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中  文  摘  要

	碳纳米管作为一种理想的一维结构，具有优良的力学、电学和热学性能，因而展现出广阔的应用前景。为了实现碳纳米管的应用并满足不同的产业需求，需要可控合成具有特定的产量、直径、长度或螺旋度的碳纳米管，这对生长机理的研究提出了挑战性的要求。因此，阐明碳纳米管的生长机理，进一步可控可重复地制备碳纳米管，是碳纳米管合成领域的最终目标，对于实现碳纳米管应用具有重要的意义。一般来讲，碳管的生长过程都会经历成核、生长和终止三个阶段。本论文以多壁碳纳米管为研究对象，主要内容涉及到对这三个阶段的影响因素和作用机制进行研究，并进行控制优化，以期望能够实现多壁碳纳米管阵列的可控生长，主要成果和结论如下：

1．成核阶段积碳的影响

碳纳米管阵列的成核阶段是生长期间非常关键的阶段，这一阶段决定了碳管的成核密度，因而决定了阵列的品质。在通常制备多壁碳纳米管阵列的过程中，我们发现，先前生长过程中沉积在反应腔器壁上的黑色的碳沉积物（称之为“积碳”）会影响后续的阵列生长。进一步的研究表明，这些积碳的存在能够促进多壁管阵列的成核，因此在有积碳的反应腔体内生长的阵列具有更高的碳管密度和排列规整性。我们发现，在无积碳的反应腔内，碳源气C2H2促使催化剂变成纳米颗粒并使碳管开始成核过程；但在有积碳的反应腔内，在C2H2通入之前，从积碳中释放出的某些活性成分就已经开始与催化剂作用，并使之变成颗粒，部分催化剂颗粒成核生成一些节状的碳产物。这些从积碳中释放出的活性成分，可能是积碳中的一些吸附物（比如CH2），因其与催化剂作用能释放出更高的反应热，因此更有利于碳管的高密度成核。以上的讨论表明多壁碳纳米管的生长与反应腔的历程有很强的相关性，这种与反应腔的历程相关的生长在其它纳米线（如Si线）的合成中也普遍存在，而与腔体形状无关。

2．生长阶段的机理研究

生长阶段是碳管生长过程中历时最长的阶段，而生长标记方法是研究这一阶段机理的有效手段。我们发展了一种简单可行的生长标记方法，利用额外引入的脉冲气流对正常的生长过程进行暂时性的干扰，从而在阵列的相应位置上作出标记。所作的标记可以在生长结束后，在扫描电镜（SEM）甚至光学显微镜下观察到。利用不规则的时间间隔进行标记，可以判定我们实验中阵列的生长模式为底端生长。利用规则的时间间隔进行标记，可以反映出碳管阵列在生长阶段的速率变化。实验发现，各个温度下的生长速率都有一个先上升后稳定的过程，生长速率稳定后的阶段为稳态生长阶段。虽然在阵列的不同位置所对应的稳态生长速率有所差异，但其速率与温度的关系都给出一个相近的反应活化能数据Ea=159(7 kJ/mol。这一活化能并不对应于碳原子在催化剂中的扩散过程，而很可能来自碳源气体在催化剂颗粒表面的反应。因此，碳管生长可能并不是一个扩散限制的过程。实验结果与根据VLS模型导出的速率方程吻合的很好，预示着碳管阵列生长可能遵循VLS机制。

3．终止阶段的控制

生长的终止阶段是碳管生长过程中容易被人们忽略的一个阶段。但是对于遵循底端生长模式的阵列来讲，终止阶段直接影响着碳管-基底这一界面的性质。我们通过对生长终止阶段阵列附近的局域气氛的控制，制备出具有不同碳管根部形态的阵列。采用通常的断碳源气使生长终止的“自然终止”方式，残余碳源气的浓度是逐渐减小的，这造成催化剂颗粒逐渐收缩并部分或全部被碳管包覆，碳管在基底附近缠绕弯曲，并通过外层石墨层或一个较小的催化剂颗粒与基底接触；如果在生长终止阶段通以大流量的惰性气体使之“突然终止”，则催化剂附近的局域碳源气会迅速消失，催化剂颗粒迅速固化，碳管根部通过催化剂颗粒与基底笔直规整地接触。

不同的根部形态会影响碳管-基底的界面性质。我们还发展了一种测量阵列与基底结合力的方法，测量结果表明，采用突然终止方式制备的碳管阵列与基底的结合力是自然终止方式下结合力的2.4~3.3倍，这表明采用突然终止方式有利于获得较强的阵列与基底的结合力，这对将碳纳米管阵列作为场发射体的应用来讲是非常有利的。对于Si和SiO2/Si这两种基底来讲，增强程度相差不大；但在较高的温度下，增强效果则比较明显。这种可控终止生长的方法有望用于改善碳管-基底间的其它界面性质，并可推广用于控制一维纳米材料的尖端形态。

4．超顺排碳纳米管阵列的可控制备和性质调控

超顺排阵列代表了一类高质量的多壁碳纳米管阵列，其内的碳管具有较高的密度和干净的表面。超顺排阵列的一个显著特点是从中可以连续地抽出超顺排碳纳米管薄膜。在这种薄膜中，碳纳米管是定向排列的。基于以上对于生长机理的理解，我们对制备过程进行适当的控制和改进，使之可以在较宽的生长条件范围内制备出超顺排阵列。我们通过调节催化剂膜厚和生长时间的方法，实现了对超顺排阵列中碳管的直径、壁数和高度的控制，制备出最小直径约为6 nm, 最少壁数为3壁，最大高度可达0.9 mm的超顺排阵列。利用这种可控制备的方法，我们还可以对抽出的超顺排薄膜的电学和光学性质进行调控。实验发现，超顺排薄膜的电阻与温度负相关，其归一化的低温电阻行为只与碳管的直径分布相关，而与母体阵列的高度无关。但是，超顺排薄膜的表面电阻率、透过率和发光偏振度则均随着母体阵列高度的增加而降低。这种变化趋势是由于超顺排阵列中碳管束之间的重组效应造成的。在超顺排阵列中，相邻的碳管束之间并不是分立的，而是通过一小部分碳管重新组合，这种束间重组效应使得从较高的超顺排阵列中抽出的薄膜会形成较大的管束，包含更多的碳管，因此形成的超顺排薄膜更厚，表现出的表面电阻率和透过率更低。较大的管束会包含更多的碳管之间的连接点，因而削弱了电子沿一维的碳管通道输运而形成的发光偏振性。以上的研究有利于超顺排薄膜在一些实际应用如透明导电薄膜、场效应管等方面的研究。

碳纳米管科学发展近二十年来，已经走过了理论研究、实验室合成技术和器件组装技术的探索阶段，开始寻求可能的应用方向。近些年来迅速发展的纳米电子学、纳米生物学以及一些宏观应用方向比如透明导电薄膜等等，都是碳纳米管未来可能的应用领域。虽然碳纳米管总体上很容易合成，但是基础研究和应用研究的深入逐渐对碳管参数的精确可控提出了越来越高的要求，在很多方面按实际需求合成碳纳米管已经成为进一步发展的瓶颈。本论文的研究内容有望加深人们对于生长机理的理解，并对未来按需求可控合成碳纳米管、实现碳纳米管的应用有所裨益。
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Growth Mechanism and Controlled Growth of Multi-walled Carbon Nanotube Arrays
Liu Kai
ABSTRACT
	As an ideal one-dimensional structure, carbon nanotube (CNT) shows wide potential applications owing to its excellent mechanical, electrical and thermal properties. To realize the application of CNTs and further meet various industrial requirements, it is necessary to well control the growth of CNTs with desired production, diameter, length or chirality, which presents a challenge for the study of growth mechanism. Therefore, it is of vital importance to clarify the growth mechanism and further achieve controlled growth of CNTs for the future application of CNTs. Generally, there are three steps during the growth process of CNTs, i.e., nucleation, growth, and termination. In this thesis, we studied the mechanism and the influencing factors at these three steps for multi-walled carbon nanotube (MWCNT) arrays, and tried to control and optimize the growth process, aiming for controlled growth of MWCNT arrays. The main results and discussions are listed in the following:

1. Nucleation step: effect of carbon deposits

The nucleation step is very important during the growth process of MWCNT arrays. In this step, the nucleation density, as well as the quality of MWCNT arrays, is determined. In the general synthesis process, we found that some black carbon deposited on the reactor walls during former growth cycles of MWCNT arrays, which we called “carbon deposits”, had influence on the subsequent growth cycles of MWCNT arrays. Further studies showed that these carbon deposits could promote the nucleation of CNTs. Thus in a reactor with carbon deposits, CNTs had a higher nucleation density and better alignment in the synthesized MWCNT array. We found that in the reactor without carbon deposits, the carbon source gas C2H2 cracked the continuous catalyst film into nanoparticles and started the nucleation step, while in the reactor with carbon deposits, some activated species released from the carbon deposits had interacted with the catalyst film and cracked it into nanoparticles before C2H2 was led in (part of nanoparticles nucleated to grow kink-shaped carbon products). These activated species, probably coming from absorbates (such as CH2) in the carbon deposits, facilitated the high nucleation density due to the more heat released from the reaction with the catalyst. The above discussions indicate the growth of MWCNT arrays is sensitive to the history of the reactor, which is widespread in the synthesis of MWCNT arrays and other nanowires such as silicon nanowire, regardless of the geometry of the reactor.

2. Growth step: mechanism

The growth step is the longest stage during the growth process of MWCNT arrays, which can be efficiently studied by the growth mark method. Here we developed a simple and effective growth mark method, i.e., marking the growth step by temporarily and slightly disturb the normal growth step using an extra pulsed gas flow. The formed marks could be observed post growth under scanning electronic microscope (SEM) or even optical microscope. We clarified the base growth mode of MWCNT arrays under our growth conditions by marking the growth step in irregular time intervals, and measured the growth rate of MWCNT arrays by marking in regular time intervals. We found that at every growth temperatures, the growth rate increased at first, and then remained a stable value in the so-called stable growth step. Although the growth rates at the steady growth step were different at different positions of the MWCNT array, the relations between the growth rates and the growth temperatures gave rise to similar activation energy Ea = 159 ( 7 kJ/mol. This activation energy was not relevant to the diffusion procedure of the carbon atoms in the catalyst, but probably to the surface reaction of C2H2 on the surface of the catalyst. Therefore the growth of MWCNT arrays might not be a diffusion-limited process. Our result fitted well to the growth rate equation derived from the VLS model, implying the growth of MWCNT arrays might follow the VLS mechanism.

3. Termination step: controlled termination

The termination step is easy to be ignored by researchers. However, this step has direct influence on the property of the CNT-substrate interface due to the base-growth mode of CNTs. By tuning the local gas ambience around the substrate during the termination step, we obtained different kinds of MWCNT arrays with different morphologies of CNT ends. In the general “natural termination” that terminated the growth by direct shutting off the carbon source gas, the concentration of the residual carbon source gas decreased gradually. In this case, the catalyst particles gradually shrunk and immersed into the CNTs, inducing that CNT ends became curved around the substrate and contacted with the substrate via the outer graphite shell or a very small residual catalyst particle. However, in the “abrupt termination” that terminated the growth by adding an extra large amount of inert gas, the local carbon source gas disappeared quite abruptly, and thus the catalyst particles were solidated quickly. In this case, CNT ends were very straight around the substrate and contacted with the substrate via the entire catalyst particle.

Different morphologies of CNT ends led to different properties of CNT-substrate interface. We also developed a method to measure the adhesion force between the CNTs and the substrate. The results showed that the adhesion force for abrupt termination was 2.4~3.3 times stronger than that for natural termination, indicating the abrupt termination was favorable for obtaining a strong adhesive force which facilitated the application of MWCNT arrays as field emitters. We also found that the force enhancement factor of arrays on a Si wafer is almost the same as that on SiO2/Si wafer. However, the force enhancement factor appeared to be larger for arrays synthesized at a higher temperature. This method can be used to improve other CNT-substrate interface properties, and applied on other one-dimensional nanomaterials for controlling the tip shapes.

4. Super-aligned carbon nanotube arrays: controlled growth and properties

Super-aligned carbon nanotube (SACNT) arrays are a kind of high-quality multi-walled carbon nanotube arrays. In a SACNT array, CNTs possess a high density and very clean surfaces. An obvious trait of the SACNT array is that it can produce a continuous SACNT film. In this film, CNTs are aligned parallel to the drawing direction. Based on the understandings of the growth mechanism mentioned above, we synthesized SACNT arrays in a wide range of growth conditions. By varying the thicknesses of the catalyst film and the growth time, we achieved control of tube-diameter, number of walls, and height of CNTs in the synthesized SACNT arrays, with the smallest tube-diameter of around 6 nm, the fewest number of walls of 3 walls, and the largest height of 0.9 mm. Based on the controlled synthesis, we also tuned the electrical and optical properties of SACNT films produced from SACNT arrays. Our results showed that the resistance of the film negatively depended on temperature. The normalized resistance increased more prominently with the reduction of tube-diameter and showed no dependence on length of the matrix array. However, the sheet resistance, the optical transmittance, and the degree of polarized light emission all decreased with increasing length of the matrix array, which was ascribed to the reassembling effect of CNT bundles. In the SACNT array, adjacent CNT bundles were not separate, but reassembled via a small part of CNTs. This reassembling effect induced that the SACNT film produced from a higher SACNT array consisted of larger CNT bundles. Therefore, the film was thicker, and thus possessed lower sheet resistance and transmittance. More connect points between the adjacent larger bundles would disturb the one-dimensional transport of electrons along the CNTs and further lowered the polarized degree of light emission. Our results will be very helpful in developing further applications of SACNT films such as transparent conducting films and field effect transistors.

In recent 20 years, after lots of studies on theory, synthesis and fabrication of CNTs, researchers have tried to look for what the real applications of CNTs are. Some novel study fields, such as nanoelectronics and nanobiology, will probably give rise to real applications in future. Although CNTs can be synthesized easily, it is still very hard to precisely control the parameters of CNTs as desired by controlled growth, which has become a bottleneck for the further design of devices. By the studies in this thesis, we really hope that our research extend the understandings of growth mechanism of CNTs, and be favorable for the controlled growth as desired and real applications in future.
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