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Raman Spectroscopy 
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Fig. S-1. Raman spectra of CuOx/CeO2 nanocomposites. The sharp peaks at 455-461cm-1 and 

the broad ones at ~610 cm-1 are assigned to be the F2g Raman-active mode and the defects in 

CeO2 shifts. The F2g shift broadens in CuOx/CeO2-nanorod samples, indicating the bigger 

particle size of CeO2-nanorods1, which matches well with the TEM observation (Table 1). 

Using the spatial correlation model to calculate the concentration of oxygen vacancy 

defects 

Raman can be used to calculate the relative quantities of oxygen vacancy defects in ceria based 

on the strong F2g peak and the defect peak using a special correlation model.2 First, the 

halfwidth of the F2g peak (Γ) is related to the crystallite grain size (dg) through the following 

correlation: 

𝛤(𝑐𝑚-1) = 5 + 51.8/𝑑𝑔(𝑛m)   (1) 

Next, the average distance between two lattice defects (L, nm) is can be estimated as: 

𝐿(𝑛𝑚) = √(
𝛼

2𝑑𝑔
)2  +  [(𝑑𝑔 − 2𝛼)2  +  4𝑑𝑔

2𝛼] 3     (2  

where α is the radius of a CeO2 molecule (0.34 nm). 

The concentration of defects on the surface (N, cm-3) (listed in Table S3) is calculated according 

to: 

       𝑁 =
3

4π𝐿3 
      (3) 

These data are depicted in Table 1. 
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Fig. S-2. Catalytic performances, including (a) CO conversion, (b) NO conversion, and (c) 

N2 selectivity, over the CuOx/CeO2-C catalysts and CeO2-C support in the NO reduction 

with CO as a function of temperature. Reaction conditions: 50 mg catalysts, GHSV = 

36,000 mL g-1 h-1, 1 vol% NO and 1 vol% CO in argon balance. The introduction of CuOx 

species onto the ceria supports remarkably improved the catalytic performance in the NO 

reduction with CO. 

 

Comparison of calculated CO consumptions and detected CO consumptions: 

Confirmation of relation between NO and CO balances 

The NO reduction by CO contains two main reactions steps: (5) and (6):  

     2NO + 2CO    ➞    N2 + 2CO2  (4) 

     2NO + CO    ➞   N2O + CO2  (5) 

     N2O + CO    ➞   N2 + CO2      (6)   

The calculated CO consumption (XCO-calc.) was derived based on the online detected NO 

conversion and the N2 selectivity (SN2) according to: 

XCO-calc. = 0.5*XNO*(1 + SN2)          (7) 

where, XNO represents the NO conversion determined by online GC analyses. 
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Fig. S-3. (a) Catalytic performance of the CuOx/CeO2-R) catalyst in the NO reduction by 

CO. (b) Comparison of the calculated CO consumption (Eq. 7) and the detected CO 

conversion; inset: the zoom-in of reactivity at 70-130 oC. 

 

Fig. S-4. (a) Catalytic performance of the CuOx/CeO2-P catalyst in the NO reduction by CO. 

(b) Comparison of the calculated CO consumption (Eq. 7) and the detected CO conversion; 

inset: the zoom-in of reactivity at 60-115 oC. 

 

Fig. S-5. (a) Catalytic performance of the CuOx/CeO2-C catalyst in the NO reduction by CO. 

(b) Comparison of the calculated CO consumption (Eq. 7) and the detected CO conversion; 

inset: the zoom-in of reactivity at 80-130 oC. 



S5/S8 
 

Nitrogen adsorption-desorption isotherms of the CuOx-CeO2 catalysts 

 
Fig. S-6. (a) N2-adsorption-desorption isotherms of the CuOx/CeO2 catalysts, and (b) 

corresponding pore size distributions determined by the BJH method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S6/S8 
 

Long-term behavior of CuOx-CeO2-R catalyst in NO reduction with CO 

 

Fig. S-7. Stability test of the CuOx/CeO2-P catalyst carried out at 250 oC over 150 h: (a) CO 

and NO conversions, and (b) N2 selectivity. Reaction conditions: 50 mg catalysts, GHSV = 

36,000 mL g-1 h-1, 1 vol% NO and 1 vol% CO with argon balance.  
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Fig. S-8. Stability test of the CuOx/CeO2-P catalyst carried out at 170 oC over 18 h. Reaction 

conditions: 50 mg catalysts, GHSV = 36,000 mL g-1 h-1, 1 vol% NO and 1 vol% CO with 

argon balance.   



S7/S8 
 

EPR investigation of oxygen vacancy defects 
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Fig. S-9. EPR spectra of the CuOx/CeO2 samples using 2,2,6,6-tetramethylpiperidine-

nitrogen-oxide (TEMPO) as the standard sample and MnII as the reference sample. 

 

 

Table S1. Concentrations of surface oxygen vacancies in CuOx/CeO2 with different 

morphologies determined by different methods 

 

Sample OV/Ototal
a 

Conc. of OV  

(10-12 spin mg-1)b 

OV conc. 

(1021 cm-3)c 

CuOx/CeO2-C 0.18 2.6 2.5 

CuOx/CeO2-R 0.26 3.2 5.3 

CuOx/CeO2-P 0.32 5.8 6.1 

Notes: a determined by XPS analyses (Figure 4). b determined by the EPR measurements 

(Figure S7). c determined by the Raman spectroscopy using spatial correlation model 

(Figure S1). OV = oxygen vacancy, Conc. = concentration. 

 

As shown in Table 2, the concentration of the surface oxygen vacancies, determined by 

all methods, XPS, EPR, and Raman spectroscopy, used in this work, follows the order of 

CuOx/CeO2-P > CuOx/CeO2-R > CuOx/CeO2-C. 
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Fig. S-10. The reaction coordinates of the NO reduction with CO over the other structural 

model, where all the Cu atoms are in contact with the surface lattice oxygen of ceria. The 

values from left to right are the CO-adsorption energy (Im1), reaction energy from CO with 

OL to yield –CO2 complex (Im2), CO2-desorption energy (Im3), NO-adsorption energy 

(Im4), and N2-desorption energy (Im5) under 0% tension (in black) and 5% tension (in blue). 

Color code: Ce atoms, white; O atoms, red; Cu atoms, blue. 
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