRD patterns of MnO2-40Cu before and after heated at 250℃ for 4 h. 

 
  



 

 

 

Fig. S7  The performance of MnO2-150Cu for 1% CO conversion under humid air condition (3%) at 80℃ and 

90℃ under the WHSV of 40 L/g·h. 

 

 

 



  

 

Fig. S8  In situ DRIFTS of (a) MnO2 and (b) MnO2-150Cu under dry 2% CO/O2 at 90℃. 

 

 

 
  



 

 

Table S1  Temperature of the first peak in H2-TPR profiles of Cu-Mn oxide catalysts. 

Catalyst name Temperature of first peak (℃) References 

CuO-MnOx-modified pinecone biochar 246 Yi et al. (2018) 

Cu doped MnO2 226 Zeng et al. (2020) 

Metal-doped MnO2 nanospheres 226 Peng et al. (2022) 

Cu doped MnO2 205 Zhang et al. (2021) 

Cu-modified MnO2 275 Shi et al. (2018) 

Cu doped birnessite MnO2 216 Yusuf et al. (2020) 

MnO2−CuO 202 Kim et al. (2017) 

Cu–Mn composite catalyst 239 Dong et al. (2013) 

Mn2O3@MnO2-Cu 234 Yang et al. (2021) 

Cu–MnO2 255 Liu et al. (2018) 

CuO/MnO2 243 Qian et al. (2013) 

Cu doped MnO2 ~350 Dong et al. (2020) 

Copper − manganese Oxide 281 Liu et al. (2017) 

CuO/α-MnO2 262 May et al. (2020) 

MnO2-40Cu 199 this study 

MnO2-150Cu 199 this study 

 

  



Table S2  Performance of various Cu-Mn oxides for CO oxidation under dry conditions. 

Catalyst name 
Space velocity 

(L/g·h) 

CO 

concentration 

Temperature at which CO 

conversion reached 100% (℃) 
References 

CuMnOx 20 1% 70 Shi et al. (2015) 

CuMnOx 20 1% 140 Cai et al. (2014) 

Mn0.90Cu0.10O2 5.6 5% 140 Kunkalekar and Salker (2012) 

CuMnOx 36 2.5% 80 Dey et al. (2018) 

Cu1.5Mn1.5O4 600 4% 180 PalDey et al. (2005) 

Cu/Mn = 1/2 150 1% 145 Hasegawa et al. (2009a) 

Cu/Mn = 1/2 60 1% 125 Hasegawa et al. (2009b) 

CuMnOx 35 1% 30 Njagi et al. (2010) 

Mn-Cu (0.1) 18 1% 100 Choi et al. (2016) 

CuMnOx-10 35 1% 25, 90 (> 12 h) 

 

 

Njagi et al. (2011) 

Cu0.1MnOx 36 1% 100 Gao et al. (2016) 

Cu1/MnO2 15 1% 120 Hu et al. (2019) 

Cu0.075Mn 30 1.6% 65 Liu et al. (2017) 

Cu-Mn oxide 120 0.5% 147 Einaga and Kiya (2016) 

CuO/MnO2 24 1% 110 Qian et al. (2013) 

7%CuO/MnOx 10 1% 155 Peng et al. (2011) 

7Cu/MnO2 18 1% 115 Zhang et al. (2017) 

CuO/α-MnO2 60 4% > 100 Sadeghinia et al. (2013) 

CuO-MnO2 300 0.5% 160 Guo et al. (2017) 

CuO–MnO2 1.9 0.4% 98.1 Lin et al. (2017) 

Cu1.5Mn1.5O4 60 0.67% 110 Biemelt et al. (2016) 

CuO/α-MnO2 80 1% 60 May et al. (2020) 

CuO/MnOx 60 1.9% 200 Gong et al. (2013) 

Cu1/MnO2 15 1% 90 Hu et al. (2020) 

MnO2-150Cu  35 1% 20, 80 (15.5 h) this study 

MnO2-150Cu 150 0.025 % −10, 30 (4 h) this study 

 

 

 



 

Table S3  Activity of different Cu-Mn oxides for CO oxidation under humid conditions. 

Catalyst  
WHSV 

(L/g·h) 

Concentration CO 

conversion 
References 

CO O2 H2O 

SnO2-Hopacalite 18 1% 21% 3% 70℃, 92% (5 h)  Liu et al. (2016) 

Cu-α-MnO2 36 1% 20% 2% 120℃, 90% (50 h) Gao et al. (2016) 

Layered Cu-Mn 40 0.1% 21% 1.6% 76℃, 90% Wang et al. (2019) 

CuO-α-MnO2 80.4 1% 20% 3% 
105℃, 100%; 

90℃, ~60% (72 h) 
May et al. (2020) 

Sn-α-MnO2 18 0.25% 10% 3.1% 179℃, 90% Li et al. (2022) 

F-Co3O4@CNT 35 1% 2% 3% 150℃, 100% Kuo et al. (2014) 

Meso- Co3O4 12 1% 1% 3% 80℃, 100% Song et al. (2014) 

La-doped Co3O4 120 0.4% 10% 3% 155℃, 90% Bae et al. (2019) 

Sn-doped Co3O4 15 1% 20% 0.5% 80℃, 70% Feng et al. (2020) 

0.2La-Pt-CoO/Al2O3 36 1% 1% 1630 ppm −15℃, 100% Xu et al. (2023) 
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