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中  文  摘  要

	准一维纳米材料以其独特的电学、光学和力学特性引起了科学家们的研究兴趣。准一维纳米材料具有大的长径比，是纳米器件的基本组成单元。目前，有关准一维纳米材料的研究已经成为物理、化学和材料科学的一个研究热点。目前的关键科学问题主要包括：(1) 如何可控制备出能够实现一定功能的大面积有序准一维纳米材料阵列；(2) 探索准一维纳米材料的新颖功能和原理性器件，为新型纳米器件的研制和实际应用奠定基础。本论文就是围绕上述两个方面的科学问题展开研究。

本论文首先综述了准一维纳米材料的研究进展，并介绍了金属钨、钼及其氧化物和氧化锌准一维纳米材料的研究现状，进而重点介绍了我们在金属钨、钼及其氧化物和氧化锌准一维纳米材料的制备、表征、生长机理和探索性应用等方面的研究结果。论文的主要研究成果概括如下。
1．发展了用热蒸发法制备较大面积垂直于衬底表面生长的金属钨、钼及其氧化物准一维纳米材料阵列的方法。该方法简单、直接，不需要使用任何催化剂和特殊衬底。利用这种方法，我们合成了较大面积垂直于衬底表面生长的二氧化钼纳米线阵列、单质钼纳米线阵列W18O49纳米线阵列和W18O49纳米针尖阵列等。我们重点研究了W18O49纳米线阵列和单质钼纳米线的生长机理。认为W18O49纳米线阵列在生长过程中遵循竞争空间生长模型，竞争空间生长模型同样适用于本研究中其他几种准一维纳米线阵列的生长；澄清了热蒸发法直接生长单质钼、钨纳米线的物理化学机理，提出歧化分解反应才是热蒸发法直接生长单质钼、钨纳米线的关键。 

2．发展了利用垂直有序准一维纳米材料阵列作为模板合成其它垂直有序准一维纳米材料
阵列的方法。我们通过氧化和还原处理二氧化钼纳米线阵列，分别合成了三氧化钼纳米线阵列和单质钼纳米线阵列；通过氧化W18O49纳米线阵列合成了三氧化钨纳米线阵列；利用氧化锌纳米线阵列作为模板，通过调节氧化锌纳米线模板的尺寸和退火温度，合成了氧化锌－硅同轴纳米线阵列、氧化锌纳米线－硅酸锌纳米管异质结阵列和硅酸锌纳米管阵列。这种方法是一种普适的方法，可以用来合成一系列新型垂直有序准一维纳米材料阵列。此外，我们还利用各种形貌的氧化锌纳米结构作为模板制备了形貌可控、刚性、高质量的碳化硅空心纳米结构。
3．合成了单晶的氧化钨(WO3-δ)纳米线网络结构，并提出了有序氧空位面缺陷诱导生长机制。我们利用热蒸发法合成了单晶WO3-δ纳米线网络结构，它是由纳米线组成的，纳米线在三维空间互相垂直或者互相平行地生长，生长方向为<100>。高分辨透射电镜分析结果和晶格条纹像模拟结果证明，在平行于纳米线的生长方向上存在大量的有序氧空位面缺陷。研究结果表明，WO3-x纳米线网络结构具有高的探测灵敏度和良好的气敏选择性，可探测浓度低至50 ppb的NO2气体，是目前所报道的探测NO2气体灵敏度最高的材料之一。
4．研究了W18O49纳米线阵列、W18O49纳米针尖阵列、三氧化钼纳米线阵列、二氧化钼纳米线阵列和单质钼纳米线阵列的的场致电子发射性能。研究结果表明，它们具有比大多数其他准一维纳米材料更低的阈值电场和更大的最高发射电流密度，此外还具有更优异的场致电子发射址分布均匀性。其中，W18O49纳米针尖阵列的场致电子发射性能比较突出，其阈值电场约为4.25 MV/m，电流波动性约为1％。
5．原位研究了单根氧化锌纳米线的场致电子发射性能。从实验上测得单根氧化锌纳米线的最高发射电流密度约为2.6 ×108 A/m2，理论模拟结果证明单根氧化锌纳米线的临界发射电流密度是与其自身的电阻率有关系的。探讨了造成氧化锌纳米线场致电子发射F-N曲线非线性的原因，认为主要原因可能与氧化锌纳米线本身的半导体性和高阻性有关。此外，还观察到氧化锌纳米线场致电子发射阈值电场随着真空距离的增加而逐渐降低。
6．研制了一种能够在大气环境下工作的纳米秤，发明了一种纳米线力传感器原理性器件。我们利用电机共振原理，测得氧化锌纳米线的弹性模量约为106 GPa，证实单根氧化锌纳米线可以在大气环境下准确称量出质量约为28 pg的铂颗粒的质量，其称量灵敏度约为 1 pg。此外，我们还原位观察到单根氧化锌纳米线的电导性能随着不同受力情况而改变，为此我们提出了一种纳米线力传感器原理性器件，其最小可以探测 3 nN大小的力。最后，我们初步研究了氧化锌纳米线与各种溶液的相互作用，为氧化锌准一维纳米材料在生物应用研究方面提供了一定的依据。
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Synthesis and Application of Quasi-one Dimensional Nanomaterials 
of Several Metals and Oxides

Jun Zhou
ABSTRACT
	Quasi-one dimensional nanomaterials (QODN) have drawn continuous research attention due to their unique electronic, mechanical and optical properties. They have huge aspect ratios, and they are elementary units for the nanodevices. Recently, the study of QODN is a hot topic in physics, chemistry and material science. The following scientific topics are the main concerns: (i) How to synthesize large area QODN arrays which can realize certain functions. (ii) Investigating novel properties and developing novel nanodevices. The research works carried out in the present thesis are based on the above scientific topics.

In this Ph. D. dissertation, starting with the review of the progress in the research of QODN, we focused on the synthesis, characterization, growth mechanism, and applications of quasi-one dimensional nanostructures of tungsten, molybdenum and their oxides as well as zinc oxide. Main works and findings of the dissertation are listed as the follows. 
1．A novel thermal evaporation method has been developed to synthesize large area vertically aligned QODN arrays of tungsten, molybdenum and their oxides. This method is simple, cheap and direct, and don’t need any catalyst or special substrate. Molybdenum dioxide nanowire arrays, molybdenum nanowires arrays, W18O49 nanowire array and W18O49 nanotip arrays have been synthesized by using this method. The growth mechanisms of W18O49 nanowire arrays and molybdenum nanowires have been intensively studied, respectively. A space competition growth mechanism was proposed for the growth of W18O49 nanowire arrays as well as other QODN arrays in our study, and the decomposition reaction is found to be the key to achieving metallic molybdenum nanowires and tungsten nanowires by direct thermal evaporation process. 
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    2．A novel template method has been developed to synthesize large area vertically aligned QODN arrays. Further oxidation treatment or reduction treatment of molybdenum dioxide nanowire arrays resulted in molybdenum trioxide nanowire arrays and molybdenum nanowire arrays. We fabricated WO3 nanowire arrays successfully by further oxidizing W18O49 nanowire arrays. Based on the vertical aligned zinc oxide nanowire arrays, we prepared the aligned zinc oxide/silicon core-shell nanowire arrays, zinc oxide nanowire-zinc silicate nanotube heterojunction arrays and zinc silicate nanotube arrays by adjusting the size of the templates as well as the annealing temperature. This method is a general synthetic scheme for preparing novel large area vertically aligned QODN arrays. Furthermore, shaped-defined, rigid, and high-quality silicon carbide hollow nanostructures have been fabricated using various zinc oxide nanostructures as templates.
3．Single crystalline tungsten oxide (WO3-δ) nanowire networks have been synthesized, and an ordered oxygen vacancy planar defects induce growth mechanism has been proposed. The WO3-δ nanowire networks have been synthesized by the thermal evaporation method. They are formed by the interpenetrative nanowires growing along six crystallographically equivalent <100> directions. It has been observed that WO3-x nanowires are always accompanied with ordered planar defects distributed in the planes parallel to the growth direction. By combining the high-resolution transmission electron microscopy experimental results and simulated results, we found that the ordered oxygen vacancies planar defects were along the growth direction of the nanowire, which are suggested as the driving mechanism for the formation of nanowire networks. The gas sensing properties of the WO3-δ nanowire networks have been intensively studied. It’s found that the WO3-δ nanowire networks have ultra-sensitivity and highly selectivity gas sensing properties, and demonstrated the capability of detecting up to 50 ppb of NO2 gas.

  4．Field electron emission from W18O49 nanowire arrays, W18O49 nanotip arrays, molybdenum trioxide nanowire arrays, molybdenum dioxide nanowire arrays and molybdenum nanowire arrays have been studied. The results indicate that these materials have lower threshold fields and higher upper emission current density than most of the other QODN, and more importantly, they have better emission site distribution uniformity. Among the five materials, W18O49 nanotip arrays have the best field emission performance with threshold field and emission current fluctuation being ~ 4.25 MV/m and ~ 1.0%, respectively.. 

5．In-situ field electron emission measurement has been conducted on individual zinc oxide nanowire. The highest emission current density measured from individual zinc oxide nanowire in our study is ~ 2.6 ×108 A/m2. Theoretical simulation results indicate that the critical emission current density is related to the resistivity of the zinc oxide nanowire. Nonlinear behavior of the F-N plots has been observed and was proposed to be induced mainly by the semiconducting property and high resistance of the zinc oxide nanowire. Especially the threshold field of zinc oxide nanowire decreases as the vacuum distance increases.

6．A nanobalance which can work on workplace atmosphere has been fabricated, and a nanowire force sensor prototype has been invented. The mechanical properties of zinc oxide nanowires have been studied by using electromechanical resonant principle. The elastic modulus of zinc oxide nanowire was ~ 106 GPa. Based on this study, a nanobalance, which can detect a Pt particle with mass of ~ 28 pg on workplace atmosphere, with mass measurement sensitivity of ~ 1 pg has been demonstrated. In addition, in situ studies showed that the conductance of single zinc oxide nanowire changed with the applied force. Based on this study, a nanowire force sensor prototype, which can detect the force of ~ 3 nN has been invented. Finally, the study of the interaction of zinc oxide nanowire with various solutions provides important evidences for the applications of zinc oxide QODN in biology research.
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