
[image: 南航字体][image: 南航标]
南京航空航天大学短期访学研修计划
Research Plan for Short Visit Program, NUAA
	姓名
	李 中
	学号
	BX1506510

	性别
	男
	出生年月日
	1991.02.06

	所在学院
	材料科学与技术学院
	所学专业
	材料加工工程

	国内导师
	姚正军 教授
	留学国别
	斯洛伐克

	留学院校
	夸美纽斯大学
	留学院系
	实验物理系

	国外导师
	Prof. Andrej Plecenik
	学习期限
	6个月（2018.03.10-2018.09.10）

	研究课题名称：基于功能化TiO2的新型气体传感器

	研究背景:
气体传感器是化学传感器最重要的分支之一，其中研究最为广泛的是电阻型气体传感器，其主要工作原理是通过敏感材料与待测气体的相互作用而引起材料的电阻发生变化，从而将目标气体体积分数或浓度转化成相应的电信号输出[1]。如今，在航空航天，汽车制造，环境监测，安全和过程控制等众多领域中，气体传感器尤其是高温气体传感器的需求日益增加[2]。具体而言，发动机在工作时会排放出大量NOx，CO，HCs等高温有毒气体（燃烧方程式如（1）所示），既造成环境污染，
     （1）
又危害人类健康。因此，必须在排放源头对这些气体进行实时监控。现有的光学高温气体传感器，由于光学仪器成本高，稳定性差，选择性低和维护频繁等缺点，难以达到高温恶劣环境下长期使用的要求[3]。传统的金属氧化物(SnO2，ZnO，WO3等)传感器用于检测可燃气体与有毒气体已有几十年的历史，但仍存在工作温度低（100~300C），高温环境下敏感性，选择性和稳定性不足等缺点[4]。近年来，TiO2基传感器因其在高温（~700C）恶劣环境下的优良稳定性以及对特定气体不同浓度的普适性而成为气体传感领域的研究热点[5]。
A. A. Haidry[6]研究发现，Ti4+（0.60 Å）和Cr3+（0.61 Å）离子半径相近，Cr3+可替代TiO2晶格中的Ti4+而形成额外缺陷（如氧空位和间隙Ti原子），使TiO2电子结构发生改变，进而可在400C下对NO2气体展现出优良的p型响应特性；M. Duta[7]采用溶胶凝胶的方法制备Nb掺杂TiO2薄膜并应用于CO气体传感器，研究发现，薄膜厚度对敏感性能无明显影响，Nb掺杂量为0.8 at.%的TiO2薄膜在400C时具有最好的性能；Cr3+/Nb5+两种掺杂元素在提高TiO2薄膜敏感性、选择性和高温敏感特性方面潜力巨大。因此，研究Cr3+/Nb5+掺杂对TiO2电子输运和高温气敏特性的影响对高温气体传感器的制备具有重要意义[8]。
参考文献:
[1] N. Barsan, D. Koziej, U. Weimer. Metal oxide-based gas sensor research: How to. Sensors and Actuators B, 2007, 121: 18-35.
[2] E. Ciftyürek, K. Sabolsky, E. M. Sabolsky. High temperature selective sensing of hydrogen with MgO-modified SrMoO4 micro-fibers. Sensors and Actuators B, 2017, 249: 296-310.
[3] J. Z. Ou, W. Y. Ge, B. Carey, T. Daeneke, A. Rotbart, et al. Physisorption-Based Charge Transfer in Two-Dimensional SnS2 for Selective and Reversible NO2 Gas Sensing. ACS Nano, 2015, 9: 10313-10323.
[4] J. Zhang, X. H. Liu, G. Neri, N. Pinna. Nanostructured materials for room-temperature gas sensors. Advanced. Materials, 2016, 28: 795-831.
[5] T. Plecenik, M. Mosko, A. A. Haidry, P. Durina, M. Truchly, et al. Fast highly-sensitive room-temperature semiconductor gas sensor based on the nanoscale Pt-TiO2-Pt sandwich. Sensors and Actuators B, 2015, 207: 351-361.
[6] A. A. Haidry, C. Cetin, K. Kelm, B. S. Brings. Sensing mechanism of low temperature NO2 sensing with top-bottom electrode (TBE) geometry. Sensors and Actuators B, 2016, 236: 874-884.
[7] M. Duta, L. Predoana, J. M. Calderon-Moreno, S. Preda, M. Anastasescu, et al. Nb-doped TiO2 sol-gel films for CO sensing applications. Materials Science in Semiconductor Processing 2016, 42: 397-404.
[8] E. Ciftyürek, C. D. McMillen, K. Sabolsky, E. M. Sabolsky. Platinum-zirconium composite thin film electrodes for high-temperature micro-chemical sensor applications. Sensors and Actuators B, 2015, 207: 206-215.

	申请人科研能力概述：
申请人自本科直博以来一直致力于金属氧化物基气体传感器的研究，对金属氧化物半导体的制备及其气敏性能表征有深入的理解。在两年时间里发表中科院2区论文两篇，主持、参与省级科研项目各一项。
1. 论文发表
① Zhong Li, Azhar Ali Haidry, Bin Gao, Tao Wang and ZhengJun Yao. The effect of Co-doping on the humidity sensing properties of ordered mesoporous TiO2, Applied Surface Science, 2017, 412, 638-647. (IF=3.387)
② Zhong Li, Azhar Ali Haidry, Tao Wang and ZhengJun Yao. Low-cost fabrication of highly sensitive room temperature hydrogen sensor based on ordered mesoporous Co-doped TiO2 structure, Applied Physics Letters, 2017, 111, 032104. (IF=3.411)
2. 科研项目
① 江苏省研究生科研创新计划项目：介孔金属氧化物半导体的合成及其气湿敏特性研究(KYCX_0255)，2017.06 ~ 2018.12。（主持，项目负责人）
② 江苏省青年基金项目：高灵敏、高选择新型TiO2基高温气体传感器的制备与理论研究(BK20170795)，2017.07 ~ 2020.07。（参与，技术负责人）
· 作为项目主要参与人员完成项目申报
· 作为项目技术负责人参与实验方案设计并具体实施
· 参与实验数据分析并撰写科技论文

	研究课题的目的及预期目标: 
1. 确定反应溅射制备Cr3+/Nb5+掺杂TiO2涂层的最佳工艺参数；
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]2. 探究Cr3+/Nb5+掺杂对TiO2电子输运及气敏特性的影响；
3. 建立Cr3+/Nb5+掺杂TiO2敏感涂层气敏传感机制；
4. 为金属氧化基高温气体传感器的设计提供思路；
5. 撰写发表SCI论文1-2篇。  

	研究具体实施方法: 
研究内容可具体细分为以下5个工作包来实施：
1. 制备：
以单晶Al2O3蓝宝石和硅片为衬底，通过优化溅射参数以获得未掺杂和Cr3+/Nb5+掺杂的高质量TiO2涂层，通过调整掺杂量和退火温度来控制涂层的形貌和晶体结构。
2. 表征：
对涂层进行系统的XRD，SEM，EDX，AFM和XPS测试表征
XRD：研究Cr3+/Nb5+掺杂浓度和退火温度对TiO2涂层相组成与转变的影响；
SEM-EDX：观察涂层表/截面形态及厚度，确认掺杂元素分布方式和掺杂浓度；
AFM：对涂层表面形貌进行拍照并利用SPM软件计算其表面粗糙度；
XPS：沿涂层表面和厚度两个维度进行元素价态分析。
3. 制备顶底电极(TBE)结构气体传感器：
首先，采用金属掩模法在单晶Al2O3和柔性聚酰亚胺衬底上溅射沉积底部Pt电极。然后，在底部Pt电极上溅射沉积未掺杂和Cr3+/Nb5+掺杂的高质量TiO2涂层。最后，通过光刻以及直流磁控溅射沉积顶部Pt电极。获得的顶底电极(TBE)结构将在合适的温度下退火。
4. 电学和气敏测试：
筛选合适的样品进行电学性能测试，如R-T特性测试和典型的I-V曲线测试。此外，在不种温度下对各种气体进行从低浓度到高浓度的动态响应测试，并探索传感机制模型。
5. 总结和出版:
分析研究结果并撰写科技论文，以双方合作的方式进行投稿。此外，所得的结果也将用于进一步的研究活动与合作。


	研究时间安排
	No.
	Work-package
	Months

	
	
	1st
	2nd
	3rd
	4th
	5th
	6th

	WP1
	制备
	
	
	
	
	
	

	WP2
	表征
	
	
	
	
	
	

	WP3
	制备顶底电极(TBE)结构气体传感器
	
	
	
	
	
	

	WP4
	电学和气敏测试
	
	
	
	
	
	

	WP5
	总结和出版
	
	
	
	
	
	


 

	回国后工作/学习计划 
回国后我将汇报访学成果，分享研究经验，继续开展金属氧化物气敏材料的研究，并完成我的博士学位论文。
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	Research Title:：Novel gas sensors based on functionalized TiO2

	Research Background:
Gas sensor is one of the most important branches of chemical sensor, among which the resistance-type gas sensor obtain the most extensive studied. Its main mechanism is via recognizing the resistance change of sensing materials root in the interaction with various gases, and then converts the concentration or volume fraction of target gas into corresponding output electrical signals [1]. Nowadays, the detectors for high temperature gas monitoring are increasingly needed for many industrial processes, such as in aerospace and automotive industry, environmental monitoring, safety and process control [2]. As an example, various gases discharged from running engine (reaction is given in equation 1 below) along with high temperature toxic gases (NOx，CO，HCs), which is harmful to human as well as our environment. Therefore, these gases must be monitored in real time at the source of the emission. However, current optical high temperature gas sensors do not meet the demand of long-term and practical use due to the expensive optical instruments, low stability, low selectivity and frequent maintenance [3].
      （1）
Traditional metal oxide (SnO2, ZnO, WO3 and others) sensors have been utilized for several decades for low-cost detection of combustible and toxic gases. However, issues with sensitivity, selectivity, and stability under high temperature condition have limited their use [4]. Recently, TiO2 based materials have gained high attention of the scientists because of the stability in harsh environment and elevated temperature (ranging from room temperature to 700 C) [5].
According to the research of A.A. Haidry [6], the ionic radii of Ti4+ (0.60 Å) and Cr3+ (0.61 Å) are nearly matched so it is high possible that substitution of trivalent Cr3+ within Ti4+ lattice modifies the electronic structure of TiO2 by forming additional defects (such as oxygen vacancies and Ti interstitials) and thus shows p-type semiconductor sensor response toward NO2 at 400C. M. Duta [7] employ the method of sol-gel to prepare the Nb doped TiO2 thin film and applied to CO gas sensor. Study found that the thickness of the film has no obvious influence to the sensing performances and the film with 0.8 at. % doping concentration possesses the best performance at high temperature 400C.
This two doping elements (Cr3+/Nb5+) have great potential in improving the sensitivity and selectivity of TiO2 films under high temperature. Hence, it is of great significance to study the influence of Cr3+/Nb5+ doping on the preparation of high temperature gas sensor [8].
References:
[1] N. Barsan, D. Koziej, U. Weimer. Metal oxide-based gas sensor research: How to. Sensors and Actuators B, 2007, 121: 18-35.
[2] E. Ciftyürek, K. Sabolsky, E. M. Sabolsky. High temperature selective sensing of hydrogen with MgO-modified SrMoO4 micro-fibers. Sensors and Actuators B, 2017, 249: 296-310.
[3] J. Z. Ou, W. Y. Ge, B. Carey, T. Daeneke, A. Rotbart, et al. Physisorption-Based Charge Transfer in Two-Dimensional SnS2 for Selective and Reversible NO2 Gas Sensing. ACS Nano, 2015, 9: 10313-10323.
[4] J. Zhang, X. H. Liu, G. Neri, N. Pinna. Nanostructured materials for room-temperature gas sensors. Advanced. Materials, 2016, 28: 795-831.
[5] T. Plecenik, M. Mosko, A. A. Haidry, P. Durina, M. Truchly, et al. Fast highly-sensitive room-temperature semiconductor gas sensor based on the nanoscale Pt-TiO2-Pt sandwich. Sensors and Actuators B, 2015, 207: 351-361.
[6] A. A. Haidry, C. Cetin, K. Kelm, B. S. Brings. Sensing mechanism of low temperature NO2 sensing with top-bottom electrode (TBE) geometry. Sensors and Actuators B, 2016, 236: 874-884.
[7] M. Duta, L. Predoana, J. M. Calderon-Moreno, S. Preda, M. Anastasescu, et al. Nb-doped TiO2 sol-gel films for CO sensing applications. Materials Science in Semiconductor Processing 2016, 42: 397-404.
[8] E. Ciftyürek, C. D. McMillen, K. Sabolsky, E. M. Sabolsky. Platinum-zirconium composite thin film electrodes for high-temperature micro-chemical sensor applications. Sensors and Actuators B, 2015, 207: 206-215.

	Research Foundation of the Applicant：
The applicant has been working on the research of gas sensor based on metal oxide since he started his doctoral study. He has an in-depth understanding of the preparation of metal oxide semiconductors and their characterization of gas sensitivity. In two years, he published two top SCI papers, presided over and participated in two provincial level projects.
1. Publications
① Zhong Li, Azhar Ali Haidry, Bin Gao, Tao Wang and ZhengJun Yao. The effect of Co-doping on the humidity sensing properties of ordered mesoporous TiO2, Applied Surface Science, 2017, 412, 638-647. (IF=3.387)
② Zhong Li, Azhar Ali Haidry, Tao Wang and ZhengJun Yao. Low-cost fabrication of highly sensitive room temperature hydrogen sensor based on ordered mesoporous Co-doped TiO2 structure, Applied Physics Letters, 2017, 111, 032104. (IF=3.411)
2. Research Projects
① Postgraduate Research and Practice Innovation Program of Jiangsu Province：Synthesis of Mesoporous Metal Oxide Semiconductor and its Gas/Humidity Sensitive Properties (KYCX_0255)，2017.06~2018.12. (Presided Over, Project Leader)
② Natural Science Foundation of Jiangsu Province：Preparation and Theoretical Study of High Sensitive, High Selectivity Gas Sensor Operate at High Temperature (BK20170795)，2017.07~2020.07. (Participated in，Technical Director）
· Completed project declaration as the main participant of the project
· Participated in the design and implementation of the experiment plan as the project technical leader
· Participate in the analysis of experimental data and write report

	The Goal and Expectation of the Research: 
1. Determine the optimum technological parameters for the preparation of Cr3+/Nb5+ doped TiO2 coatings；
2. Explore the influence of Cr3+/Nb5+ doping on electron transport and gas sensing properties of TiO2；
3. Establish gas sensing mechanism of Cr3+/Nb5+ doped TiO2 coating; 
4. Provide the design thought of high temperature gas sensor based on metal oxide；
5. Write 1-2 SCI papers.  

	The Experimental Methods: 
The specific research contents can be categorized into following work-packages to be performed during the six months stay:

WP1–Synthesis: 
Optimization of sputtering parameters to obtain high quality pristine and Cr3+/Nb5+ doped TiO2 coatings on single crystal Al2O3 sapphire and silicon substrates. Controlling the morphology and crystal structure of the prepared coatings by adjust dopants amount and post-annealing temperature.

WP2–Characterization: 
Systematic tests include XRD, SEM, EDX, AFM and XPS. XRD: Investigating the effect of Cr3+/Nb5+ doping and annealing temperature on characteristics of TiO2 based coating. Findings about phase composition and anatase-to-rutile phase transformation depending on post-annealing temperature and Cr3+/Nb5+ doping concentration. SEM-EDX: Observing the surface/cross-section morphology and coating’s thickness. Confirming the element distribution and doping concentration. AFM: Taking photos of the coating’s surface topography and calculate the root mean square (RMS) surface roughness by the SPM software. XPS: Conducting the elemental valence state analysis of the coating surface and depth analysis of elemental distribution.

WP3–Preparation of gas sensor with top-bottom electrode (TBE) structures: 
Firstly, prepare the bottom Pt electrodes on the single crystal Al2O3 substrates and flexible polyimide foil directly by sputtering through metallic mask. Next, deposition of the pristine and Cr3+/Nb5+ doped TiO2 thin films on the top of the bottom electrode. Finally, prepare the top Pt electrodes by lift-off photolithography and by subsequent deposition of the Pt layer by dc magnetron sputtering. The final structures will be annealed at the selected temperatures in the air.

WP4–Electrical & gas sensing test: 
Selected samples will be tested for electrical measurement such as Resistance vs. Temperature characteristics and typical I-V characteristics. Further, we will perform the dynamic response tests of prepared sensors toward various gases from low to high concentrations at various temperatures and explore the sensing mechanism module.

WP5–Summary & publication: Analysis of the results from these scientific investigations will be submitted to scientific journals as a collaborative work of both Comenius University in Bratislava and Nanjing University of Aeronautics and Astronautics and we expect to publish 1-2 SCI papers. In addition, obtained results will be used for developing further research activities too.

	Time Plan:
 The above mentioned set of planned work packages is illustrated in the following six-month time table:
	No.
	Work-package
	Months

	
	
	1st
	2nd
	3rd
	4th
	5th
	6th

	WP1
	Synthesis
	
	
	
	
	
	

	WP2
	Characterization
	
	
	
	
	
	

	WP3
	Preparation of TBE
	
	
	
	
	
	

	WP4
	Electrical & Gas sensing test
	
	
	
	
	
	

	WP5
	Summary & Publication
	
	
	
	
	
	




	The Study/Work Plan After Returning To China:
After returning to China, I will report the results of my visit, share my research experience, continue the research of metal oxide gas sensing materials and complete my doctoral dissertation.


	Signature of Domestic Supervisor：


                                          		                    
Date:               
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