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中  文  摘  要

	电化学电容器因具有高比功率和长寿命等突出优点在军用、民用两方面高速发展。电极材料是提高电化学电容器性能的关键，碳纳米管阵列（CNTA）具有优良的电导率和发达的中、大孔结构，有望获得优良的电容性能。高质量CNTA的生长机理与可控制备仍是全世界研究的热点，在集流体上直接生长CNTA难度更大；另外关于CNTA电容性能的报道较少，对CNTA电极的储能特点、性能优势认识不足。本论文以研究高质量CNTA的制备和高性能CNTA基电极为目标，设计并制备出几种高容量、高功率特性的CNTA及其复合电极，系统研究了这些电极的“原料—制备—结构—性能”间的关联，阐明了它们的储能特点。在高性能CNTA及其复合电极的纳米结构形成机理，可控制备和储能机制方面取得了一些成果。

（1）制备高性能CNTA电极的先决条件是制备出高质量的CNTA。本论文用电子束蒸发的方法在硅基底上镀上Al2O3缓冲层和Fe催化剂，对催化剂膜进行预处理，再应用CVD法制备出了高达1.3 mm的CNTA。

研究表明，预处理条件对Fe/Al2O3催化剂膜的形貌、活性和随后的CNTA生长都有显著影响，只有形状规则、尺寸和分布密度合适的纳米化催化剂颗粒才具有高的催化活性，50 SCCM（毫升/分）氢气流量下、600~800 ºC升温过程中预处理8 min是较合适的条件，能得到由直径约30 nm、分布均匀的高活性催化剂颗粒。基于系统的AFM、SEM、EDX研究分析，提出了预处理条件对催化剂膜形貌和CNTA生长的影响机制：高温条件下氢气可以显著改变催化剂/缓冲层/气氛的表面能，进而改变缓冲层和催化剂的形貌，氢气能促使氧化铝缓冲层形成一定起伏，而预处理形成的Fe纳米颗粒形成于氧化铝起伏层的顶部，进而催化生长CNT。

CNTA生长过程中，乙烯流量、氢气流量以及生长时间均会影响CNTA的高度；乙烯流量和氢气流量还会影响到催化剂上碳的“吸附—分解—扩散—析出”过程，进而对制得的碳纳米管的直径、管壁数和石墨层结构产生显著影响：乙烯流量越高、氢气流量越低，制得的CNT直径就越大，管壁越厚。因此，可通过控制生长条件制备具有特定性质的CNTA，如含有单壁或双壁碳纳米管的CNTA。CNTA的石墨层结构与其高度存在一定联系：CNTA越高石墨层结构越好。
（2）在硅基底上生长CNTA的工艺最为成熟，但硅导电性差，在其上生长的CNTA难以直接用做电极板。本论文设计出一种简便、有效的“切割-粘贴”（cut-paste）法：将硅基底上生长的CNTA切割下来，粘贴到导电集流体上制成CNTA电极，制得的CNTA电极能保持原始CNTA的微观结构。

CNTA电极在有机、无机电解液体系中分别获得25和15 F/g比容量、以及良好的倍率性能，在无机体系中容量较小，这一反常现象的原因是CNTA具有强的疏水性。由于具有较大的孔径和通孔结构，CNTA电极在离子液体中的比容量和倍率性能与其在有机电解液中相当，这同其它多孔电容炭不同。

无序碳纳米管（ECNT）电极与CNTA电极微观结构的差异使得两种电极性质相差较大：CNTA电极具有更为发达的中孔结构和电子导电网络，从而获得高于ECNT电极的离子电导率和电子电导率，以及较低的等效串联电阻，因此具有较好的倍率性能。

（3）将CNTA直接生长在导电集流体上制备电极（直接法），能改善CNTA与集流体的接触，使电极获得更小的接触电阻和更优良的电化学性能。应用固相浮动催化法，在镀氧化铝缓冲层的不锈钢、钽和玻态炭基底上直接制备出85~90 μm高的CNTA；应用负载催化法，在镀氧化铝缓冲层的不锈钢、钽和铜基底上直接制备高出达400 μm的CNTA；研究表明只要基底的表面结构在高温还原性气氛下保持稳定，便能用直接法在其上制备出高质量的CNTA。这加深了对导电性基底上生长CNTA的认识，拓宽了可用于生长CNTA的基底的范畴。

直接法制备CNTA电极的比容量30 F/g，略高于间接法制备的CNTA电极，倍率性能则要远高出后者，原因是CNTA与集流体接触更好，ESR更小；与负载催化法相比，固相浮动催化法制备的CNTA电极ESR值更小，功率特性更好。

CNTA基有机电解液体系电容器可获得高达3.5 V的工作电位，较长的循环寿命，基于CNTA质量的比功率和比能量性能分别为928 kW/kg和19 Wh/kg。通过分析实验结果，参考双电层储能的相关理论，认为CNTA电容器有望获得1.39 Wh/kg的比容量和62.5 kW/kg的比功率。

（4）为进一步提高CNTA的比容量，提出了以新型双电层电容电极—碳纳米管阵列（CNTA）电极为基材，均匀沉积高比容量准电容电极材料的新思路。利用CNTA电极高比表面、规则大介孔及优异的三维导电网络结构，制备了具有独特纳米结构和优异储能特性的准电容/CNTA复合电极材料，包括具有纳米“管套管”结构的聚苯胺/CNTA复合材料和具有“蒲公英花状”纳米结构的氧化锰/CNTA复合材料（见图1），解决了目前存在的双电层电容电极材料比容量低、准电容电极材料倍率特性差的问题。
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图1 将准电容材料沉积到CNTA电极之上制备CNTA复合电极示意图

采用电沉积方法在CNTA基体中每根CNT表面可控地沉积7 nm厚的聚苯胺（PANI）层，制备出具有纳米管阵列结构的PANI/CNTA复合电极材料，该材料具有1030 F/g的比容量，294 A/g的大电流密度下比容量仍有789 F/g，5000次循环容量衰减5.5 %，倍率性能和寿命均高于PANI/ECNT复合材料的性能。研究并提出该复合电极的储能机制：纳米尺寸的PANI 层均匀地附着在CNTA 上，首先，CNT之间的中、大孔和PANI 活性层中的微孔构成了分级式的孔结构，有利于电解液离子的快速迁移，离子电导率较高；其次，在充放电的过程中，离子在电极纳米尺寸PANI 层内的扩散长度（L）很短，保证了电极材料的高利用率；第三，由于CNT 具有优异的导电性且直接与集流体（Ta 箔）连接，使CNTA/Ta 基体具有良好的导电性，为电荷传输提供了电子“高速公路”，电极电子电导率较高；第四，作为基体的CNT 具有优异的机械性能。
PANI/CNTA做锂电池正极材料，具有99 mAh/g的比容量，20、60和260 C的高倍率下，仍能获得57、54和37 mAh/g的比容量，高于文献报道的PANI/ECNT复合材料的倍率性能。

（5）氧化锰（MO）做电化学电容器电极材料具有寿命长和密度高的优点。本论文以CNTA为基体，采用电沉积法制备出具有蒲公英花状纳米结构的MO微粒与CNTA的复合电极材料，复合材料中氧化锰的质量和体积比容量分别为199 F/g和307 F/cm3，在77 A/g的大电流密度下仍能保持101 F/g的比容量，倍率性能高于目前氧化锰及氧化锰基复合材料，20000次循环充放电后容量仅衰减3 %。在该类复合材料中，纳米尺寸的氧化锰颗粒规则地分布在孔结构规则的CNTA 上，且倾向位于在CNT 间的接触点上。该类复合电极表现出优异电容性质与其这种独特的结构有关：首先，纳米管之间的中、大孔和氧化锰纳米花中的微孔构成了分级式的孔结构，有利于电解液离子的快速迁移，保证了在短时间内有充足的离子与活性物质作用;其次，在充放电过程中，氧化锰“花瓣”的纳米尺寸减少了离子在电极内的扩散长度（L），提高了质子交换的速率，保证了电极材料的高利用率；第三，由于CNT 具有优异的导电性且直接与Ta 箔连接，每个氧化锰纳米花均由至少两根高性能“导线”（CNT）与集流体相连，提高了电极的电子电导率；第四，作为基体的CNT具有优异的机械性能，可以减少由于机械因素引起的循环衰减。此外，与粉末状电极材料不同，MO/CNTA 复合电极在电极制备过程中不需要任何的粘结剂和导电剂，制备工艺简单，且容易对电极进行后期整体加工，具有较好的研究前景。
研究表明，可通过使用添加剂和热处理进一步提高复合材料的性能：醋酸根能促使电沉积的氧化锰形成纳米薄片状结构，具有较高的比表面积、质量和体积比容量，分别为322 m2/g、302 F/g和453 F/cm3；钴的掺入改善了电极材料的质子传导性，提高复合电极的电导率，降低ESR值；热处理使得复合电极中氧化锰晶化，倍率性能提高。

MO/CNTA复合电极在锂电池中具有较高的比容量（246 mAh/g）和较好的倍率性能（50 C下51 mAh/g），高于文献报道的氧化锰基电极材料的结果。
两类CNTA基纳米复合材料的纳米结构形成机制和性能均在本学位论文中进行了深入的探讨，为其它相关纳米电极材料的设计、制备奠定了理论与实践基础，也开辟了合成同时具有高比表面、分级式孔结构以及优异导电性复合材料的新思路。这些先进功能材料将在各种化学电源、催化、化学传感器、微电子等方面有较广阔的应用前景。
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Preparation and Performance of Carbon Nanotube Array and Carbon Nanotube Array-based Composite Electrodes for Electrochemical Capacitors
Zhang Hao
ABSTRACT
	Electrochemical capacitors have attracted great interest in both military and popular applications because they have high specific power and long cycle life. Electrode materials are the key problem of improving the performance of electrochemical capacitors. Carbon nanotube array (CNTA) can obtain good capacitive performance because it presents superior electronic conductivity and developed meso/macroporous structure. The fabrication of CNTA has attracted great interest in the world; however, it is still hard to grow CNTA directly on current collectors. Moreover, there are few studies on the capacitive performance of CNTA and these studies fall short of the understanding of CNTA electrode’s energy storage characteristics and advantages. In order to solve these problems and meet the demand of electrochemical capacitors for high-performance electrode materials, this dissertation studied the preparation and energy storage characteristics of CNTA electrode, and then designed and synthesized several high performance CNTA-based composite materials. The relationships between precursor, fabrication, structure, and performance of these materials were studied systematically; the energy storage characteristics of these novel materials were illustrated. The main results are as follows:

(1) The precondition of fabrication of CNTA electrode is the preparation of CNTA. A catalyst film of Fe (1.2 nm)/Al2O3 (30 nm) was deposited by electron-beam evaporation onto the Si substrate, heat treated in H2, and then used to grow a 1.3-mm-long CNTA with nice crystallinity by chemical vapor deposition (CVD). Our results confirm that the morphology and activity of catalyst films are very sensitive to the pretreatment conditions. Only uniformly dispersed and densely packed catalyst particles, which can be prepared by simply annealing the catalyst film at 800 °C for 8 min in 50 sccm H2, have high activity. Based on the results of AFM, SEM, and EDX, we suggest that the catalyst particles are apt to form at the top of the Al2O3 particles after pretreatment, which is due to the fact that a hydrogen atmosphere generally leads to a much better wetting behavior and then an increase of the contact angle between catalyst particle and buffer layer. 

Ethylene and hydrogen flow rates and growth time influence the length of CNTA; furthermore, ethylene and hydrogen flow rates can influence the diameter, wall number, and graphite sheet crystallinity of nanotubes: larger ethylene flow rate or smaller hydrogen flow rate leads to nanotubes with larger diameter and more wall number, and then CNTA containing single- and double-walled CNTs can be synthesized by controlling the growth conditions. In addition, it is found that longer CNTA tends to present better crystallinity of graphite sheets. The mechanism of the influence of ethylene and hydrogen flow rates, growth temperature, and time on the properties of CNTA has been proposed. The growth process of CNTA has been presented.

(2) Growth of CNTA on silicon substrate is mature; however, silicon is a semiconductor and can not be used as a current collector. CNTA electrode was fabricated by a simple and powerful “cut-paste” method, which did not damage the microstructure of the CNTA. CNTA electrode presents 25 and 15 F/g in organic and aqueous electrolyte. The hydrophobic property of CNT leads to an abnormal phenomenon that CNTA presents lower specific capacitance in aqueous electrolyte than that in organic electrolyte. Unlike traditional porous carbon materials, the capacitive and rate performance of CNTA in ionic liquid electrolyte are comparable to that in organic electrolyte, the reason is that CNTA present large pores and open pore structure. Compared to entangled carbon nanotube (ECNT) electrode, CNTA present more developed mesoporous structure and electronic conductive paths, and then has higher ionic and electronic conductivity, and lower equivalent series resistance (ESR), thus has better rate performance.

(3) Growth of CNTA on current collector directly can improve the contacts between CNTA and substrate, ensure the electrode obtaining lower contact resistance and then better capacitive performance. 85~90-μm-long CNTAs were grown on stainless steel, Ta, and glassy carbon substrates by pyrolysis of iron phthalocyanine and ethylene. Up to 420-μm-long CNTAs were grown on stainless steel, Ta, and Cu substrates by thermal CVD. Experimental results indicate that CNTA can be grown on any substrate by Al2O3 buffer layer-assisted CVD as long as this substrate is stable in H2 at high temperatures, this understanding clarify the precondition of growing CNTA on conductive substrate, extending the range of substrates that can be used to synthesize CNTA. 

The specific capacitance of CNTA grown on current collectors is 30 F/g. These CNTAs have much higher rate capability than the CNTAs pasted on current collectors, which is attributed to that the former electrodes have lower ESR. CNTA-based supercapacitor with organic electrolyte presents high working voltage (3.5 V), long cycle life, and good rate capability. The power and energy densities are 928 kW/kg and 19 Wh/kg, respectively (based on the mass of CNTA). We claim that CNTA-based electrochemical capacitors may obtain specific energy and power densities of 1.39 Wh/kg and 62.5 kW/kg, respectively.

(4) In order to enhance the capacitance of CNTA, pseudocapacitive materials, such as conducting polymers and metal oxides, are doped into the pores of highly conductive and stable CNTAs (see Fig. 1). Considering that CNTA has regular pore structure, high SSA, homogeneous property (binder-free), and superior conductivity, depositing pseudo-capacitive materials on CNTA electrodes is a promising method for the fabrication of novel composite electrodes with superior capacitive properties. 
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Fig. 1. A schematic diagram illustrating how pseudo-capacitive materials may be deposited on CNTA electrodes for novel CNTA-based composite electrodes.

Polyaniline (PANI)/CNTA composite electrode were synthesized by electrodepositing of aniline nanolayer on every CNTs in CNTA. CNTA support with good conductivity, large pore size, regular pore structure, and good stability improve both power and cycle performance of composite electrode. Nanometer-scale (7 nm) PANI layer on CNTA exhibits good electrochemical accessibility for electrolyte ions and reduce the distance that ions must be transported during charge-discharge process, which is fundamental for electrode materials of supercapacitors showing high specific capacitance and good rate capability. PANI/CNTA composite electrode is characterized by high specific capacitance (1030 F/g), superior rate capability (95 % capacity retention at 118 A/g), and high stability (5.5 % capacity loss after 5,000 cycles), the rate and cycle performances are much better than that of PANI/ECNT composites. The energy storage characteristics of the PANI/CNTA composite are investigated and stated as follows. Nanometer-sized PANI layer coats every CNT in CNTA uniformly. This geometry has several advantages. First, the PANI nanolayer is connected directly with the current collector (Ta foil) by electron “superhighways” (CNTs), thus this superior conducting network allows for efficient charge transport and enhances the electronic conductivity of the composite significantly. Second, the high SSA and the nanometer size, which reduces the diffusion length of ions in PANI phase during charge–discharge process, ensure a high utilization of electrode materials, and then a high specific capacity. Third, hierarchically porous structure enhances the ionic conductivity of the PANI/CNTA composite greatly. The physicochemical properties of the electrolyte in macropores are similar to those of the bulk electrolyte with the lowest resistance. Ion buffering reservoirs can be formed in macropores between nanotubes to minimize the diffusion distances to the interior surfaces of PANI phase. Fourth, the use of CNTs with exceptional mechanical properties as a support and the geometry of the nanometer size PNAI layer can release the cycle degradation problems caused by mechanical problems or volume changes and can overcome nanoparticle aggregation. In addition, as PANI phase is connected to the conducting framework, the need for binders or conducting additives, which add extra contact resistance or weight, is eliminated. Thus, the PANI/CNTA composite electrode presents the best electrochemical capacitive performance. 
When used as a Li-ion battery cathode, PANI/CNTA electrode can deliver 99, 57, 54, and 37 mAh/g at discharge rates of 0.4, 20, 60, and 260 C.

(5) Manganese oxide (MO) has high density and long cycle life in electrochemical capacitors. The electrodeposition of MO on CNTA substrate leads to a controlled preparation of manganese oxide nanoflower/CNTA composite electrodes with hierarchical porous structure, large surface area, and superior conductivity, every dandelion flower-like MO nanoparticle locates at the junctions between CNTs and this composite electrode is binder-free. The manganese oxide in the composite electrode presents excellent rate capability (50.8 % capacity retention at 77 A/g), high capacitance (199 F/g and 307 F/cm3), and long cycle life (3 % capacity loss after 20,000 charge/discharge cycles), the rate performance is better than any MO or MO-based composite materials reported. The energy storage characteristics of the manganese oxide/CNTA composite are discussed. Manganese oxide nanoflowers are grown directly on nanostructured current collector (CNTA). This geometry has several advantages. First, each manganese oxide nanoflower is connected directly with the current collector (Ta foil) by two or more electron “superhighways” (CNTs); thus, this superior conducting network allows for efficient charge transport and enhances the electronic conductivity of composite significantly. Second, the high SSA and the nanometer size, which reduces the diffusion length of ions within manganese oxide phase during the charge/ discharge process, ensure a high utilization of electrode materials, and then a high specific capacitance. Third, a hierarchically porous structure enhances the ionic conductivity of the composite greatly. The physicochemical properties of the electrolyte in macropores are similar to those of the bulk electrolyte with the lowest resistance. Ion-buffering reservoirs can be formed in macropores to minimize the diffusion distances to interior surfaces of manganese oxide. Fourth, the use of CNTs with exceptional mechanical properties as a support and the geometry of the manganese oxide nanoflower can release the cycle degradation problems caused by mechanical problems or volume changes and can overcome nanoparticle aggregation. In addition, as every manganese oxide particle is connected to the conducting framework; the need for binders or conducting additives, which add extra contact resistance or weight, is eliminated. Thus, the manganese oxide/CNTA composite electrode presents the best electrochemical capacitive performance.

The performance of MO/CNTA can be enhanced by additives and heat treatment: acetic can make MO deposits forming nanosheet structure and obtaining high specific surface area and capacitance of 322 m2/g, 302 F/g, and 453 F/cm3; Co can enhance the conductivity and then the power performance of MO; heat treatment can enhance the rate performance of MO.

When used as a Li-ion batteries electrode, MO/CNTA electrode delivers 246 and 51 mAh/g at discharge rates of 0.4 and 50 C, respectively. These results are better than the performances of manganese oxide-based materials reported previously.
The mechanisms of the nanostructure forming and the energy storage of the two kinds of CNTA-based materials have been investigated. Our work reveals that CNTA is an ideal substrate for depositing transition metal oxides to synthesize novel nanomaterials and opens up a novel route for the direct synthesis of advanced functional materials with hierarchical porous structure and superior conductivity. These materials can find applications in not only energy storage but also sensors, catalysis, and microelectronics.
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