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ABSTRACT. The mixed oxides, Nd
2-x

Sr
x
CoO

4±•
 (0.4 • x • 1.2), (λ = non-stochiometric oxygen) with 

the K
2
NiF

4
 structure were prepared by the polyglycol gel method and used as catalysts for NO 

reduction. The samples were investigated by IR, TPD, TPR, and XRD methods and iodometry and 

the effects of the coefficient x on the structure and catalytic activity of the samples were studied. 

The results show that the Nd
2-x

Sr
x
CoO

4±•
 mixed oxides have the K

2
NiF

4
 structure; other phases are 

found when x < 0.4 and > 1.2. The amount of Co
3+

 and the lattice oxygen in Nd
2-x

Sr
x
CoO

4±•
 increase 

with increasing x. The catalytic activity of     Nd
2-x

Sr
x
CoO

4±•
 for NO reduction is closely correlated 

with the concentration of oxygen vacancies and the amount of Co
3+

. 
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INTRODUCTION 

 

The nitrogen oxides (NO) are the most important contaminants in motor vehicle exhaust gases 
[1-2]. In order to eliminate them, precious metal catalysts are widely used [3-5] but as they are 
expensive it is necessary to search for low-cost materials. The perovskite-like A2BO4 mixed 
oxides with the K2NiF4 structure consisting of alternating layers of ABO3, as in perovskite, and 
AO, as in rock salt, show high catalytic activity and good thermal stability and are also low-cost 
[6-7]. At present, there are many studies on LnSrCuO4 and LnSrNiO4 [8-11], and a few on the 
oxidation of CO and C3H8 on LnSrCoO4 [12], but no study on NO reduction over LnSrCoO4 has 
been reported. This paper describes Co-based mixed oxides Nd2-xSrxCoO4±λ (0.4 ≤ x ≤ 1.2) with 
the K2NiF4 structure and their catalytic activity for the reduction of NO. 

 

EXPERIMENTAL 

 
Preparation of catalysts. A series of oxides Nd2-xSrxCoO4±λ (x = 0.4-1.2) were synthesized by the 
polyglycol gel method. Carefully measured amounts of Nd(NO3)3 (0.5 mol.L-1, 32 mL), 
Sr(NO3)2 (0.5 mol.L-1, 8 mL)  and citric acid (0.03 mol) were mixed with a solution of Co(NO3)3 
(0.5 mol.L-1, 20 mL). The volume was reduced to 40 mL at 353 K, then polyglycol 20000 was 
added and stirring continued until a viscous gel was formed. This was evaporated to dryness, 
and the residue was calcined at 873 K for 4 h, then pelletized and calcined once more in air at 
1373 K for 10 h. The pellet was then pulverized to ca. 0.250~0.177 mm. 

Powder X-ray diffraction (XRD) data were obtained by use of a D8/ADVNCE 
diffractometer. The IR spectra were recorded from KBr pressed disks on a Perkin-Elmer 683 
spectrophotometer in the range of 1000-400 cm-1. The average Co valence was determined by 
iodometry [11].  

Temperature programmed desorption (TPD) experiments were carried out with automatic 
Micromeritics 3000 equipment interfaced to a data station. The samples (0.300 g) were first 
heated from room temperature to 1123 K at a rate of 8 K. min-1 in a flow of O2 (40 mL. min-1) 
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and then cooled to room temperature. They were then purged with He for 1 h, and heated from 
room temperature to 1123 K at the same rate. Temperature programmed reduction (TPR) 
experiments were carried out in the same apparatus. Since water is produced during reduction, 
the gases from the reactor were passed through a cold trap before they entered the thermal 
conductivity detector. The samples (0.100 g) were heated to 1173 K at a rate of 20 K.min-1 in a 
flow of N2 (99.9 %) and then cooled to room temperature. They were purged with 10 % H2/N2 
for 1 h, and then heated to 1173 K at the same rate. 
 
Catalytic activity measurements. NO reduction was studied in a flow reactor by feeding a gas 
mixture of CO (7.00 vol. %), NO (2.00 % vol. %), and N2 (91 vol. %) over 0.40 g catalyst, 
GHSV (gas hour space velocity) = 12000 h-1, at a specific temperature in the range 450-750 K. 
The gas composition was analyzed before and after the reaction by online gas chromatography 
with a 5 Å molecular sieve column for NO, N2 and O2 and a thermal conductor detector (TCD) 
connected with a computer integrator system.  
 

RESULTS AND DISCUSSION 

 
Characteristics of solid catalysts 

Ganguli [14] proposed that the formation of the K2NiF4 structure needs two conditions: a 
tolerance factor (t = rA/rB, where rA and rB are ionic radii) in the range 1.7 ≤ t ≤ 2.4 and 
electrovalent equilibrium. The XRD patterns of Nd2-xSrxCoO4 mixed oxides (x = 0.4-1.2) show 
that all the Nd2-xSrxCoO4 mixed oxides have the K2NiF4 structure (Figure 1). When Nd was 
substituted by a small amount of Sr (x = 0.4) the tolerance factor was close to 1.7; with large 
amounts of Nd and Co in the sample K2NiF4-type mixed oxides are formed, and with a small 
amounts of Nd and Co formed Nd2O3 and CoO. When Nd is substituted by a large amount of Sr 
(x = 1.2), excess Sr cannot enter an A-site because of its larger ionic radius. The formation of 
SrCO3 and CoO is confirmed by XRD.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. XRD patterns of Nd2-xSrxCoO4±λ. a: x = 0.4, b: x = 0.6, c: x = 0.8, d: x = 1.2.  
                • : A2BO4   ▽: Nd2O3   ▼: SrCO3  ▽: CoO. 
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The IR spectra of the Nd2-xSrxCoO4±λ mixed oxides are shown in Figure 2. All samples show 
absorption band around 500 cm-1, characteristic of K2NiF4-type mixed oxides [15]. These results 
confirm that the series of Nd2-xSrxCoO4±λ mixed oxides have the A2BO4-type structure. The 
absorption band around 500 cm-1 is attributed to the stretching A-OII-B vibration of A2BO4 and 
the absorption band around 650-680 cm-1 is characteristic of Co-Ox or Co-Oy bonds in A2BO4 
structures. The band around 580-660 cm-1 results from the effect of grain size and cannot be 
attributed to mixed oxides. The band at 850 cm-1 belongs to SrCO3 [16]. These results are 
confirmed by XRD. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                          
 
                                            

 
                                          Wave number /cm-1 

 
Figure 2. IR patterns of the Nd2-xSrxCoO4±λ. (1): x = 0.4; (2): x = 0.6; (3): x = 0.8; (4): x = 1.0;   

(5): x = 1.2. 
 
Composition and Co valence of Nd2-xSrxCoO4±λ mixed oxide 

 

In the Nd2-xSrxCoO4±λ mixed oxides (x = 0.4-1.2), when the trivalent ion Nd3+ at an A site is 
replaced by a lower valent Sr2+ ion, the reduced positive charge is balanced either by the 
formation of a higher oxidation state ion at a B-site, i.e. Co2+ 

→ Co3+; or by the formation of 
oxygen vacancy (Vo) These possibilities may exist at the same time, so Nd2-xSrxCoO4±λ has many 
oxygen vacancies. The processes are shown in the following equations: 

*
Co

/
Nd424

3
x

2
x1xx2 CoxSrCoONdOCoCoSrNd x++→

++

−−
 

••

−

+

−
++→ 0

/
Nd42λoλ4

2
xx2 λVxSrCoONd)V(OCoSrNd  

where  Sr
1

Nd is Sr2+ at Nd3+ and λV
▪▪

o is Co3+ which has replaced Co2+.  
The average Co valence and the Co3+ content of the Nd2-xSrxCoO4±λ mixed oxides were 

determined by iodometric methods and the amounts of non-stoichiometric oxygen(λ) calculated 
are listed in Table 1. When 0.4 ≤ x ≤ 1.2, the average Co valence increases with the increasing x. 
In addition, the non-stoichiometric oxygen (λ) decreases with increasing x, indicating that the 
concentration of oxygen vacancies gradually increases. 
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Table 1.  The composition and Co ions valence of Nd2-xSrxCoO4±λ mixed oxide. 
 

Composition Average valence Co2+ (%) Co3+ (%) λ
 

Nd1.6Sr0.4CoO4+0.04 2.4684 53.16 46.84 +0.04 
Nd1.4Sr0.6CoO4-0.05 2.4893 51.07 48.93 -0.05 
Nd1.2Sr0.8CoO4-0.12 2.5682 43.18 56.82 -0.12 

 NdSrCoO4-0.20 2.5821 39.79 60.21 -0.20 
Nd0.8Sr1.2CoO4-0.28 2.6452 36.48 64.52 -0.28 

 
Temperature programmed desorption (O2-TPD) of Nd2-xSrxCoO4±λ mixed oxides 

 
The surface oxygen in mixed oxides exists as a series of equilibria: viz O2 (adsorbed) ↔ O2- 
(adsorbed) ↔ O- (surface) ↔ O2- (surface) ↔ O2- (lattice). The desorption temperature of O2-

(lattice) is higher than those of chemisorbed oxygen (O2 and O2-) [17, 18]. As shown in Figure 3, 
there are two O2- desorption peaks from Nd2-xSrxCoO4±λ catalysts, one (≤ 600 K) attributed to 
desorption of the chemisorbed oxygen and the other (≥ 850 K) to loss of lattice oxygen. The 
amount of chemisorbed oxygen decreases with increasing x, but the amount of lattice oxygen 
increases, implying that the concentrations of oxygen vacancies and of mobile lattice oxygen 
also increase. These conclusions confirm those from the iodometric method. 
 

 

 

 

 

 

 

 

 
 
 
 
Figure 3. O2-TPD profiles over Nd2-xSrxCoO4±λ. (1): x = 0.4; (2): x = 0.6; (3): x = 0.8; (4): x 

= 1.0; (5): x = 1.2. 
 

Temperature programmed reduction (TPR) of Nd2-xSrxCoO4±λ mixed oxides 

 

As shown in Figure 4, there are two H2-reduction peaks over Nd2-xSrxCoO4±λ mixed oxides. The 
temperature corresponding to the first peak gradually decreases, and the temperature 
corresponding to the other peak gradually increases with the increasing x. Because Nd3+ and Sr2+ 
at A-sites could not be reduced by H2 under the experimental conditions (400-1200 K), the Co 
ions at B-sites were reduced by H2. The low temperature peak corresponds to the reduction of 
Co3+ and chemisorbed oxygen, and the Nd2-xSrxCoO4±λ catalysts keep their original structure. 

2Co3+ + O2- + H2   →  2Co2+ + H2O 

Nd2-xSrxCoO4±λ + (λ+ y) H2   →  Nd2-xSrxCoO4-y+ (λ+ y) H2O 
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The high temperature peak corresponds to the reduction of Co2+, 

i.e.,  Co2+ + O2- + H2   →  CoO + H2O, 

with the destruction of the K2NiF4-structure. The temperature corresponding to the second peak 
increases with the increasing x, implying that the thermal stability of Nd2-xSrxCoO4 catalysts 
increases with increasing x. 
 

 

 

 

 

 

 

 

 

 

 
Figure 4. TPR profiles over Nd2-xSrxCoO4±λ catalysts. (1): x = 0.4; (2): x = 0.6; (3): x = 0.8; (4): x 

= 1.0; (5): x = 1.2. 
 
Catalytic activity of Nd2-xSrxCoO4±λ mixed oxides for NO reduction 

 
The catalytic activity of Nd2-xSrxCoO4±λ mixed oxides for NO reduction by CO increased with 
the increase of x, as shown in Figure 5. The mechanism of the reaction between NO and CO 
over Nd2-xSrxCoO4 mixed oxides could be illustrated as follows [19]: 
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The Co3+ in the Nd2-xSrxCoO4 mixed oxides plays an important role in the NO reduction, as 
it is necessary for the regeneration of oxygen vacancies. Co3+ can be reduced to Co2+ under the 
reaction conditions, with formation of oxygen vacancies, while Co2+ is oxidised to Co3+ to 
regenerate oxygen vacancies and active sites. An increase in the concentration of Co3+ and 
oxygen vacancies is favorable for the reduction of NO.  
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Figure 5. Effects of x to the activities of NO reduction over Nd2-xSrxCoO4±λ. NO conversion (%): 

(1): 100 %, (2): 80 %, (3): 50 %, (4): 20%. 
 

 

CONCLUSIONS 

  
XRD and IR show the Nd2-xSrxCoO4±λ (x = 0.4-1.2) mixed oxides prepared by the polyglycol 
method have the K2NiF4 structure. The amount of Co3+, the non-stoichiometric oxygen (λ) and 
catalytic activity for NO reduction over Nd2-xSrxCoO4±λ increase with increasing x. It has been 
found that the catalytic activity for NO reduction is closely correlated with the concentration of 
oxygen vacancies and of Co3+. 
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