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Introduction
In recent years, the national standard to environment has become 

more and more strict, NOx emissions need to be effectivly controlled 
[1,2]. The SCR of NOx with NH3 is nowadays considered as the most 
promising technology for the elimination of NOx, whereas most of the 
commercial catalysts for this process are V2O5/TiO2 promoted by WO3 
or MoO3 [3-5]. Although these catalysts show highly catalytic activity for 
NO reduction, there are still some problems, which involve high activity 
for oxidation of SO2 to SO3, the formation of N2O at high temperatures 
and toxicity of vanadia. SO3 produced by the oxidation of SO2 reacts 
with NH3 and H2O to form NH4HSO4, (NH4)2S2O7, and H2SO4, which 
cause equipment corrosion and catalyst pore plugging. N2O contributes 
to greenhouse effects and the destruction of ozone layer [6,7]. For the 
above reasons, there has been strong interest in developing new SCR 
catalysts with high activity and selectivity for NO removal [8-10].

Recently, the nontoxic and inexpensive material, ceria (CeO2) has 
attracted large attention in catalysis mainly due to its prominent ability 
to store/release oxygen as an oxygen reservoir via the redox shift between 
Ce4+ and Ce3+ under oxidizing and reducing conditions, respectively. 
The presence of ceria enhanced the oxidation of NO to NO2, thereby 
increasing the activity of NO reduction [11-13]. However, pure ceria is 
known to be poorly thermostable and undergo rapid sintering at higher 
temperatures, thereby losing oxygen storage capacity (OSC). It would 
lead to the deactivation of the catalysts [14,15]. The transition metal Cd, 
has attracted attention in environmental catalysis, such as photocatalysis 
and hydrodesulfurization [16]. However, there is lack to study for NOx 
reduction. By the incorporation of metal oxide Cd into the ceria lattice, 
it is beneficial to the formation of mixed oxides or solid solutions. In this 
work, Cd-Ce0.2-TiOx catalysts were prepared with different Cd contents 
for improving the catalytic performances for the SCR of NO with NH3. 
Their physicochemical properties were investigated systematically.

Experimental
Catalyst preparation

A series of Cd-Ce0.2TiOx catalysts with fixed Ce/Ti molar ratio of 0.2 
and Cd/Ti molar ratio of 0, 1%, 2%, 3%, 4%, 5% were prepared by the 
coprecipitation method. All chemicals were of analytical grade.

In a typical synthesis, a series of stoichiometric solution (100 

mL) of Ti(SO4)2 and Ce(NO3)2 was prepared, the required amount of 
Cd(CH3COO)2 was added to the solution at stirring, then NH3-H2O 
solutions was slowly dropped into the solution of Cd-Ce-Ti under 
vigorous agitation until pH = 10. And then the suspension was aged in 
air for 24 h at room temperature and atmospheric pressure. 

The precipitation was filtered, and dried at 100 oC for 12 h, and 
consequently calcined in air at 500°C for 6 h. The final catalyst was 
labeled as M% Cd-Ce0.2TiOx (M = 0, 1%, 2%, 3%, 4%). 

Catalyst characterization

Powder XRD patterns were obtained by a powder X-ray 
diffractometer (Shimadzu XRD 6000) using Cu Kα (λ= 0.15406 nm) 
radiation with a Nickel filter operating at 40 kV and 10 mA in the 2θ 
range of 5-70o at a scanning rate of 4°/min. 

UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) experiments 
were performed on a UV-Vis spectrophotometer (Hitachi U-4100) with 
the integration sphere diffuse reflectance attachment. N2 adsorption-
desorption isotherm was measured at 77 K using a Micromeritics TriStar 
II 2020 porosimetry analyzer. The samples were degassed at 300°C for 8 
h prior to the measurements. The specific surface areas were calculated 
according to the Brunauer-Emmett-Teller (BET) method. 

Raman spectra was measured at room temperature and excitation 
at 532 nm by using HR800 He-Gd laser (France HoribaJobin Yvon 
company) as the light source, with OMA - III detector (American 
Princefin Applied Research company). The Raman spectra of sample 
were recorded in the range of 100 ~ 900 cm-1.

The surface morphology of the catalyst was observed by field 
emission scanning electron microscopy (FESEM) on a Quanta 200F 
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instruments using accelerating voltages of 5 kV, in combination with 
an EDAX genesis 4000 energy-dispersive X-ray spectrometer (EDX). 
The TEM images were carried out using a JEOL JEM 2100 electron 
microscope equipped with a field emission source at an accelerating 
voltage of 200 kV. 

Temperature-programmed reduction with H2 (H2-TPR) 
measurements were performed in a conventional flow apparatus. 100 
mg sample was pretreated under air atmosphere by calcination at 300°C 
for 1 h and subsequently cooled to 30°C. Afterwards, 10% H2/Ar flow 
(40 mL/min) was passed over the catalyst bed while the temperature was 
ramped from 30 to 600°C at a heating rate of 10°C/min.

Catalytic activity measurement

NH3-SCR activity measurements were carried out in a fixed bed 
quartz micro-reactor operating in a steady flow mode. 0.4 g of catalysts 
were sieved with 40-60 mesh and used in each test. The reactant gas 
included 1000 ppm NO, 1000 ppm NH3, 3% O2 and balance N2. The total 
flow rate was 500 mL/min and thus a GHSV of 45 000 h-1 was obtained. 
The temperature varied from 100 to 500°C, and heating rate was 3°C/
min. The data was recorded when the temperature held at each point for 
more than 5 min. The concentration of NOx (NOx = NO + NO2) in the 
inlet and outlet gas mixture was measured by a SIGNAL 4000 VM NOx 
analyzer. Meanwhile, the concentration of NH3, NO, NO2 and N2O were 
measured by a FTIR spectrometer (MKS, MultiGas 2030HS).

NO conversion and N2 selectivity are calculated in the following 
equations (1) and (2). 

inlet outlet

inlet

[NO] -[NO]NOConversion= ×100%
[NO]

			                  (1) 

2 outlet
2

x inlet 3 inlet x outlet 3 outlet

2[N O]N Selectivity= 1- ×100%
[NO ] +[NH ] -[NO ] -[NH ]

 
 
  	                (2)

Results and Discussion
XRD results

Figure 1 shows XRD patterns of M% Cd-Ce0.2TiOx (M=0, 2, 3, 
4) mixed-oxide catalysts calcined at 500°C. Crystalline phases are 
identified in comparison with ICDD files (anatase TiO2, 21-1272; CeO2, 
34-0394), and anatase is a dominant characteristic in Ce0.2TiOx. As 
shown in Figure 1, the diffraction peaks at 25.4°, 47.6° are ascribed to the 
characteristic reflections of anatase TiO2 and the peak at 28.6° is ascribed 
to fluorite CeO2. There is no peak at 27.5° in the samples, which indicates 
that there is no rutile titania existing in all samples [17,18]. Moreover, 
no obvious characteristic peak assigned to a particular phase oxide is 
observed in 2% and 3% samples, which indicates that the amorphous 
phase was formed and become dominant phase in the samples [19]. This 
means that appropriate transition metal Cd facilitates the formation of 
amorphous mixed oxides. There is only one peak assigned to Cd oxide 
(peak at 32.12 °) in 4% [20]. This means these transition metal oxides are 
well dispersed over Ce0.2TiOx support for low Cd content samples.

N2 adsorption-desorption results

Figure 2 and Table 1 exhibit the results of nitrogen adsorption-
desorption isotherms and pore size of different samples calculated by 
the BJH method based on the N2 adsorption-desorption isotherms. 
From Figure 2, the isotherms curves of 2%, 3% samples are typical type 
IV adsorption-desorption isotherms, which show that the mesoporous 
structure of the mixed-oxide, and the pore distribution is concentrated. 
The isotherms curves of 0%, 4% samples show that there were few 
mesoporous structure formed, and indicate that a small amount of metal 

Cd is helpful for the formation of mesoporous, but excess is harmful. 2% 
Cd-Ce0.2TiOx exhibits higher specific surface area than 3% Cd-Ce0.2TiOx. 
It indicates that with the increasing of Cd content, there were more 
aggregation or blocks of nanoparticle. Table 1 shows that 2% and 3% 
samples contain mesopores with a relatively uniform pore size around 
7 nm, and there were few mesopores in 0% and 4% samples. It may be 
assumed that the loading of Cd significantly affects on the structure of 
the catalysts.

XRD and BET results show that the SCR activity is combined with 
mesopore and amorphous state in this study. After adding moderate 
amount of Cd, the catalyst show high SCR performance. When adding 
excess content of Cd, the SCR performance was rapid down, and anatase 
titanium phase and agglomeration of nanoparticles were found in these 
catalysts. Moderate amount of Cd oxide may improve the dispersion of 
Ce-Ti species so that the catalyst disperses more evenly.

SEM and TEM results

Figure 3 show SEM images of the catalysts with the different Cd 
contents catalysts. Figure 3a shows that Ce0.2TiOx sample is composed of 
irregularly localized, distinct edge within the relative regular geometry 
(nanoparticles). This is changed in the morphology of Ce0.2TiOx samples 
after Cd impreganation. Less agglomeration and smaller particles are 
found, as shown in Figure 3b-3d, which produce those smaller particles 
and the higher surface area among these catalysts. The characterization 
results are consistent with previous BET results. As the pore-forming 
agent was not used during the catalyst preparation, it can speculate that 
hysteresis loop in nitrogen adsorption-desorption isotherm should be 
ascribed to the intergranular pores from nanoparticle-accumulation.

The morphology of the catalysts changed with the different Cd 
contents. As shown in Figure 3b, 3c, after adding a small amount of Cd, 
samples contain nanoparticles with a relatively uniform size and the 

Sample SBET (m2/g) Dp (nm) Vp (cm3/g)
0% Cd-Ce0.2TiOx 29.0 9.8 0.15
2% Cd-Ce0.2TiOx 154.3 6.6 0.36
3% Cd-Ce0.2TiOx 80.0 7.7 0.25
4% Cd-Ce0.2TiOx 15.4 7.8 0.07

aCalculated by BET method; bCalculated by t-plot method
Table 1: Structural Parameters of the Cd-Ce-Ti oxide catalysts.

Figure 1: Bench-scale EC reactor with bipolar electrodes in parallel connection. 
(1) Electrocoagulation cell; (2) Anode; (3) Cathode; (4) bipolar electrodes; (5) 
Magnetic stirrer controlled; (6) Magnetic stirrer bar; (7) D.C. power supply.
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structure is regular. Figure 3d shows that when adding excess Cd, there 
is obvious agglomeration and bigger particle size in samples.

TEM images of M% Cd-Ce0.2TiOx (M=0, 2, 4) mixed-oxide catalysts 
are shown in Figure 5. The nanoparticle structure with overlapped 
pores can be clearly observed by TEM images. As shown in Figure 4, all 
samples display an irregular porous structure, corresponding to result 
of Figure 2. Ce-Ti nanocomposites show an irregular distribution and 
small particle sizes. The average particle size is 20 nm for Cd-Ce-Ti 
nanocomposites. As shown in Figure 4a, particles are found with the 
size above 150 nm in Ce0.2TiOx. Much smaller particles are found after 
Cd impreganations, as shown in Figure 4b. It leads to the higher surface 
area among these catalysts. The diffraction spot is obvious halo in SADE 
pattern (Figure 4b) of 2% Cd-Ce0.2TiOx, I indicates that the amorphous 
state is formed and become dominant phase in samples. Meanwhile, 
after loading excess Cd (Figure 4c, 4d), the particles become bigger, and 
they also possess the lower surface areas. In Figure 4d, the trace TiO2 
(0.35nm-TiO2-101-anatase) clusters were distinguished [21]. SEM and 
TEM results show that the catalyst particles distribute uniformly with a 
certain particle size distribution.

UV-Vis DRS results

UV-Vis DRS spectroscopy was applied to understand the nature 

and coordination of cerium and titanium species in the samples. Figure 
5 shows UV-Vis absorption spectra of M% Cd-Ce0.2TiOx catalysts 
(M=0, 2, 3, 4). The bands at about 350 nm are assigned to anatase 
titania. For 2% and 3% samples, the wavenumber is red shifted to 
the visible-light region, and the absorption intensity aslo increases. It 
shows the enhancement of the charge moving between the conduction 
band and the valence band of TiO2 and CeO2 [22]. Moreover, the 
wavenumber of excess Cd loading (4%) is similar to Ce0.2TiOx samples. 
This demonstrates that only the moderate metal Cd is well dispersed 
over Ce0.2TiOx, thus reducing the width of forbidden region of TiO2. 
UV-Vis DRS results show that the wavenumber is red shifted to the 
visible-light region by loading Cd, thus reducing the width of forbidden 
region of TiO2. It indicated that the catalyst may possess the better 
catalytic performance at low temperature after loading transition metal.

Raman results

Raman spectra with excitation at 532 nm of Cd-Ce0.2-TiOx catalysts 
have displayed in Figure 6. Based on the spectra, 2, 3% Cd-Ce0.2-TiOx 
samples do not offer distinct vibration peak, but one unconspicuous 
peak of 143 cm−1 is attributed to anatase TiO2, thus amorphous phase 
become dominant state in samples. For the catalyst 4% Cd-Ce0.2-TiOx, 
the Raman peaks located at 143, 194, 395, 512, 640 cm−1 are associated 
with anatase TiO2. Raman peaks located at 468 cm−1 is assigned to 
fluorite ceria, but it’s not obvious, and there is no vibration peak 
assigned to Cd oxide [23,24]. This means that Cd is well dispersed over 
Ce0.2TiOx support. This is consistent with XRD result.

NH3-SCR activity

NOx conversion as a function of reaction temperatures for M% Cd-
Ce0.2TiOx catalysts is showed in Figure 7. NOx conversion changes with 
the increasing of reaction temperature over all the samples. Ce0.2TiOx 
show a low catalytic activity. After adding suitable amount of cadmium, 
the catalytic activity has been significantly improved. As shown in 
Figure 7, NO conversion increases after the loading of Cd.

2% Cd-Ce0.2TiOx catalyst shows the best catalytic performance 
with NOx conversion above 90% from 225 to 525°C. The temperature 
window of 2% Cd-Ce0.2TiOx shifts towards the low temperature range. 
NOx conversion is rapid down for the high Cd content catalysts. Among 
all the catalysts tested in this study, 2% Cd-Ce0.2TiOx catalyst exhibits 
the widest temperature window for the removal of NOx.

Figure 2: Nitrogen adsorption-desorption isotherms of the Cd-Ce-Ti oxide 
catalysts.
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Figure 3: SEM images of different Cd content catalysts: (a) Ce0.2-TiOx, (b) 2% Cd-
Ce0.2-TiOx (c) 3% Cd-Ce0.2-TiOx, (d) 4% Cd-Ce0.2-TiOx. 

 

Figure 4: TEM images of different Cd contents catalysts: (a) Ce0.2-TiOx (b) 2% 
Cd-Ce0.2-TiOx (c, d) 4% Cd-Ce0.2-TiOx.
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Figure 8 shows the results of N2 selectivity in NH3-SCR reactions 
over 2% Cd-Ce0.2TiOx catalysts in the temperature range of 150-525°C. 
As the temperature goes up, N2 selectivity for 2%Cd-Ce0.2TiOx decreases 
slightly. And 2% Cd-Ce0.2TiOx exhibit the highest N2 selectivity at 350°C. 

The contents of cadmium oxide play important roles in affecting 
NH3-SCR catalytic activity of those catalysts, and there is an optimal 
content of Cd. In this series of catalysts, 2% Cd-Ce0.2TiOx not only 
exhibits good low temperature performance, but also gives a good N2 
selectivity throughout the reaction temperature range. In consideration 
of the highly catalytic activity and lack of study about Cd oxide used in 
SCR catalyst, further research may be carried out.

Conclusions
Cd-Ce-Ti mixed-oxides were prepared by the coprecipitation method, 

and Cd oxides could be well dispersed over the samples. The different Cd 
contents in the catalysts change the specific surface area and the anatase 
phase of the mixed-oxide. When Cd contents are 1-3% in the catalysts, the 
amorphous phase are formed. The moderate cadmium oxide catalyst gives 
the highest low-temperature activity and N2 selectivity. In the temperature 
range of 225~525°C, NOx conversion exceeds 90% and N2 selectivity is kept 
above 95% over 2% Cd-Ce0.2TiOx catalyst.
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