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中  文  摘  要

	铂族金属纳米催化剂是燃料电池、石油催化重整、汽车尾气净化等能源和环境重大领域中不可替代、广泛使用的催化剂。全世界每年用于催化剂的铂族金属中，仅铂的用量就高达100吨，价值70多亿美元。由于铂族金属的资源匮乏（在地壳中的丰度仅为0.003 ppb）、价格昂贵，如何进一步提高其催化活性、稳定性和利用效率一直是相关领域的重大科学问题和关键工程技术问题。提高铂族金属纳米催化剂的性能，一种方法是通过掺入其它组份形成合金，利用两种或多种组份的协同效应或电子结构效应；另一途径则是通过调控纳米粒子的形状以改变表面原子排列结构，利用催化反应的表面结构效应。以金属单晶面为模型催化剂的基础研究表明：高指数晶面含有高密度的台阶原子和扭结原子，其配位数很低，非常容易与反应分子发生相互作用，成为催化活性中心，其催化活性和稳定性通常显著优于{100}、{111}等低指数晶面。但是本体金属的高指数单晶面价格昂贵，比表面积很小，不可能作为实际催化剂。要充分利用催化反应的表面结构效应，合成高指数晶面结构的金属纳米粒子催化剂是具有重要基础和应用价值的课题，同时也极具挑战性。因为高指数晶面的表面能很高，根据晶体生长规律，晶体沿高指数晶面方向的生长速度远快于沿低指数晶面方向，致使高指数晶面趋于消失，最终仅得到由{111}、{100}等低指数晶面围成的纳米晶体。十余年来，虽然通过化学合成方法已经制备了很多形状（如四面体、八面体、截角八面体、立方体等）的铂族金属纳米晶体，但均未能突破晶体生长规律的限制，其表面均为低指数晶面。

高指数晶面可分为{hk0}、{hkk}、{hhl}及{hkl}（h>k>l>0）四种类型，相应的晶体呈二十四面体、偏方三八面体、三八面体和六八面体。本论文中，我们发展了金属纳米晶体生长和表面结构控制的电化学方波电位方法，成功制备出一系列由{hk0}、{hkk}和{hkl}型高指数晶面围成的铂、钯纳米单晶粒子及孪晶纳米棒，揭示了这些晶体的生长规律，并研究它们对有机小分子电氧化的催化性能。论文的主要创新点和取得的主要研究结果如下：

1. 发展了金属纳米晶体表面结构控制和生长的电化学方波方法。以玻碳为基底，利用方波电位处理多晶铂纳米球，首次成功制备出二十四面体铂纳米晶体催化剂，通过高分辨透射电镜表征，确定其表面为{730}、{520}等高指数晶面。通过改变方波电位处理时间，可以控制纳米晶体的粒径，得到20～240 nm的铂二十四面体。研究证实铂二十四面体不仅具有很高的电催化活性，对甲酸、乙醇氧化的电流密度为商业碳载铂催化剂的2～4倍，同时还具有很高的化学和热稳定性，可耐高达800℃的加热温度。进一步研究提出了纳米晶体高指数晶面形成的相关机理：方波电位导致铂表面发生周期性氧化/还原（即氧的反复吸脱附），对于表面原子配位数较高的低指数晶面，氧倾向于侵入晶格，表面被扰乱；而对于表面原子配位数很低的{hk0}高指数晶面，氧倾向于在表面吸附，表面不会被扰乱，即在氧化条件下，{hk0}高指数晶面具有更高的稳定性是铂二十四面体形成的根本原因。该研究结果在Science（N. Tian, et al, Science, 2007, 316: 732-735）上发表，同期的Science还配发了评论文章（Science, 2007, 316: 699-700），评价这一成果“是纳米催化剂合成的重大突破”。该成果在国内外学术界引起重大反响，被美国化学工程新闻周刊（C&EN）评为2007年度世界24项最重要研究成果之一（2007 Chemistry highlights），被英国皇家化学会的化学世界（Chemistry World）评为2007年度40项最重要进展之一（Cutting edge chemistry in 2007），还被评为2007年度“中国高等学校十大科技进展”，并入选“2007年度中国基础研究十大新闻”。

2. 在成功制备{hk0}晶面结构铂二十四面体的基础上，通过改变添加剂、镀液等条件，进一步拓展方波电位方法，制备出其它类型高指数晶面围成的纳米晶体，如{hkl}晶面结构的铂凹四十八面体、{hk0}晶面结构的钯二十四面体、{hkk}晶面结构的钯偏方三八面体和{hkl}晶面结构的钯凹四十八面体等，这些结果表明所发展的方波电位方法是制备高指数晶面结构铂、钯等金属纳米晶体的通用方法。

3. 除了单晶纳米粒子，利用方波电位方法，还制备了由{hk0}高指数晶面围成的五重孪晶结构铂纳米棒（Z. Y. Zhou, N. Tian, et al, Faraday Discussions, 2008, 140: 81-92）。与典型五重孪晶纳米棒不同，铂纳米棒两端呈十棱锥形状，侧面由一系列上下起伏的小晶面围成。观察到铂纳米棒各部位由于生长速度存在差异，导致晶面指数呈有规律变化：顶端较尖锐，生长速度最快，表面为台阶原子密度较低的{410}晶面；底端较钝，生长速度最慢，表面为台阶原子密度很高{320}、{210}、{730}等晶面；侧面主要为台阶原子密度中等的{520}晶面。研究结果指出，除了方波电位，通过控制晶体的生长速度还可以更加精细地调控高指数晶面的指数。这种不对称的铂纳米棒有利于局域修饰和定向组装等，有望用于纳米器件。此外还首次观察到铂五重孪晶纳米棒的亚晶之间在生长过程中存在分裂现象。进一步通过改变方波电位处理时间，研究分裂过程，丰富了对五重孪晶结构纳米棒生长过程的认识。

4. 进一步发展方波电位方法，将其应用于直接电沉积制备高指数晶面结构的五重孪晶钯纳米棒（N. Tian, et al, Chem. Commun., 2009, 1502-1504, 2008年12月15日被接收）。通过改变方波的上、下限电位，实现调控钯纳米棒的长径比和高指数晶面的类型。在较低的方波上限电位得到由{hkk}高指数晶面围成钯纳米长棒，其截面为五边形；而在较高上限电位则得到由{hk0}高指数晶面围成的十棱双锥状的钯纳米短棒。实验证实钯纳米棒对乙醇在碱性介质中的电氧化有较高的催化活性，氧化峰的电流密度比商业钯黑催化剂提高了一倍多。

5. 利用方波电位电沉积法制备了刺球状铂纳米粒子。铂纳米刺非常尖锐，呈侧面内凹的四棱锥形状，为单晶结构。刺球状铂纳米粒子给出显著的表面增强拉曼效应，测得吸附态吡啶分子的环呼吸振动峰强度达140 cps，拉曼增强因子约为2000，比通常电化学粗糙法得到的表面提高了一个数量级，这归结于铂纳米刺尖端的曲率半径非常小（~ 1 nm），产生很强的电场，即避雷针效应（N. Tian, et al, Chem. Commun., 2006, 4090-4092）；刺球状铂纳米粒子还表现出较强的增强红外效应，对于吸附态一氧化碳，红外增强因子约为17。简单的制备方法及较高的拉曼、红外增强因子，表明刺球状铂纳米粒子电极适合用作SERS和红外基底，以提高铂表面吸附物种的检测灵敏度。

本文发展的金属纳米催化剂表面结构控制和生长的电化学方波电位方法，制备出由不同类型高指数晶面围成的一系列形状的铂、钯纳米晶体，丰富了纳米晶体表面结构控制生长的内涵，深化对金属晶体生长规律的认识。上述成果还被J. Phys. Chem. 邀请撰写Feature Article（N. Tian, et al, J. Phys. Chem. C, 2008, 112: 19801-19817）。本文所研制的高指数晶面结构铂族金属纳米催化剂不仅活性高而且稳定性好，开辟了一条通过控制纳米粒子表面原子排列结构提高催化剂性能的崭新途径，也是将模型电催化剂的基础研究推进到实际催化剂设计和研制过程中的一个重大进展。
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Elctrochemical Preparation and High Performance of Platinum and Palladium Nanocatalysts with High-Index Facets
Tian Na
ABSTRACT
	Platinum-group metal nanomaterials are widely used as catalysts applied in fuel cells, petroleum catalytic reform, automotive catalytic converters and other important fields. Among the platinum-group metals used as catalysts in the world, the platinum is consumed as high as 100 tons per year, which values more than 7 billion US dollars. The price of platinum-group metal is extremely high due to their rare reserve on the earth. So, the key scientific and technological issue of platinum catalysts is to further improve their activity, stability and utilization efficiency. Generally, catalytic properties of nanocrystals can be finely tuned either by their composition, which mediates electronic structure, or by their shape, which determines their surface atomic arrangement and coordination. Fundamental studies of model catalysts using single-crystal planes have demonstrated that high-index planes of platinum-group metals exhibit generally much higher catalytic activity and stability than those of the low-index planes, such as {111}, {100}, and even {110}, because the high-index planes have a high density of atomic steps, ledges, and kinks, which represent active sites for breaking chemical bonds. However, high-index planes of metal single crystal can not be used as real catalysts because of their low specific surface area and high cost. The exciting way is to synthesize platinum-group metal nanocrystals bounded by high-index facets for higher catalytic activity and stability. It is, however, rather challenging to synthesize nanocrystals that are enclosed by high-index facets because of their high surface energy. From the crystal growth law, the rate of crystal growth in the direction perpendicular to a high-index facet with high surface energy is much faster than that along the normal direction of a low-index facet, which results in a rapid disappearance of high-index facets during nanoparticle formation. As a consequence, only low-index facets, such as {111} and {100}, bounded nanocrystals of platinum-group metals have been obtained by conventional chemical synthesis methods. In the past decade, a variety of platinum-group metal nanocrystals with well-defined shapes have been synthesized, such as tetrahedron, octahedron, cuboctahedron, cube and rhombic dodecahedron, but nearly all of them are bounded by the low-index planes.
High-index facets can be classified as {hk0}, {hkk}, {hhl} and {hkl} (h>k>l>0), the corresponding shapes of nanocrystals are tetrahexahedron, trapezohedron, trisoctahedron and hexoctahedron, respectively. In this thesis, we have developed an electrochemical method of square-wave potential to control the surface structure and the growth of metal nanocrystals, and prepared successfully nanocatalysts of platinum, palladium bounded by high-index facets of {hk0}, {hkk} and {hkl}. The growth mechanism and the catalytic properties of the synthesized nanocrystals towards the oxidation of small organic molecules were investigated. The study has illustrated that the synthesized nanocatalysts exhibit high activity and stability. The main results are as following:
1. Tetrahexahedral (THH) Pt nanocrystals have been prepared for the first time using the developed electrochemically shape-controlled synthesis method. The surface structure of the THH Pt nanocrystals is identified as {730} and {520} high-index facets through HRTEM. By varying the growth time, THH Pt nanocrystals of different uniform size varying from 20 to 240 nm were obtained. It has demonstrated that the THH Pt nanocrystals exhibit 2~4 times higher catalytic activity than that of commercial Pt/C catalysts towards electrocatalytic oxidation of formic acid and ethanol in terms of current density. The THH Pt nanocrystals show also high chemical and thermal stability, and can maintain their shape and facets up to 800(C. It has confirmed that the key reason for the growth of THH Pt nanocrystals consists in that the high-index facets of Pt possess a higher stability than low-index facets under periodic oxidation-reduction conditions generated by square-wave potential. These above results were published in Science (N. Tian, et al, Science, 2007, 316: 732-735), and were evaluated as “a breakthrough in the synthesis of nanoscale catalysts” by a comment article published in the same volume (Science, 2007, 316: 699-700). The results have received significant impacts: they were evaluated as “2007 Chemistry highlights” by C&EN, as “Cutting edge chemistry in 2007” by Chemistry World, and evaluated as one of “Ten most significant progresses in science and technology made in Chinese Universities for the year 2007” and as one of “The top 10 news of 2007 in basic research in China”. 
2. Based on the success of synthesizing THH Pt NCs, we have also prepared successfully tetrahexahedral, trapezohedral and concaved hexaoctahedral Pd nanocrystals and concaved hexaoctahedral Pt nanocrystals by using the developed electrochemically shape-controlled synthesis method, and demonstrated that the square-wave potential method is versatile for the preparation of metal high-index faceted nanocrystals such as Pt and Pd.

3. Besides single crystalline nanocrystals, we have prepared five-fold twinned Pt nanorods bounded by high-index facets of {hk0} through the developed electrochemically shape-controlled synthesis method (Z. Y. Zhou, N. Tian, et al, Faraday Discussions, 2008, 140: 81-92). Unlike the shape of common five-fold twinned nanorod, the tips of the Pt nanorods are of decagon-based pyramidal shape, and the side surfaces contain a series of concavo-convex subfacets. We have observed that the facets varied with the growth rate: the upper tip, with the highest growth rate, has facets with the lowest density of stepped atoms; the lower tip, with the lowest growth rate, has facets with the highest density of stepped atoms, which indicate that the facets can be finely tuned by varying the growth rate of nanocrystals. We have also observed for the first time the phenomenon of split of five-fold twinned nanorods at the twined boundaries, and investigated the splitting process by varying the growth time, which deepen the understanding of the growing process of the five-fold twinned nanocrystals.

4. We have further developed the electrochemical method, and applied it directly to prepare five-fold twinned Pd nanorods by electrodeposition (N. Tian, et al, Chem. Commun., 2009, 1502-1504). It has been demonstrated that the aspect ratio and surface structure of Pd nanorods can be tuned by varying the lower (El) and upper (Eu) limit of the square-wave potential. It has revealed that Pd nanorods grown at relatively low Eu show two ends of pentagonal pyramid shape bounded by high-index facets of {hkk}; while nanorods grown at high Eu give rise to two ends of decagon-based pyramidal shape bounded by high-index facets of {hk0}. It has illustrated also that the Pd nanorods exhibit higher catalytic activity than commercial Pd black catalysts towards the electro-oxidation of ethanol in alkaline solution.

5. Pt nanothorns were prepared also by the square-wave potential electrodeposition. The tip of Pt nanothorn is very sharp, shows a tetragonal pyramid-like shape with slightly curved side. The Pt nanothorns have a very high surface enhanced Raman scattering (SERS) activity. An enhancement factor of 2000 for adsorbed pyridine was measured, which is about one order of magnitude bigger than that measured on a Pt electrode roughened by conventional electrochemically oxidation/reduction method (N. Tian, et al, Chem. Commun., 2006, 4090-4092). The Pt nanothorns also show a high infrared enhancement: IR band intensity (peak height) of CO adsorbed on the Pt nanothorns is as high as 3%, yielding an enhancement factor of 17. These results imply that the Pt nanothorn electrode is a good candidate for SERS and IR study in terms to increase significantly the determining sensitivity of surface adsorbates.

By developing the electrochemically shape-controlled synthesis method in this thesis, the surface structure and the growth of metal nanocatalysts have been well controlled. As results, we have prepared successfully not only platinum and palladium tetrahexahedral nanocatalysts, but also other nanocrystals of various shape enclosed by different high-index facets. The current study has enriched the contents of controlling the surface structure and the growth of metal nanocrystals, and has deepened the understanding of the growth habits of metal nanocrystals. We have been invited by J. Phys. Chem. to write a Feature Article based on these above results (N. Tian, et al, J. Phys. Chem., 2008, 112: 19801-19817). The as-prepared platinum-group nanocatalysts enclosed by high-index facets exhibit high activity and stability, which have opened an exciting avenue to improve the performance of metal nanocatalysts by means of controlling surface atomic arrangement, and made a breakthrough in the design and preparation of practical catalysts directed by the knowledge gained in fundamental studies of model catalysis using metal single crystal planes as model electrocatalysts.
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