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Abstract:    Using SnxTi1−xO2 as carriers, CuO/Sn0.9Ti0.1O2 and CuO/Sn0.7Ti0.3O2 catalysts with different loading amounts of copper 
oxide (CuO) were prepared by an impregnation method. The catalytic properties of CuO/Sn0.9Ti0.1O2 and CuO/Sn0.7Ti0.3O2 were 
examined using a microreactor-gas chromatography (GC) NO+CO reaction system and the methods of BET (Brun-
auer-Emmett-Teller), TG-DTA (themogravimetric and differential thermal analysis), X-ray diffraction (XRD) and H2-temperature 
programmed reduction (TPR). The results showed that NO conversions of Sn0.9Ti0.1O2 and Sn0.7Ti0.3O2 were 47.2% and 43.6% 
respectively, which increased to 95.3% and 90.9% at 6 wt% CuO loading. However, further increase in CuO loading caused a 
decrease in the catalytic activity. The nitrogen adsorption-desorption isotherm and pore-size distribution curve of Sn0.9Ti0.1O2 and 
Sn0.7Ti0.3O2 represented type IV of the BDDT (Brunauer, Deming, Deming and Teller) system and a typical mesoporous sample. 
There were two CuO diffraction peaks (2θ 35.5° and 38.7°), and the diffraction peak areas increased with increasing CuO loading. 
TPR analysis also detected three peaks (α, β and γ) from the CuO-loaded catalysts, suggesting that the α peak was the reduction of 
the highly dispersed copper oxide, the β peak was the reduction of the isolated copper oxide, and the γ peak was the reduction of 
crystal phase copper oxide. In addition, a fourth peak (δ) of the catalysts meant that the SnxTi1−xO2 mixed oxides could be reductive. 
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INTRODUCTION 

 
Nitrogen oxides (NOx) are the major air pollut-

ants in modern cities, and are largely due to the ex-
haust of automobiles. The elimination of NOx by 
metal-oxide catalysts has been studied for many years. 
Tin oxide (SnO2) is an n-type semiconductor widely 
used in sensors (Giakoumelou et al., 2006), and in 
oxidation catalysis and more recently in automotive 
exhaust (Auroux et al., 2000; Bennici and Gervasini, 
2006; Gómez-García et al., 2005; Kung and Kung, 
2000). SnO2 was a good transition metal oxide for NO 
reduction in the presence of oxygen, as reported by 
Teraoka et al.(1993). According to (Sheintuch et al., 
1989), the activities were improved dramatically 

when Pt or Pd was loaded on SnO2. Liang et al.(2003) 
studied the reductive properties of SnO2-Al2O3 and 
found that 71% NO is transformed at 350 °C. Liu et 
al.(2002) revealed that TiO2-SnO2 solid solutions had 
very high activity in SO2+NO+CO reaction and that 
NO is converted completely at 350 °C. Although 
tin(IV) oxide exhibits redox catalytic properties, these 
may be modified substantially by the incorporation of 
heteroelements, e.g. copper, palladium and chromium. 
It is well known that tin oxide-based materials have 
activity in the CO/O2 and CO/NO reactions. Boccuzzi 
et al.(1994) found high activity of Cu/TiO2 catalyst at 
low temperature in NO+CO reaction. Hu et al.(2001) 
examined the activities of CuO supported on CeO2 
and γ-Al2O3, and ceria-modified γ-Al2O3 catalysts in 
NO+CO reaction at 200 °C, showing that the catalytic 
activities were in the order of CuO/CeO2>CuO/CeO2/ 
Al2O3>CuO/γ-Al2O3. The findings might indicate that 
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the catalytic activities largely depended upon the 
surface dispersed copper oxide species and the strong 
interactions between CuO and the supports. Lou et 
al.(2003) studied the copper-based catalysts (e.g. 
CuO/CeO2-TiO2, CuO/CexTi1−xO2) and suggested the 
species of Cu(+1) and Cu(0) were the activity sites for 
NO+CO reaction. Jiang et al.(2004a; 2004b) found 
the activity of NO decomposition was higher by 
CuO-ZrO2/TiO2 than by CuO/TiO2 and that the addi-
tion of ZrO2 caused changes in CuO species. 
SnxTi1−xO2 mixed oxides are known as photocatalyst, 
but little information is available on the catalytic 
properties of CuO/SnO2-TiO2 in NO+CO reaction. 

In this work, CuO/Sn0.9Ti0.1O2 and CuO/ 
Sn0.7Ti0.3O2 catalysts with different CuO loading were 
prepared by impregnating the carrier with aqueous 
solutions containing required amount of Cu(NO3)2. 
The activities of CuO/Sn0.9Ti0.1O2 and CuO/ 
Sn0.7Ti0.3O2 catalysts were determined under the 
steady state in a fixed-bed quartz reactor, and the 
catalytic reducibility and characteristics were investi-
gated using the methods of BET (Brunauer-Emmett- 
Teller), TG-DTA (themogravimetric and differential 
thermal analysis), XRD (X-ray diffraction) and 
H2-TPR (temperature programmed reduction). 

 
 

MATERIALS AND METHODS  
 

Preparation of Sn0.9Ti0.1O2 and Sn0.7Ti0.3O2  
Sn0.9Ti0.1O2 and Sn0.7Ti0.3O2 were prepared by 

coprecipitation method from SnO2·5H2O and TiCl4 
with ammonia solution as precipitating reagent. Ap-
propriate quantity of SnO2·5H2O and TiCl4 solutions 
were mixed at a proper Sn/Ti ratio, and then added to 
aqueous ammonia until pH=9 was reached and an 
intensive precipitation occurred. After precipitation, 
the products were aged for 36 h and then filtrated by 
vacuum pump and washed with 0.5 mol/L of NH4NO3 
solution until no Cl− was detected with 0.1 mol/L 
AgCl. The resulting precipitations was dried at 110 °C 
for 24 h and then calcined at 450 °C in air stream for 2 
h. 

 
Catalyst preparation 

CuO/Sn0.9Ti0.1O2 and CuO/Sn0.7Ti0.3O2 catalysts 
were prepared by impregnation method using 
Cu(NO3)2 aqueous solution of desired concentrations. 
The impregnation lasted for 24 h. The obtained cata-

lysts were dried, and then calcined at 500 °C in air 
stream for 2 h. 

 
Catalytic activity measurement and analysis  

Catalytic activity was determined under the 
steady state in a fixed-bed quartz reactor (6 mm). The 
particle size of catalysts was 20~40 mesh, and 120 mg 
of the catalysts were used. The reaction gas (i.e. feed 
steam) consisted of a fixed composition of 6.0% NO, 
6.0% CO and 88% He (v/v) as a dilute. The catalysts 
were pretreated in NO+CO reaction stream at 50 °C 
for 0.5 h. After being cooled to room temperature, 
they were allowed to react with the mixed gas. The 
reactions occurred at different temperatures at space 
velocity of 5000 h−1. Two column and thermal con-
duction detectors were used for analyzing the catalytic 
activity. Column A was packed with 13X molecular 
sieve for separating N2, NO and CO, and Column B 
was packed with Paropak Q for separating N2O and 
CO2. 

 
Characterization 

The specific surface areas, pore size distribution 
and adoption-desorption isotherms were determined 
by the nitrogen adsorption isotherms at 77 K using a 
Coulter OMNISORP-100 instrument. 

The TG-DTA experiment was carried out using 
PE Corp TG-DTA comprehensive thermal analyser. 
About 10 mg of each sample was taken and measured 
in air atmosphere. The TG-DTA spectra were obtained 
with temperature ramped at a linear heating rate of 20 
°C/min. 

XRD data were obtained at 25 °C using a hori-
zontal Rigaku B/Max lllB powder diffractometer with 
CuKα radiation and a power of 40×30 mA.  

H2-TPR was done by gas chromatography (GC) 
using a thermal conductivity detector. The sample 
(5~10 mg) was activated in an O2 stream at 500 °C for 
0.5 h. After being cooled to 30 °C, H2-TPR was con-
ducted. 

 
 

RESULTS  
 

Textural and structural properties of carrier and 
catalysts 

The specific surface areas of catalysts increased 
with the increase in CuO loading (Table 1). In addi-
tion, the specific surface areas of Sn0.9Ti0.1O2 and 
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CuO/Sn0.9Ti0.1O2 with different CuO loadings were 
smaller than those of Sn0.7Ti0.3O2 and CuO/ 
Sn0.7Ti0.3O2 respectively. This was likely due to pure 
crystallite SnO2, which had specific surface area of 
only 26.6 m2/g. The influence of Sn is always crucial 
for the increase of rutile/anatase ratio that largely 
determines the size of crystallites (Oliveira et al., 
2003). Therefore, the incorporation of Sn in this study 
could justify the small size of the rutile. In contrast, 
anatase crystallites are larger than for undoped, espe-
cially for calcined samples, indicating a low incor-
poration of Sn into the particles of the anatase. 
Sn0.9Ti0.1O2 has a small specific surface area, and as 
CuO loading increased the specific surface area 
changed slowly. By comparison, Sn0.7Ti0.3O2 has less 
amount of pure crystal SnO2 and thus much larger 
specific surface area, and as CuO loading increased 
the specific surface area showed a big decrease. 

As shown in Figs.1 and 2, the samples of 
Sn0.9Ti0.1O2 and Sn0.7Ti0.3O2 were porous and their N2 

isotherms belonged to type IV, a typical mesoporous 
material. Sn0.9Ti0.1O2 has a single pore size, but 
Sn0.7Ti0.3O2 has two pore sizes. We suggest that SnO2 
is well-dispersed on Sn0.9Ti0.1O2, compared with only 
isolated SnO2 dispersion on Sn0.7Ti0.3O2. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
TG-DTA measurement 

The thermal behavior of Sn0.9Ti0.1O2 during 
heating process occurred below 800 °C (Fig.3a). There 
was an endothermic peak at 190 °C, with the corre-
sponding TGA (themogravimetric analysis) curve 
showing less weight. Since the evaporative tempera-
ture of H2O is 100 °C, the endothermic peak was the 
results of evaporation and removal of the adsorbed 
water. The peak followed the loss of weakly bonded 
water located in the interlayer space at >250 °C. At the 
same time, the energy changed as Sn0.9Ti0.1O2 atoms 
renewed combination. Sensato et al.(2003) and Fresno 
et al.(2005) found that the bonding energy increased 
from 2.9 to 3.3 eV when x changed from 0 to 1 in 
SnxTi1−xO2 solid solution. In this study, an exothermic 
peak was observed at about 500 °C, indicating the 
completion of anatase crystallization. Above 500 °C, 
there was no exothermic peak and the anatase trans-
formation was a gradual progress. 

During the TGA of Sn0.7Ti0.3O2, one weight loss 
was detected between 80 and 200 °C (Fig.3b). The 
corresponding DTA (differential thermal analysis) 
profile in fresh samples showed an endothermic peak 
of dehydration at 200 °C. By comparing Figs.3a and 
3b, there was a distinct weight reduction after 100 °C. 
Besides dehydration, NH4NO3 may also decompose at 
high temperature. The appearance of exothermic 
peaks at about 500 °C also indicated a completion of 
anatase crystallization. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Specific surface area of the carriers and catalysts 
Carriers and catalysts (I) Specific surface area (m2/g) Carriers and catalysts (II) Specific surface area (m2/g)

Sn0.9Ti0.1O2 47.3 Sn0.7Ti0.3O2 109.2 
6 wt% CuO/Sn0.9Ti0.1O2 42.7 6 wt% CuO/Sn0.7Ti0.3O2   79.3 
12 wt% CuO/Sn0.9Ti0.1O2 40.9 12 wt% CuO/Sn0.7Ti0.3O2   69.4 
24 wt% CuO/Sn0.9Ti0.1O2 37.4 24 wt% CuO/Sn0.7Ti0.3O2   38.8 
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XRD analysis  

After calcination at 450 °C, the peak of Sn0.9Ti0.1O2 

was higher and narrower than that of Sn0.7Ti0.3O2 
(Fig.4). Kong et al.(2002) found the XRD peak of 
crystallite SnO2 or TiO2 was higher and narrower than 

Sn0.5Ti0.5O2 compound oxide. The tin proportion in 
Sn0.9Ti0.1O2 was higher than that in Sn0.7Ti0.3O2, which 
probably shaped a certain amount of SnO2 crystallite 
in Sn0.9Ti0.1O2. 

 
 
 
 
 
 
 
 
 
 
 
 

 

As shown in Fig.5a, two CuO diffraction peaks 
of CuO/Sn0.9Ti0.1O2 were detected (2θ 35.5° and 
38.7°). At 6 wt% CuO loading, the peaks were very 

narrow. With increment of CuO loading, the diffrac-
tion peaks of CuO were higher and narrower, indi-
cating that crystallite CuO increased and that exces-
sive CuO formed the bulk CuO particles. Previous 
studies reported that the incorporation of Sn facili-
tated the formation of rutile crystallites (Kumar et al., 
1993; Kulshreshtha et al., 2001). In our study, how-
ever, no rutile crystallite was detected but only anatase, 
probably due to the low calcination temperature and 
preparation method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Two CuO diffraction peaks (2θ 35.5° and 38.7°) 
of CuO/Sn0.7Ti0.3O2 also became higher and narrower 
with increase in CuO loading (Fig.5b). Only anatase 
was detected. CuO loading had less effect on 
Sn0.7Ti0.3O2 than on Sn0.9Ti0.1O2, probably because the 
former had larger specific surface area than the latter. 

 
NO+CO reaction 

The catalytic activities in NO+CO reaction by 
CuO/Sn0.9Ti0.1O2 and CuO/Sn0.7Ti0.3O2 are shown in 
Figs.6a and 6b. The activity of Sn0.9Ti0.1O2 and 
Sn0.7Ti0.3O2 was quite low and NO conversion was 
47.2% and 43.6% respectively. By comparison, NO 
conversion increased to 95.3% and 90.9% at 6 wt% 
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CuO loading, and the activity was plateaued or even 
decreased at reaction temperature of 200~300 °C. 
Further increase in CuO loading caused a decrease in 
the catalytic activity. According to (Kulshreshtha et 
al., 2001), SnO2 became completely inactive at <360 
°C, and NO conversion was only observed above 360 
°C. In NO+CO reaction, a certain amount of SnO2 had 
no effect but mixed oxide played a role in low tem-
perature, and both affected the reaction at high 
temperature. When CuO was loaded on Sn0.9Ti0.1O2 or 
Sn0.7Ti0.3O2, the activity improved sharply.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

It was found that NO conversion increased with 
increasing temperature until 200 °C, but little N2O, N2 
or CO2 was detected. Fu et al.(1991) concluded that 
Cu2+ was the active site of NO adsorption but Cu+ was 
the active site of CO adsorption, and suggested that 
after NO and CO were absorbed, the desorption process 
firstly produced N2O and then N2. In terms of Lang-
muir-Hinshelwood mechanisms, both NO and CO are 
adsorbed prior to the reaction. Therefore, NO conver-
sion is supposed to be complete transformation with NO 
adsorption being the major process until 200 °C.  

CO is consumed at the completion of reaction by 
CuO/Sn0.7Ti0.3O2. During the reaction, NO conversion 
decreased sharply. In (Solymosi and Kiss, 1976), pure 

SnO2 prefers the oxidation of CO to the reduction, and 
it is regarded that is the lattice oxygen which leads to 
this phenomenon. They classified the lattice oxygen 
into three species: the surface lattice oxygen, the 
second layer lattice oxygen and the deeper layer lat-
tice oxygen. Surface lattice oxygen contacted with 
CO directly. In reductive process, it should be reduced 
firstly, followed by the second layer. The lattice 
oxygen may lead to CO transformation prior to NO at 
the near completion of reaction. When CuO/ 
Sn0.7Ti0.3O2 was pretreated in H2 atmosphere at 500 
°C, NO selectivity and high temperature activity im-
proved (Fig.7). NO conversion reached 100% on the 
catalysts of 12 wt% and 24 wt% CuO/Sn0.7Ti0.3O2 at 
450 °C.  Whereas, NO conversion reached 90% on the 
catalysts of 6 wt% CuO/Sn0.7Ti0.3O2 at 500 °C. 

The activity of 24 wt% CuO/Sn0.7Ti0.3O2 was 
examined at different pretreatment temperatures 
(Fig.8). After pretreatments at 150 °C and 250 °C, NO 
conversion was 80.1% and 100% respectively. When 
24 wt% CuO/Sn0.7Ti0.3O2 was pretreated at 100 °C, 
NO conversion was 80.1%, similar to the activity of 
catalyst pretreated at 250 °C, but had very low NO 
selectivity and 98.5% NO conversion. The other H2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Jiang et al. / J Zhejiang Univ Sci A   2007 8(11):1839-1845 1844

pretreated temperatures did not improve the catalytic 
activity.  

 
H2-TPR of catalysts 

The H2-TPR profile of CuO/Sn0.9Ti0.1O2 showed 
four reduction peaks, while Sn0.9Ti0.1O2 had only one 
reduction peak (Fig.9a). The single peak of 
Sn0.9Ti0.1O2 (δ) occurred at 660 °C. When CuO was 
loaded, the δ peak size became augmented and the 
reduction temperature decreased, indicating an exis-
tence of pure SnO2 crystallite. Sn0.9Ti0.1O2 with 
well-dispersed SnO2 was more reductive after CuO 
loading. Another three peaks were detected (α peak at 
185 °C, β peak at 207 °C and γ peak at 440 °C) at 6 
wt% CuO loading. When CuO loading increased to 12 
wt% and 24 wt%, α peak occurred at higher tem-
peratures (188 and 200 °C, respectively) and β peak 
temperature also changed, but γ peak temperature 
showed little variation. Xu et al.(1998) found Cu2+ 

ions with significantly different reducibility on the 
anatase surface. Larsson et al.(1996) suggested that at 
low temperature, 3 wt% CuO/TiO2 contained Cu+, 12 
wt% CuO/TiO2 contained Cu2+, and CuO crystalline 
existed at high CuO/TiO2. According to (Coq et al., 
1995), isolated Cu2+ ions were more active than CuO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

clusters or protons for the selective reduction of NO. 
The reduction of Cu2+ species occurs in two steps: 
Cu2+→Cu+ at around 510 K and Cu+→Cu0 between 
600 and 700 K. Córdoba et al.(1998) reported four 
types of CuO on CuO/TiO2: the bulk CuO, the chain 
stabilization forms of Cu2+ ions and two different 
oxide clusters with a structure similar to CuO. We 
suggest that α, β and γ peaks all show CuO reduction 
behavior on Sn0.9Ti0.1O2. The α peak was part of the 
reduction of highly dispersed CuO, the β peak was 
part of the reduction of the isolated copper oxide in-
teracting with Sn0.9Ti0.1O2, and the γ peak was the 
reduction of the crystallite copper oxide. Except for 
the adsorption at low temperature, the reaction activ-
ity corresponded to CuO increment, indicating that 
CuO crystallite plays an important role in reaction 
activity. Fig.9b shows the reduction behavior of 
Sn0.7Ti0.3O2 and CuO/Sn0.7Ti0.3O2 with three CuO 
loading. Sn0.7Ti0.3O2 was reduced at 660~670 °C (δ 
peak). After CuO was loaded, the δ peak area in-
creased and α, β and γ peaks occurred at relatively low 
temperatures. The reduction temperature of α peak 
increased with increasing CuO loading (187, 188 and 
191 °C at 6 wt%, 12 wt% and 24 wt% CuO loading, 
respectively). At 6 wt% and 12 wt% CuO loading β 
peak occurred at 250 °C, while at 24 wt% CuO load-
ing the peak temperature was 211 °C. In contrast, the 
reduction temperature of γ peak was 460~470 °C and 
was not affected by the amount of CuO loading.  

 
 

CONCLUSION 
 
(1) The catalytic activity of 6 wt% CuO/ 

Sn0.9Ti0.1O2 was higher than that of CuO/Sn0.7Ti0.3O2. 
NO conversions by Sn0.9Ti0.1O2 and Sn0.7Ti0.3O2 alone 
were 47.2 and 43.6% respectively, but increased to 
95.3% and 90.9% at 6 wt% CuO loading. Further 
increase in CuO loading caused a decrease in the 
catalytic activity. 

(2) CuO diffraction peaks occurred at 2θ 35.5° 
and 38.7°, and only anatase was detected. The crys-
tallite CuO had greater diffraction peak and higher 
activity in NO+CO reaction as CuO loading in-
creased. 

(3) Three peaks (α, β and γ) were detected when 
CuO was loaded on Sn0.9Ti0.1O2 and Sn0.7Ti0.3O2. The 
α, β and γ peaks were due to the reduction of highly 
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dispersed CuO, the isolated CuO interacting with 
SnxTi1−xO2 and the crystalline copper oxide, respec-
tively. The δ peak was the reduction of the carrier. 
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