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Introduction

Recently, extensive researches have focused on the development of improved three-way catalysts (TWC) to meet the renovated stringent regulation [1]. Moreover, automotive and catalyst industries have studied to find economical catalysts instead of conventional Pt/Rh-based one because of the high price of Rh. Pd-only catalyst has been considered as an alternative for Pt/Rh one due to the lower cost and higher durability for thermal treatment. Sol-gel synthesis is very attractive technology for the preparation of catalytic materials with homogeneous distribution of components by the formation of M-O-M´bond [2]. In our previous results [3], we found an optimally formulated catalyst, Pd(1wt%)-V(2wt%)-Zr(10wt%)-Al2O3 prepared by sol-gel method, which showed the higher resistance to SO2 poisoning and better activity at low temperature than simulated Pt/Rh/Al2O3 impregnated catalyst. In the present study, various Pd-only catalysts synthesized by sol-gel method was examined especially focusing on the synergistic effect of vanadium and zirconium oxides by using BET surface area, pore size distribution, XRD, XPS, solid state 51V NMR, 27Al MAS NMR and Raman spectrometer.

Experimental

Preparation of Catalysts : AIP (Aluminum isopropoxide) was dissolved in deionized water at the H2O/AIP molar ratio of 100. Then NH4OH was added as a hydrolysis and condensation catalyst until pH reached 10, followed by stirring. The precursor of each promoter was mixed with the solution and then stirred for 1 h per promoter. Zirconium precursors were first incorporated, followed by vanadium ones in case of Pd-V-Zr-Al2O3 catalyst. Finally Pd(AcAc)2 in acetone was added and stirred. Acquired transparent gels were aged at ambient temperature and then stirred until the solvent was removed. It was dried at 110 oC, followed by calcination at 500 oC and it was designated as a “fresh” catalyst. Meanwhile, aged catalyst was obtained by aging the fresh catalyst with flowing air at 1,000 oC for 8 h. Catalytic activity was performed in a quartz reactor with a space velocity of 72,000 h-1. A simulated exhaust gas (0.15 % NO, 0.6 % CO, 0.05 % C3H6, 0.3 % H2, 0.6 % O2, 13 % H2O and N2 balance with or without 30 ppm SO2) was used. 

Characterization of Catalysts : BET surface area, pore volume and pore size distribution were measured by using nitrogen adsorption at 77 K with BET apparatus. XRD was obtained by Rigaku X-ray diffractometer using CuK( radiation (( = 0.154 nm). XPS spectra were acquired in the surface analysis chamber. The base pressure was below 8 x 10-10 torr and Mg K( (10 kV, 30 mA; Ek = 1253.6 eV) was radiated. Wide scan 51V and 27Al MAS NMR experiments were carried out on a Bruker DSX400 instrument. The Raman spectra recorded under ambient conditions at room temperature were obtained with an Ar+ laser by utilizing about 100 mW of the 514.5 nm emission line for excitation. 
Results and Discussion

In the Pd-only three-way catalyst prepared by sol-gel method, Zr was a promoter for improving activity and V was the one for enhancing the stability against SO2 as shown in Table 1. In the reaction under the simulated gas containing 30 ppm SO2, the catalytic activity of Pd-Zr(5)-Al2O3 drastically decreased, but that of Pd-V(5)-Al2O3 catalyst slightly increased. We tried to formulate the optimum catalyst that showed a high activity and good resistance to SO2 by the combination of Zr and V promoters and palladium. Two representative catalysts, Pd(1%)-V(5%)-Zr(5%)-Al2O3 (V/Zr = 1.80) and Pd(1%)-V(2%)-Zr(10%)-Al2O3 (V/Zr = 0.36) were shown for comparison. The catalytic activity of Pd-V(2)-Zr(10)-Al2O3 catalyst was much higher than that of Pd-V(5)-Zr(5)-Al2O3 one. It is noticeable that the activity of Pd-V(5)-Zr(5)-Al2O3 was similar to that of Pd-V(5)-Al2O3 rather than that of Pd-Zr(5)-Al2O3, indicating that the enhancing effect of Zr disappeared on that catalyst even under the simulated gas without SO2. However, not only the enhancement of activity but also the improved durability under SO2 were established on Pd-V(2)-Zr(10)-Al2O3 at the V to Zr mole ratio of 0.36.

Table 1. T50 (oC) for NO over various promoted Pd catalysts.

	
	Simulated gas without SO2
	Simulated gas with SO2 (30 ppm)

	Pd-Al2O3
	269
	279

	Pd-V(5)-Al2O3
	265
	260

	Pd-Zr(5)-Al2O3
	237
	283

	Pd-V(5)-Zr(5)-Al2O3
	261
	-

	Pd-V(2)-Zr(10)-Al2O3
	227
	254


The drastic reduction of surface area and pore volume was displayed on Pd-V(5)-Al2O3 after aging. However, there was no severe sintering on Pd-Zr(5)-Al2O3 after aging. In the only Pd-V(2)-Zr(10)-Al2O3 catalyst, its relatively high surface area and pore volume were maintained after aging, whereas Pd-V(5)-Zr(5)-Al2O3 catalyst was largely sintered after aging as similarly shown in the textural property of Pd-V(5)-Al2O3. 

Table 2. Binding Energy of Pd 3d5/2 and the relative surface concentration.

	
	B.E. (eV)
	Pd/Al (x 100)
	Zr/Al (x 100)
	V/Al (x 100)

	Pd-Al2O3
	
	
	
	

	Fresh
	336.5
	8.38
	-
	-

	Aged
	336.1
	12.94
	-
	-

	Pd-V(5)-Al2O3
	
	
	
	

	Fresh
	336.6
	5.44
	-
	7.96

	Aged
	337.6
	15.66
	-
	86.69

	Pd-Zr(5)-Al2O3
	
	
	
	

	Fresh
	336.2
	7.83
	62.10
	-

	Aged
	336.6
	7.77
	63.86
	-

	Pd-V(5)-Zr(5)-Al2O3
	
	
	
	

	Fresh
	336.8
	15.87
	66.25
	16.66

	Aged
	337.6
	28.75
	103.70
	220.33

	Pd-V(2)-Zr(10)-Al2O3
	
	
	
	

	Fresh
	336.7
	19.63
	163.21
	9.01

	Aged
	336.2
	23.11
	149.82
	17.78


The binding energy and the relative surface concentration of Pd 3d5/2 in Pd catalysts are given in Table 2. All the fresh catalysts showed the binding energy of Pd 3d5/2 at around 336.5 eV corresponding to PdO [4]. Also, thermally stable catalysts, Pd-Zr(5)-Al2O3 and Pd-V(2)-Zr(10)-Al2O3, kept the same PdO state even after thermal aging. However, binding energy of Pd species on aged Pd-V(5)-Al2O3 and Pd-V(5)-Zr(5)-Al2O3 catalysts was 337.6 eV, which could be assigned to highly dispersed PdO species strongly interacted with alumina [5]. All of the fresh catalysts containing vanadium have tetrahedral (M-O)3V=O vanadia species as shown in 51V NMR spectra, since vanadium loading is too below the critical concentration to form the three-dimensional V-O-V bonds, consistent with previous result [6]. However, after the thermal aging of most of the catalysts containing vanadium except the Pd-V(2)-Zr(10)-Al2O3 catalyst, vanadia were polymerized to give the polycrystalline octahedral V2O5 species like the catalyst containing high vanadia loading by the results of XRD, Raman and 51V NMR. 

Conclusion

In the sol-gel three-way catalysts, V and Zr was a good promoter to improve the durability under SO2 and enhance the thermal stability at high temperature, respectively.    Extraordinary characteristics of high activity at low-temperature, improved thermal stability and enhanced durability against SO2 was established on the catalyst containing specific mole ratio of V/Zr = 0.36, Pd-V(2)-Zr(10)-Al2O3 catalyst, in which synergism between V and Zr was attributed to the formation of V-O-Zr bond in the tetrahedrally coordinated (M-O)3V=O species. By this synergism, the phase transformation from PdO, tetragonal ZrO2, (-Al2O3 and amorphous tetrahedrally coordinated (M-O)3V=O to highly dispersed PdO, monoclinic ZrO2, (-Al2O3 and microcrystalline octahedrally coordinated V2O5 species, were inhibited during the thermal aging.
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