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摘 要 

i 

 

 

摘要 

本文以探究采用简单浸渍法制备高分散、抗烧结负载型金属催化剂的方法为

目的，在先前工作的基础上，详细考察了以 Pd(acac)2 为前驱体制备 Pd/SiO2 催化

剂的机理，并考察了负载于 SiO2 上的其它 M(acac)n(n = 2 或 3；M= Pt、Ru、Rh、

Ir)化合物在空气中加热分解过程的变化情况。针对甲烷部分氧化(POM)制合成气

这一高温反应，以 Rh(acac)3 和 Ce(acac)3 为前驱体，制备了具有较低 Rh 负载量

和良好 POM 反应性能的 Rh-CeO2/SiO2 催化剂，并对催化剂的构效关系进行了详

细的考察。主要研究结果如下： 

（1）以 Pd(acac)2 为前驱盐通过简单浸渍法即可制备出高分散、抗烧结的

Pd/SiO2 催化剂。原位红外表征发现，Pd(acac)2 通过与 SiO2 表面硅羟基形成氢键

而高分散吸附于载体表面，只要 Pd 的负载量不超过 8wt%，Pd(acac)2 都是以单

层分散于 SiO2 表面。TG-DTG、MS、原位 XRD 和 XPS 等表征结果表明，单层

分散于 SiO2 上的 Pd(acac)2 在空气中加热至 200 ˚C 左右发生分解，首先形成粒径

约为 2.8 nm 的金属态 Pd，随着温度的升高，金属态 Pd 被氧化成 PdO，但只要

温度不超过 800 ˚C，Pd 物种的粒径均保持在 3 nm 左右。SiO2 表面硅羟的密度直

接影响催化剂的粒径分布。在 Pd 负载量超过 10wt%或通过焙烧消除 SiO2 表面部

分羟基的情况下，都会因载体表面羟基密度不够导致 Pd(acac)2 在 SiO2表面形成

多层吸附，使制得的催化剂上 Pd 的粒径增大，粒径分布变宽。 

（2）以 M(acac)n 为前驱体制备了系列 M(acac)n/SiO2(M= Pt、Ru、Rh、Ir，n 

= 2、3)样品。在空气中升温的过程中，负载于 SiO2 上的 M(acac)n 在 300 ˚C 前均

发生分解。其中八面体配的 M(acac)3 在分解之前部分乙酰丙酮配体可与载体表面

羟基发生交换并脱除。Pt(acac)2/SiO2 分解后在载体表面形成金属态的 Pt，其他前

驱体则在分解后形成相应的氧化物(RuO2、Rh2O3 或 IrO2)。300 ˚C 焙烧所得催化

剂上金属物种的平均粒径均较小，其中 Rh/SiO2 的平均粒径仅为 1.7 nm。随着焙

烧温度的升高，各催化剂上金属物种的粒径均发生不同程度的增大。 

（3）以 Rh(acac)3 和 Ce(acac)3 为前驱体，采用共浸渍法制备了 Rh-CeO2/SiO2

催化剂。该催化剂表现出良好的 POM 反应性能，其中 0.025wt%Rh-10wt%CeO2
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催化剂在 800 ˚C，CH4/O2/Ar = 2/1/4(体积比)空速为 110
5 

mL•g
-1

•h
-1 的条件下连

续工作 200 h 活性和选择性都没有发生明显变化。原位 IR 光谱的表征表明，

Rh(acac)3 和 Ce(acac)3 都是通过与 SiO2 表面羟基形成氢键而高分散于载体表面，

两者的最大单层吸附量对应的 Rh 和 CeO2 负载量分别为~8wt%和~10wt%。

H2-TPR 和 XPS 的表征结果证实 Rh 与 CeO2 之间存在强相互作用，使得 Rh2O3

的还原峰向高温方向移动，CeO2 的还原峰向低温方向移动。POM 反应后，不含

CeO2 的 Rh/SiO2 上 Rh 的平均粒径显著增大，并出现明显的积碳。CeO2 的加入有

助于 Rh 的分散并显著增强其抗烧结能力，Rh-CeO2/SiO2 催化剂在 POM 反应前

后 Rh 的平均粒径均在 1.7 nm 左右，表现出良好的高温稳定性且未检测到积碳。 

 

关键词：乙酰丙酮盐；浸渍法；高分散；抗烧结；Pd/SiO2；Rh-CeO2/SiO2；制备

机理；甲烷部分氧化；合成气 
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Abstract 

The development of thermally stable, nanometer-sized precious metal-based 

catalysts remains a daunting challenge, especially those prepared by a simple 

impregnation method. This thesis focuses on the studies of preparing well-dispersed 

supported catalysts from metal acetylacetonate. We reveal the mechanism of the 

highly stable Pd/SiO2 catalyst and inspiring the rational design of anti-sintering 

supported catalysts. The well-dispersed and super stable Rh-CeO2/SiO2 for partial 

oxidation of methane (POM) were synthesized and characterized in this dissertation. 

The main results of this study are summarized as follows: 

(1) This study shows that the surface silanol groups on SiO2 could serve as the 

centers to interact with Pd(acac)2 molecules, and hydrogen bond occurs between 

Pd(acac)2 and SiO2 surface. Multiple layer Pd(acac)2 species cannot be detected on 

SiO2 surface when Pd loading was below 8wt%. The Pd(acac)2/SiO2 sample 

decomposes into the metallic Pd nanoparticles when heated to approximately 200 ˚C, 

and the latter turns into PdO because further increase in air temperature. The 

monolayer of Pd(acac)2 species on SiO2 surface decomposes into the metallic Pd 

nanoparticles with an average size of about 2.8 nm. The resulting Pd nanoparticles 

demonstrated superior stability against sintering at high temperature. The mean size of 

Pd particles over Pd/SiO2 catalyst could maintain at approximately 3 nm, even after 

the catalyst was calcined at 800 ˚C and subsequently reduced by hydrogen at 600 ˚C. 

Either Pd(acac)2/SiO2 samples with Pd loadings higher than 10 wt%, or the samples 

prepared with the silica of low concentration of surface hydroxyl groups, multiple 

layers of Pd(acac)2 are formed on the SiO2 surface, and which leads to large Pd 

particles on SiO2. 

(2) A series of M(acac)n/SiO2 catalysts were prepared from M(acac)n (M = Pt, Ru, 

Rh, Ir，n=2、3) and those were decomposed below 300 ˚C in air. For the octahedral 

shape M(acac)3 (M= Ru, Rh, Ir), the possibility of a proton transfer from the surface 
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hydroxyl group to the acac
-
 ligand assists its substitution, which results in the 

elimination of the acetylacetone molecule. Pt(acac)2 species on SiO2 surface 

decomposed into the metallic Pt nanoparticles while other M(acac)n decomposed into 

Metal oxide. The mean particle size of M/SiO2 catalysts were less than 5 nm, 

especially the Rh/SiO2 catalyst particle size was only 1.7 nm when calcined at 300 ˚C. 

With increasing calcination temperature, the average size of the metal particles on 

SiO2 is gradually increased correspondingly. 

(3) Rh-CeO2/SiO2 catalysts were prepared by wetness impregnation of SiO2 with 

acetylacetone solution containing appropriate concentrations of Rh(acac)3 and 

Ce(acac)3. Experimental results showed that the Rh-CeO2/SiO2 catalysts have good 

POM stability even the amount of Rh decreased to 0.025 wt%. Silanol groups on SiO2 

surface act as the centers to combine with Rh(acac)3 and Ce(acac)3 molecules through 

hydrogen bonds, leading to the formation of monolayer of Rh(acac)3 and Ce(acac)3 

species on SiO2 surface, and the maximum loadings of monolayer coverage SiO2 was 

~8 wt% Rh and ~10 wt% CeO2, respectively. Contrast with Rh/SiO2, Rh-CeO2/SiO2 

exhibits excellent stability and coke resistant ability, of which the average particle size  

could maintain about 1.7 nm even after the reaction. It is suggested that CeO2 

contributes to the dispersion of the Rh particles together with anti-sintering ability. 

 

Keywords: Acetylacetone salt;  Impregnation;  Well-dispersed;  Sinter- resistant 

Pd/SiO2;  Rh-CeO2/SiO2;  Formation mechanism;  Partial oxidation of methane;  

Synthesis gas 
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