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中  文  摘  要

	本文基于第一性原理从头计算方法，从原子和电子结构的角度研究了硼、碳、氮 (B、C、N) 轻元素共价键材料的力学性质和物理化学特性（吸附储氢性质）。
在人工合成金刚石和立方BN之后，掀起了寻找新型轻元素超硬共价材料的热潮。目前在超硬材料设计中主要有两个思路，一是综合金刚石的高强度和立方BN的抗高温氧化性，找到兼备高硬度和高温抗氧化性质的超硬材料。代表性的材料是三元立方BC2N材料。二是寻找硬度更高的材料。C-N键是最短的共价键，含有C-N键的共价化合物具有很高的体积模量。前人的理论计算和实验表明，C3N4化合物的体积模量接近甚至超过金刚石，因此可能具有很高的硬度。本文的一个目的就是研究探讨这两种设计思想是否正确。此外，现在可以合成的BC2N和C3N4都是纳米颗粒，尚无法对其硬度做出精确的测量。第一性原理计算成为可靠的理论预测手段。相比弹性模量等参数，描述材料硬度更好的是使用理想强度的概念。理想强度定义为完美无缺陷晶体发生结构失稳时所需要的最小应力，它决定了材料强度的上限。与材料的弹性模量不同的是，理想强度反映着材料在远离平衡位置时的力学性质。当材料受到较大应变作用时，内部化学键性质将发生显著的改变（断裂和结构相变）。同时，实际应用和硬度测试中产生的材料形变和断裂大多发生在远离平衡位置的地方，因此用理想强度来衡量材料的实验硬度更加可靠。
我们分析了两种典型超硬共价材料金刚石和立方BN在大应变下化学键、能量、和应力应变关系。这两种原子结构相似的材料在化学键断裂、力学响应、和结构相变模式等方面存在着有趣的异同点。金刚石在大应变下依然能保持强度，而立方BN则出现了结构的软化。这两种材料在拉伸应变下沿<111>方向最容易断开，反映了这两种材料存在垂直于<111>向自然解理面的实验事实。在切向应变下，金刚石和立方BN沿着{111}面在<112>方向上最易发生原子键断裂，但两者在切向应变下的断开模式是不同的，金刚石在垂直于<111>的方向上断开，而立方BN则是在<111>方向上断开，这是由于C-C键和B-N键的离子性差异造成的。
我们计算了所有8原子元胞的类金刚石格子立方BC2N的理想强度，发现其中最稳定的两种立方BC2N相虽然具有超过立方BN的弹性模量，但是它们的理想强度却小于立方BN。材料内部化学键的分布及其在大应变时性质的差异对材料的强度和硬度有着极为重要的影响。我们对立方BC2N的计算首次发现，在B、C、N各类轻元素之间形成的原子键中，虽然C-N键是最短的原子键，但在外界应力拉伸形变下，C-N键比C-C、B-N、B-C键都弱，最早发生断裂，引起整个材料结构失稳。金刚石和c-BN结构分别只包含单纯的C-C键和B-N键，而立方BC2N结构中含有多种轻元素原子键，其中C-N键在结构形变时容易发生断裂，虽然立方BC2N结构可看作是金刚石和c-BN结构的混合，但其理想强度却比金刚石和c-BN都低。我们也研究了碳组分增加对立方BCxN理想强度的影响，对立方BC6N研究的结果表明，虽然通过增加碳成分的方法可以提高BCxN材料的弹性模量，但是由于C-N弱键的存在，不但BC6N的拉伸理想强度没有明显提高，切变强度还出现了下降。这说明将金刚石和立方BN混合以得到性能介于两者之间的材料看来并不是一个好的想法。三种原子的混合将无可避免的引入较弱的C-N化学键，这将显著降低材料的理想强度或硬度。
我们研究了两种C3N4晶体，赝立方C3N4（pc-C3N4）和-C3N4 的理想强度。经过计算发现pc-C3N4虽然是已知C3N4中体弹性模量和切变弹性模量最高的结构，但是其理想拉伸和切变强度均小于立方BN，这是由于碳氮化合物独特的非成键孤对电子所引起的。在从立方结构向断裂后的层状结构的转变过程中，氮原子中原来高能量的sp3孤对电子倾向于转变成能量较低的sp2孤对电子，两种结构能量上的差异推动了结构的迅速软化和断裂。-C3N4中主要是sp2的孤对电子，笼子状的结构使其具有较低的各向异性。不过计算得到的理想强度虽然高于pc-C3N4，但仍小于立方BN。因此从理想强度角度看，碳氮化合物并不能成为硬度高于金刚石和c-BN的超硬材料。
除了超硬性质之外，本文还讨论了一种全新的金属吸附介质，六方层状C3N4 (h-C3N4)。这种材料的自然微孔结构能和过渡金属之间产生强大的吸引，计算得到的吸附能要大大高于C60等纳米材料，这样的吸附能力有希望解决缀加金属纳米材料在储氢过程中金属原子自发团簇化的难题。同时吸附有金属Ti的C3N4是一种良好的储氢材料，H2分子吸附模拟显示，这种材料的质量储氢比最高可以达到6.7wt%。单个H2分子的吸附能保持在0.1-0.4eV之间，适合在常温下使用。电子态密度，分波态密度，差分电荷密度分析表明，金属-基底相互作用来自于h-C3N4 非成键电子与过渡金属d电子之间的杂化和氮原子的强烈电负性，而H2分子的吸附现象与“Kubas”效应一致。
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Ideal strengths and hydrogen storage of light elements covalent solids from first principles studies
Zhang Yi 
ABSTRACT
	This dissertation is mainly focused, from the atomic and electronic structure level, on the mechanical and physical chemistry properties of light element (B, C, N) covalent solids. First principles ab initio calculation is used in the study.

Since the successful synthesis of diamond and cubic boron nitride (c-BN), the first and second hardest materials known, two ways are followed in the search for novel superhard materials. The first is to find materials with extreme hardness close to diamond and good thermal stability to c-BN. One of these materials is cubic BC2N. The second is to find materials with higher hardness than that of diamond. The C-N bond is known for its shortest covalent bond length and materials containing C-N bonds were suggested to have extreme hardness according to the empirical model. First-principles calculations showed that the bulk moduli of C3N4 compounds are comparable to or even higher than that of diamond. One of the purposes of this dissertation is to determine if these new light element covalent materials are superhard material as they have been expected.

However, in experiment, the synthesized BC2N and C3N4 samples are in nanocrystalline form, which makes it very difficult to determine their hardness. Therefore, a more reliable way is to determine their hardness by means of first-principles calculations. Compared to the conventional elastic parameters, such as bulk and shear moduli, ideal strength provides a more accurate criteria characterizing material hardness. The ideal strength is the lowest stress at which a perfect crystal becomes unstable. The ideal strength sets the upper bound for material strength. Different from the elastic parameters, the ideal strength reflects the mechanical properties at large deformation strain where the bonding characteristics may change significantly (such as bond breaking and structural phase transformation). The empirical models based on the equilibrium parameters may fail to describe material’s response to large deformation strains. While, the ideal strength calculation is more reliable to describe the hardness test that is associated with deformation and structural failure. 

We study the chemical bonds, total energy, and stress-strain relation at large strain for diamond and c-BN. Diamond and c-BN have some interesting similarities and disparities on the bond breaking patterns, mechanical response, and structural phase transformations: Diamond maintains its strength at large strain whereas c-BN goes soft near the critical strain point. In tensile deformation, both diamond and c-BN have cleavage planes normal to the <111> direction, corresponding to the calculated weakest tensile strength in <111> direction. In shear deformation, both diamond and c-BN break mostly easily on the {111} plane alone <112> direction, with diamond deforming into graphitic structure perpendicular to the <111> direction, while c-BN deforming into graphitic h-BN along the <111> direction. We attribute this result to the different ionicity of C-C bond and B-N bond.

In the study of cubic BC2N, all of the 8-atom zinc-blended structured cubic BC2N are studied. Our results show that two of the most stable cubic BC2N have higher elastic moduli than that of c-BN, but the calculated ideal tensile and shear strength are all lower than that of c-BN. The detailed distributions of atomic bonds inside materials affect greatly the strength and hardness of the materials. Our calculations show for the first time that though C-N bond has the shortest bond length, it weakens quickly under the stretching of external stresses and breaks first among C-C, B-N and B-C bonds, causing the whole lattice structure destabilizing. Diamond and c-BN only contain pure C-C and B-N bonds, respectively, but cubic BC2N contains various atomic bonds among different light elements, in which C-N bonds break most easily under structural deformation. Though cubic BC2N can be considered as a mixture of diamond and c-BN, its ideal strength is lower than those of both diamond and c-BN. The cubic BCxN has been studied too. It is interesting that although the elastic moduli of BCxN material increase with the carbon content, the calculated ideal tensile strength is not enhanced. Moreover, the ideal shear strength even becomes lowered due to the presence of C-N bonds and a sequential break of chemical bonds. The result indicates that it is hard to obtain a superhard material by mixing diamond and c-BN. The bond hybridization will inevitably introduce the weak C-B bonds and thus significantly lowers their ideal strength.

We study the ideal strength of two crystalline C3N4: pseudo-cubic C3N4 (pc-C3N4) and -C3N4. pc-C3N4 has the overall highest bulk and shear moduli in C3N4 family. But its ideal strength is lower than that of c-BN. During the cubic-graphite transformation, the sp3 lone pair electrons in pc-C3N4 become sp2 lone pair electrons. This lone pair transition causes the energy difference between cubic and graphitic and therefore promotes the pc-C3N4 structural deformation at early stage. -C3N4 has sp2 lone pair electrons and cage-like structure that leads to low anisotropy mechanic response to external loadings. Its calculated ideal strength is higher than that of pc-C3N4 but still lower than that of c-BN. As a result, carbon nitride (C3N4) could not be harder than either diamond or c-BN.

Finally, we propose the hexagonal graphenic C3N4 (h-C3N4) as a potential novel media for hydrogen storage. The natural porous structure caused by sp2 lone pair electrons can tightly bind up with 3d transition metal atoms. The adsorption energy for metals is much higher than that of C60. This result suggests that one can use h-C3N4 to overcome the spontaneous metal clustering effect in carbon-based systems. Moreover, we find that the Ti decorated h-C3N4 is good for hydrogen adsorption. H2 adsorption simulations show up to 6.7wt% mass storage ratio. The binding energy per H2 is about 0.1-0.4eV, which is suitable for hydrogen onboard at ambient conditions. The total electron density of states (DOS), orbital projected density of states (PDOS), and differential charger density are plotted and discussed. The metal-C3N4 interaction originates from strong electro-negativity of N atoms and the hybridization between nonbonding p-like states of h-C3N4 and d electrons of transition metals. The adsorption mechanism of H2 is can be explained by the ’Kubas’ effect.
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