
rsc.li/catalysis

 Catalysis
 Science &
 Technology

rsc.li/catalysis

ISSN 2044-4761

PAPER
Chaoqiu Chen, Yong Qin et al. 
Highly dispersed Pt nanoparticles supported on carbon 
nanotubes produced by atomic layer deposition for hydrogen 
generation from hydrolysis of ammonia borane

Volume 7
Number 2
21 January 2017
Pages 313-534 Catalysis

 Science &
 Technology

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  X. Wang, J. Wang,

A. Liu, Y. Yu, J. Ji, K. Guo, H. Wan, C. Tang and L. Dong, Catal. Sci. Technol., 2020, DOI:

10.1039/D0CY00191K.

http://rsc.li/catalysis
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d0cy00191k
https://pubs.rsc.org/en/journals/journal/CY
http://crossmark.crossref.org/dialog/?doi=10.1039/D0CY00191K&domain=pdf&date_stamp=2020-03-19


ARTICLE

Please do not adjust margins

Please do not adjust margins

a.School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 

210023, China.
b.Jiangsu Key Laboratory of Vehicle Emissions Control, Nanjing 210023, China.
c. School of Environment, Nanjing University, Nanjing 210023, China.

* Corresponding author:

E-mail address: tangcj@nju.edu.cn (C. Tang).

Received 00th January 20xx,

Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Unravelling the structure sensitivity of CuO/SiO2 catalysts in NO + 

CO reaction

Xiuwen Wang,a Jin Wang,a Annai Liu,a Yaxin Yu,a Jiawei Ji,a Kai Guo,a Haiqin Wan,bc Changjin 

Tang*ab and Lin Dongabc

CuO/SiO2 catalysts with vast difference in copper dispersion were prepared by impregnation (denoted as CuSi-IM) and 

ammonia-evaporation (denoted as CuSi-AE) methods and tested for NO reduction by CO. Despite the inferior dispersion of 

copper species in CuSi-IM catalysts, they exhibited significantly higher NO conversion efficiency, with more than one order 

of activity enhancement achieved in comparison with CuSi-AE samples. Ex situ XRD, in situ DRIFTS, and CO-TPR 

characterizations were carried out to study the nature of active copper species and their evolution under reaction 

conditions. A clear dispersion-dependent reduction behavior (for CuSi-AE, step-wise reduction; for CuSi-IM, one step 

reduction) under CO atmosphere was observed, and the generation of Cu0 preferentially occurred at lower temperatures 

for CuSi-IM samples, which accounted for the better performance in NO+CO reaction. Lastly, NO-TPD and TPSR 

experiments were operated and the essential role of Cu0 in promoting NO dissociation was proposed. The results of 

present study would deepen our understanding on the reaction behaviors of copper catalysts in NO + CO reaction.

1. Introduction

As one of the main atmospheric pollutants, nitrogen oxides 

(NOx) is an important cause of many environmental problems 

such as photochemical smog and acid rain1, 2. It is well 

acknowledged that the concentration of nitrogen oxides 

emitted from fuel combustion in transportation (mobile 

source) and industrial processes (stationary source) is 

relatively high and needs to be tightly controlled. Catalytic 

elimination is a mature strategy for reducing nitrogen oxide 

emission. Among various reductants, CO is notable not only for 

its high conversion efficiency, but also due to the fact that in 

many cases, they co-exist with NO in the exhaust as a result of 

incomplete combustion of fuels. Hence, the using of CO as a 

reductant to convent NO to N2 shows attractive advantage of 

low cost and no need for extra reductant. As such, the reaction 

of NO reduction by CO has been extensively studied3-5. 

Previous investigations paid substantial attention on 

supported noble metal (Pt, Pd, Ru, Rh) catalysts due to their 

superior catalytic activity and selectivity6-8. However, such 

catalysts exhibit some deficiencies like high cost, low reserves, 

and poor thermal stability9. Therefore, researchers have 

turned their attention to alternatives of noble metals, and 

transition metal oxides show attractive prospects10, 11.

CuO is generally used as an active component, and exhibits 

superior performance in NO+CO reaction12-16. Centi et al. 

showed copper oxide was among the most active transition 

metal oxide catalysts for NO+CO reaction17. It is well known 

that to obtain an improved performance, the control of 

interaction between copper species and the underlined 

support is important. For example, Liu et al. studied the 

morphology effect of support on the reactivity of CuO/CeO2 

catalysts18. They found the surface effect led to higher NO 

conversion for CuO/CeO2 nanorods, while CuO supported on 

ceria polyhedra and cubes were less active. Sun et al. explored 

the CuO catalysts supported on pure anatase TiO2 and ZrO2-

doped TiO2 (TZ) 19. Copper oxides supported on the TZ were 

much easier to be reduced and had stronger adsorption 

stability of NOx than those supported on the pure TiO2. Thus, 

the ZrO2-doped catalysts showed superior activity and 

selectivity to common Cu-TiO2 catalysts. On the other hand, 

the tune of chemical state of copper species is another way to 

regulate the performance. Takashi et al. investigated the active 

species of ��*.=��
2O3 catalysts, and they proposed that the 

isolated Cu2+ was the active species while aggregated CuO 

species would significantly reduce the activity of NO 

reduction20. However, Jiang et al. found that when excess 

copper was supported on =��
2O3, a continuous increase of 

activity was observed with the formation of crystalline CuO21. 

Jang et al. used TiO2 as carrier, and examined the Cu oxidation 

states on the catalysis of NO+CO by adjusting pretreatment 

atmosphere22. It was found that NO decomposition was better 

by low-valence Cu species than by high-valence Cu species, i.e. 

Cu0�Cu+�Cu2+. Haller et al. claimed that the concentration of 
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Cu+ species ran parallel to the NO conversion and the rate-

determining step of the NO reduction with CO was likely to be 

the NO dissociation over Cu+ species23. From these results, we 

can know that no consensus has been achieved regarding 

which kind of copper species is the active sites in NO + CO 

reaction. 

To have a fundamental understanding about role of copper 

species in NO+CO, the interference from support effect should 

be excluded. In other words, the support itself should be 

chemical inertness. In NO+CO reaction, NO dissociation on a 

copper surface is unaffected by SiO2 support24. Thus, SiO2 is a 

suitable and ideal support for investigation. Previous studies 

have reported CuO supported SiO2 catalysts can be prepared 

by impregnation25, deposition-precipitation26, ionic 

exchange27, sol-gel28. By conventional methods for catalyst 

preparation such as impregnation, bulk CuO is easily formed 

on the surface of SiO2 even at a low loading amount29. 

Recently, some studies have reported an ammonia-

evaporation method which could graft copper species with 

high loadings on the surface of SiO2 support without 

appearance of crystalline CuO29, 30. Thus, dispersed CuO and 

bulk CuO species with same loading amounts can be achieved 

in CuO/SiO2 catalyst by ammonia-evaporation method (AE) 

and impregnation method (IM). From this point of view, in this 

paper, we used the above two methods to prepare the 

CuO/SiO2 catalysts with a series of CuO loadings and applied 

them in NO+CO reaction. Comparative studies found that 

CuO/SiO2 catalyst with bulk CuO on the surface has much 

better activity. Through a series of characterizations, it was 

found that Cu0 was the active center of the reaction, and 

because the bulk CuO was more easily reduced to Cu0 by CO, it 

exhibited favorable catalytic activity. The interaction between 

reactants and the catalysts were further analyzed to explain 

the results of such experiments.

2. Experimental section

2.1 Materials

Silica gel, Cu(NO3)2·3H2O, and 28% ammonia aqueous were of 

analytical grade, and were purchased from Sinopharm 

Chemical Reagent, Co., Ltd., China without further treatment. 

2.2 Catalysts preparation

Before used, SiO2 was calcined in flowing air at 450 oC for 4 h 

under an air atmosphere. CuO/SiO2-IM samples were prepared 

by wet impregnation method. SiO2 was added into a Cu(NO3)2 

aqueous solution. After stirring, the mixture solution was 

evaporated at 100 oC for removing the water. Then, the 

material was dried overnight at 120 oC and calcined at 450 oC 

for 4 h. CuO/SiO2-AE samples were prepared by ammonia-

evaporation method. First, an excessive amount of ammonia 

aqueous was added dropwise to a Cu(NO3)2 aqueous solution 

and stirred for 30 min. Then, SiO2 was added into the mixture 

solution and stirred for 4 h. Subsequently, the suspension was 

evaporated to remove ammonia and lower the pH of the 

solution to 6-7. The as-prepared material was washed with 

ethanol and deionized water and then dried overnight at 120 

oC. Finally, the catalysts were calcined at 450 oC for 4 h. The 

loading amounts of CuO were 5 wt%, 20 wt%, 30 wt%, and 40 

wt%, respectively. For the sake of simplicity, the resulting 

catalysts were represented by CuSi1-AE/IM, CuSi2-AE/IM, 

CuSi3-AE/IM, and CuSi4-AE/IM. 

2.3 Catalysts Characterization

X-ray diffraction (XRD) patterns were obtained via a Philips 

X�pert Pro diffractometer using Ni-filtered Cu JK radiation 

(0.15 nm). The recording range was from 10o to 80o and 

operated at 40 kV and 40 mA.

The morphology of samples was analyzed by using a JEOL 

JEM-2100 transmission electron microscope (TEM). The 

acceleration voltage was 200 kV.

The actual Cu2+ loadings were measured on a PE Optima 

5300DV inductively coupled plasma optical emission 

spectrometer (ICP-OES).

Brunauer-Emmett-Teller (BET) surface areas were 

determined by a nitrogen adsorption at 77 K on a Micrometrics 

ASAP-2020 adsorption analyzer. Each sample was degassed at 

300 oC for 3 h before analysis.

Fourier transform Infrared (FT-IR) spectra were collected on 

a Nicolet IS10 FT-IR spectrometer at a spectral resolution of 2 

cm-1 for 32 scans. The background was collected first and then 

subtracted for every sample.

X-ray photoelectron spectroscopy (XPS) analysis was carried 

out on a PHI 5000 Versa Probe system. The charging effect of 

the sample was compensated by calibrating all the binding 

energies with the adventitious C 1s peak at 284.6 eV. 

CO temperature programmed reduction (CO-TPR) 

experiments were performed by an online LC-D series mass 

spectrometer. Prior to reduction, the catalyst (50 mg) was 

pretreated in He stream. After that, CO-He (10% of CO by 

volume) was switched on until the adsorption was saturated, 

and then the sample was heated from ambient temperature to 

650 oC at a rate of 10 oC·min-1. The discharged CO and CO2 

gases were collected by mass spectrometer.

H2-temperature programmed reduction (H2-TPR) was carried 

out by a thermal conductivity detector. Prior to reduction, 10 

mg of the catalyst loaded in a quartz U-tube was pretreated in 

N2 stream at 200 oC for 0.5 h. After that, the sample was 

heated from room temperature to 600 oC at a rate of 10 
oC·min-1 in a mixed H2-Ar (7% of CO by volume) stream.
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CuO crystallites are observed, supporting the observation 

made by XRD.

The actual concentrations of Cu species in the as-

synthesized catalysts were characterized by ICP analysis and 

results were listed in Table 1. It can be found that except for 

the sample with excessive introduced copper (40 wt%), the 

actual copper loadings are comparable for both methods. It 

also shows that unlike the conventional impregnation method, 

the actual loading amounts of copper for CuSi-AE will reach a 

saturation, and do not exhibit a continuous increase with the 

further increase of Cu(NO3)2 precursor, probably as a result of 

limited grafting sites on silica surface.

The N2 adsorption-desorption isotherms of CuO/SiO2 

samples and their pore size distribution curves were plotted in 

Fig. 3. All samples reveal a type �  Langmuir adsorption 

isotherm according to the IUPAC classification, indicating the 

existence of mesoporous structure. The average pore 

diameters of CuSi-AE samples decrease from 10.6 nm to 6.5 

nm with CuO loadings, while CuSi-IM samples exhibit similar 

pore diameters centered at 9.2 nm. The BET surface area, pore 

volume, and average pore size were summarized in Table 1. It 

is found that with the CuO loading amounts increase from 5 to 

30 wt%, the BET surface area of CuSi-AE samples increases 

gradually, probably as a result of the strong interaction 

between copper species and SiO2 framework in ammonia 

solution and the formation of copper phyllosilicate with 

layered structure26, 31. Unlike the CuSi-AE samples, the 

parameter of CuSi-IM samples decreases with CuO loadings, 

which can be reasonably linked to the poor dispersion of 

CuO32.

It was previously reported that by using the ammonia 

evaporation method to deposit copper species on silica surface, 

the copper species can be grafted on silica matrix generating 

copper phyllosilicate structure33. To confirm the species, IR 

characterization was operated. As presented in Fig. 4, CuSi-AE 

samples as well as CuSi-IM samples all show two characteristic 

bands at approximately 800 and 1054 cm-1 ascribed to the &SiO 

symmetric and asymmetric stretching vibration of SiO2, 

respectively30, 34. For CuSi-AE samples, the additional 

appearance of the TOH vibration at near 670 cm-1 suggest the 

formation of copper phyllosilicate, which is absent in the 

spectra of CuSi-IM samples35. XPS spectra of CuSi2-AE and 

Table 1 Physicochemical properties of CuSi-AE and CuSi-IM samples.

Catalysts
Cu2+ loaded 

(wt%)

Cu2+ detected 

(wt%)

Surface area

(m2g-1)

Pore volume

(cm3g-1)

Pore size

(nm)

CuSi1-AE 5 4.1 264.6 0.84 9.8

CuSi2-AE 20 14.6 318.1 0.74 7.2

CuSi3-AE 30 21.5 374.3 0.66 5.4

CuSi4-AE 40 23.0 286.5 0.63 7.1

CuSi1-IM 5 4.1 287.1 0.86 9.1

CuSi2-IM 20 15.5 262.6 0.80 9.1

CuSi3-IM 30 21.6 245.3 0.75 9.1

CuSi4-IM 40 36.2 213.5 0.62 8.8

(a) (b)

Fig. 3 N2 adsorption-desorption isotherms (a) and pore size 

distribution curves (b) of CuSi-AE and CuSi-IM samples.

(a)

670

1054

800

(b) 1054

800

Fig. 4 IR spectra of (a) CuSi-AE and (b) CuSi-IM samples.

2p1/2
2p3/2

Fig. 5 Cu 2p spectra of CuSi2-AE and CuSi2-IM samples.
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CuSi2-IM were provided as an example to further determine 

the existence state of Cu species (Fig. 5). It is obvious that for 

the Cu 2p3/2 and Cu 2p1/2 region, the characteristic peaks at 

934.9 eV and 955.0 eV for CuSi2-AE and at 933.5 eV and 953.5 

eV for CuSi2-IM are detected, indicating that Cu species mainly 

exist as Cu2+ 26, 36. And an apparent shift of Cu 2p peak to 

positive value for CuSi2-AE manifests the strong interaction 

between Cu species and SiO2 support37. Moreover, the 

intensity of Cu 2p signal for CuSi2-AE is much stronger than 

that for CuSi2-IM, in good agreement with the high dispersion 

nature of copper species in CuSi-AE samples.

3.2. The catalytic performance of NO + CO reaction

The catalytic performance of CuO/SiO2 samples in the reaction 

of NO reduction by CO was shown in Fig. 6. For CuSi-AE 

samples, the catalytic activity increased with increasing Cu 

loadings, indicating that the catalyst with a higher 

concentration of Cu species on the surface contributes to the 

improvement of catalytic activity. However, a saturated value 

of NO conversion will occur as Cu content increases in CuSi-IM 

samples. Among them, CuSi2-IM with 15 wt% Cu2+ loading 

amount exhibits the best catalytic performance, 

demonstrating that the catalyst with proper amount of 

aggregated CuO can promote the NO+CO performance. For all 

the catalysts at reaction temperature below 200 oC, poor 

reactivity is exhibited, with NO conversion of less than 20%. 

However, when the temperature is increased to higher than 

200 oC, dramatic enhancement of activity is observed, and this 

is particularly true for CuSi-IM catalysts. For example, the 

activity of CuSi-IM series catalysts is less than 5% at 200 oC, but 

realize full conversion of NO when the reaction temperature is 

increased to 250 oC. For the two kinds of CuO/SiO2 catalysts, it 

is obviously the catalytic performance of CuSi-IM samples 

increases more obviously than CuSi-AE samples with the 

amount of CuO increases, following the order of CuSi4-IM = 

CuSi3-IM = CuSi2-IM > CuSi1-IM > CuSi4-AE > CuSi3-AE > CuSi2-

AE > CuSi1-AE. Further increasing the temperature contributes 

to the continuous increase in the activity of CuSi-AE samples, 

but the activity of CuSi-IM samples exhibits an unexpected 

decline. This is extraordinary because usually the catalytic 

performance shows a positive response with temperature 

increase. N2 yields have the same order as the NO conversion 

here (Fig. S1). Referring to the above BET results which are not 

related to catalytic performance, it is clear that the surface 

area is not the main factor affecting activity. Thus, to 

understand the differences in surface structure and the 

resulting changes in chemical properties, a series of 

characterizations of the catalysts were carried out in the 

following sections.

3.3. Chemical properties of surface copper species

Since the reaction atmosphere contains CO, it is expected the 

presence of CO can induce some structural variations on 

CuO/SiO2 catalysts. To investigate any changes of catalysts 

during the reaction, CuSi2-IM with optimal performance and 

the corresponded CuSi2-AE sample were selected for XRD test 

Fig. 6 NO conversion of CuSi-AE and CuSi-IM samples as a 

function of the reaction temperature.

(a)

(b)

Fig. 7 NO conversion and corresponding XRD results as a 

function of reaction temperature of (a) CuSi2-AE, and (b) 

CuSi2-IM sample.
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(Fig. 7). For CuSi2-AE, no characteristic peak of crystalline 

phase appears until the reaction temperature reaches 450 oC. 

When the temperature gets to 450 oC, the characteristic peak 

of Cu can be detected, indicating the reduction of CuO and the 

aggregation of Cu species in the reaction atmosphere during 

the heating process. In contrast, for CuSi2-IM, when the 

reaction temperature rises to 250 oC, the peak of CuO 

disappears, and at the same time, the peak of Cu0 appears. By 

comparing the result of ex-situ XRD and activity profile (Fig. 7), 

it declares that the temperature point corresponding to the 

characteristic peak of Cu0 is also the point at which the 

reaction activity is significantly improved. From this it can be 

concluded that metallic Cu0 may be the active sites of NO + CO 

reaction under existing reaction conditions. Furthermore, the 

CuO in CuSi2-IM sample is preferentially reduced to Cu0 

compared to CuSi2-AE sample, indicating the dispersion of 

CuO probably has an important effect on the reduction profile 

of Cu species22, 38, 39.

In order to further explore the variation in Cu0 species 

formation between the two samples, CO-TPR was performed 

and the changes of CuO species with different surface types 

during CO reduction treatment were detected. As shown in Fig. 

8, it is obvious that CuSi-AE samples have two reduction peaks 

with centers at about 230 oC and 420 oC, respectively. One 

possible explanation is that the reduction of CuO in a 

dispersed state involves two steps: Cu2+ to Cu+ and Cu+ to Cu0. 

A similar phenomenon was reported by Martinez-Arias when 

they examined the redox properties of CuO/Al2O3 by CO-TPR40. 

They claimed that when the reduction temperature was below 

300 oC, a small reduction was achieved, which attributed to 

the reduction of isolated Cu2+ to Cu+ and a small amount of Cu0. 

Higher CO pretreatment temperatures led to the appearance 

of another stronger reduction in which metallic copper 

particles appeared and Cu+ gradually decreased. However, for 

CuSi-IM sample, it has only one reduction peak, and the 

corresponding temperature is about 320 oC, suggesting the 

occurrence of direct reduction of bulk CuO into metallic Cu0 38.

As we know, it is also possible that for CuSi-AE samples, they 

include two states of CuO on SiO2 surface, i.e. dispersed CuO 

and CuO clusters. To discriminate this possibility, H2-TPR was 

carried out to verify the state of CuO. As shown in Fig. 9, only 

one reduction peak displayed, which manifest that there is 

only dispersed CuO species existing in CuSi-AE samples. 

Therefore, the reduction peaks of CuSi-AE samples in CO-TPR 

are not concerned to the states of CuO, and are mainly related 

to the reduction process of Cu2+ V Cu+ V Cu0.

In-situ DRIFT spectrometer was further used to confirm the 

different reduction behaviors of the CuO/SiO2 catalysts. Since 

CO is only irreversibly bound to Cu+ species and easily desorbs 

from Cu0 and Cu2+, it can be used as a useful probe molecule 

for Cu+, providing the possibility of quantitative discrimination 

253
484

230

420
213

432242

414
(a)

325

307

320

323(b)

Fig. 8 CO-TPR patterns of (a) CuSi-AE and (b) CuSi-IM 

samples.

Fig. 9 H2 temperature programmed reduction (H2-TPR) of 

CuSi-AE samples.

Fig. 10 Relationship between CO pretreatment 

temperature and integrated intensity of IR spectra for 

copper carbonyl over CuSi2-AE and CuSi2-IM sample.
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of Cu+ on the surface41. After recorded CO-Cu+ species at room 

temperature with CO pretreatment at different temperatures, 

the peak intensity was calculated and the results as a function 

of CO pretreatment temperature are shown in Fig. 10. For 

CuSi2-AE, the content of Cu+ increases as the CO pretreatment 

temperature increases from 30-400 oC, indicating that Cu2+ is 

gradually reduced to Cu+ by CO pretreatment. When the 

pretreatment temperature is higher than 400 oC, the content 

of Cu+ begins to decrease, implying that Cu+ is further reduced 

to Cu0. In contrast, the content of Cu+ in CuSi2-IM sample is 

always low, suggesting that most Cu2+ might be directly 

reduced to Cu0 without the emergence of Cu+ intermediate 

species. This is consistent with the CO-TPR results above. In 

addition, combing these phenomena with the NO+CO activity 

results, it is found that the activity of CuSi2-AE does not 

increase with increasing Cu+ content. For example, at 300 oC, a 

large amount of Cu+ has been produced, but the NO 

conversion is less than 10%. However, the activity of CuSi2-IM 

increases from 250 oC, while the Cu+ content do not change 

significantly, indicating Cu0 species is the active site in the 

NO+CO reaction. Furthermore, the above results also suggest 

that the reduction of bulk CuO to Cu0 is much easier than the 

reduction of dispersed CuO, which is the essential reason why 

the activity of CuSi-IM samples is better than that of CuSi-AE 

samples.

It has been proved that the appearance of Cu0 is beneficial 

to improve the catalytic performance, but the reason for the 

deactivation of CuSi-IM samples at higher reaction 

temperatures needs further explanation. CuSi4-IM sample, 

which shows the most significant decrease in activity at high 

temperature, was selected as the target sample for the 

following study. According to Scherrer equation, the crystallite 

size of Cu0 was calculated and summarized. As listed in Table 2, 

the crystallite size increases from 50.7 to 177.0 nm as the 

reaction temperature increases from 250 to 450 oC. A possible 

explanation for this may be that the reduced Cu species 

aggregate at high temperature and the particle size gradually 

become larger. Thus, Cu0 with the larger particle reduces the 

number of active sites exposed on the catalyst surface, 

resulting in a marked decline in the activity of NO reduction42.

3.4. Possible reaction mechanism for NO reduction by CO

To have further insight into the reaction, the interaction of 

Cu2+ and Cu0 species with reactants was studied. Since CuSi-AE 

samples have more dispersed Cu2+ on the catalysts surface, 

CuSi2-AE (named CuSi-fresh) was chosen as the target sample 

of Cu2+ species. In addition, CuSi2-AE would produce more Cu0 

after NO+CO pretreatment at 450 oC, so it was selected as the 

target sample for investigating Cu0 species (named CuSi-spent). 

First of all, NO temperature-programed desorption (TPD) was 

chosen to help understanding the interaction between NO and 

the surface species of catalysts and any dissociation process of 

NO. All in all, NO, N2O, and N2 are detected. As can be seen 

from Fig. 11a, there are mainly two desorption peaks of NO, 

which are detected at about 120, 250 oC for CuSi-fresh, and 

110, 215 oC for CuSi-spent. These desorption peaks originate 

from the weakly adsorbed NO species43, 44. It is worth noting 

that the desorption temperature of NO on CuSi-spent is 

obviously lower than that of CuSi-fresh. Fig. 11b shows the 

desorption curve of N2O at different temperatures. N2O is 

produced by the dissociation of NO. The temperature of peak 

center for CuSi-spent is also lower than the temperature for 

CuSi-fresh, which suggests that Cu0 species are more favorable 

for NO dissociation. Fig. 11c further provides evidence for NO 

dissociation: the desorption signal of N2, which is generated by 

the dissociation of N2O. Moreover, the desorption amounts of 

NO, N2O and N2 for CuSi-spent are larger than that for CuSi-

fresh, indicating that CuSi-spent possesses more active sites 

for NO adsorption.

To disclose the reactivity of these surface activated NOx 

species, TPSR was further investigated (Fig. 12). After the 

Table 2 Crystalline size of the prepared CuSi4-IM sample.

Reaction 

temperature
250 oC 300 oC 450 oC

dCu (nm) 50.7 124.7 177.0

NO(a) (b)

N
2

(c)

N
2
O

Fig. 11 NO-TPD (a, b, and c) results of CuSi-fresh and CuSi-

spent samples.

Fig. 12 TPSR result of CuSi-fresh and CuSi-spent samples at 

150 oC.
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adsorption of NO reached saturation at 150 oC, a CO stream 

was introduced. At the same time, the FTIR spectrometer was 

used to test the change of CO2 content. The peak of CO2 

attributes to the combination of CO and O, where O comes 

from the dissociation of NO. It is clearly observed that CuSi-

spent sample produces more CO2 than CuSi-fresh, which again 

confirms that Cu0 species is more active for NO decomposition. 

On the basis of NO-TPD and TPSR results, a possible model 

for the reaction process of NO reduction by CO under the 

current conditions is tentatively proposed: 

NO + S V NO(a) (1)

CO + S V CO(a) (2)

NO(a) + NO(a) V ONNO(a) (3)

ONNO(a) V N2O(a) + O(a) (4)

N2O(a) V N2O + S (5)

N2O(a) V N2 + O(a) (6)

CO(a) + O(a) V CO2 + 2S (7)

N(a) + N(a) V N2 + 2S (8)

where S is the adsorption sites on catalyst surface, and (a) 

denotes the adsorption state. The reaction process mainly 

includes three processes: the adsorption of reactant molecules, 

NO dissociation (rate-determining step)45, 46, and desorption of 

production. The NO reduction by CO is a site-specific reaction 

wherein CO is molecularly adsorbed and NO is chemisorbed47. 

When exposing the CuSi catalyst to NO reaction gas at room 

temperature, NO molecules are adsorbed on the Cu2+ or Cu0 of 

catalyst surface to generate several kinds of nitrate and nitrite 

species at room temperature, CO is adsorbed on the Cu+ sites 

as Cu+-CO48 (Step (1) and Step (2)). The existence of Cu0 could 

help to anchor more adsorbed NO. Two NO can bring together 

by migration to form ONNO (step (3)). Subsequently, adsorbed 

ONNO on Cu is easily dissociated into N2O and O (Step (4)) 

during the heating process, especially for Cu049-51. When the 

CO molecules contact with NO pre-adsorbed CuSi catalyst, this 

dissociation is promoted dramatically and proceeded at lower 

temperature, meanwhile, CO can react with O to generate 

large amounts of CO2 (Step (7)). At last, the generated N2O 

(Step (5)), CO2 (Step (7)), and N2 (Step (8)) are desorbed from 

the catalytic surface.

4. Conclusions

In this study, the effect of preparation methods of CuO/SiO2 on 

NO+CO reaction were investigated in depth. The catalyst 

prepared by ammonia-evaporation method (CuSi-AE) and 

impregnation method (CuSi-IM) displayed dispersed CuO and 

bulk CuO on SiO2 support, respectively, and bulk CuO 

supported SiO2 (CuSi-IM) presented excellent catalytic activity. 

By the exploration of the catalytic process, we clearly 

recognized that Cu0 with a suitable crystallite size was the 

active site in CuO/SiO2 catalysts. Since bulk CuO was more 

easily converted to Cu0 than dispersed CuO in the reaction 

atmosphere, bulk CuO supported CuO/SiO2 exhibited better 

performance in lower temperature. However, Cu0 with large 

size are prone to agglomerate into larger particles in the 

reaction stream, which inhibits the catalytic performance due 

to the decrease in exposed active site. Combining various 

characterization, the results suggested that Cu0 species played 

an important role in NO dissociation and the reaction between 

NO and CO.
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