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Abstract

:

Featured Application


Sodium-ion batteries and gas sensing materials.




Abstract


Na2Ti7O15 (NTO) can be selected as candidate anode for high-performance sodium-ion batteries (SIBs). However, there are few reports of research on the mechanical properties of low-dimensional NTO, which is important for the stability of SIBs. In this work, by using the one-step hydrothermal method, NTO nanowires (NWs) with good orientation were prepared successfully. The transmission electron microscopy (TEM) and selected area electron diffraction (SAED)showed that the NTO NWs had a good aspect ratio and dispersion, with lengths over 20 μm. Further microstructure analysis showed that the nanowires grew along the (020) direction, and there were some "stripe" structures along the growing direction, which provides a good tunnel structure for Na ion channels. Further, the in situ mechanical analysis showed that the NTO NWs had excellent elastic deformation characteristics and mechanical structural stability. In addition, the NTO NWs also showed a good gas sensitivity to NO and NH3. Our results showed that the prepared NTO nanowires with a stripe tunnel oriented-structure and excellent mechanical properties may have a potential application in SIBs or other wearable sensor devices.
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1. Introduction


Sodium titanate, as a typical alkali titanate, has attracted much attention in recent years [1,2]. The corresponding one-dimensional nanostructures, such as nanowires [3], nanorods [3,4], nanotubes [5,6,7], and nanofibers [8,9], consisting of titanium oxide layer and interlayer Na ions, possess novel photocatalytic properties and can be used as gas potentiometric sensors [10], electrochemical storage [11], and for the adsorptive removal of heavy metals [8]. It is also of interest for bioactive material research [12,13]. For the preparation of nanoscale sodium titanate, there are many methods, such as hydrothermal treatment on a template [5], a hydrothermal reaction in alkaline solution [11], and the sol-gel method using alkoxide precursors [10]. Based on our previous study, during the hydrothermal synthesis process of bismuth sodium titanate [14], it was found that under super precursor concentrations, one-dimensional sodium titanate structures will be generated, which are usually considered as intermediate products [15]. Some nanofibers of NaTi2O4 or Na2Ti4O9 have been found in our previous work [14]. Recently, Na2Ti7O15 (NTO) nanotubes with a tunnel structure have been used for the anode materials of sodium ion batteries (SIBs), showing a high reversible capacity and excellent stability [7]. By first-principles calculations, the doping modulation of NTO can also enhance the electronic conductivity as an anode material for SIBs [16]. However, to the best of our knowledge, there are few studies on the mechanical properties of nanostructured NTO, which is critical to the stability of SIBs [17]. During repeated charge–discharge cycles, the anode materials always undergo huge volume changes [18]. Therefore, for the stability of SIBs, the excellent mechanical properties (such as big elastic deformation and high Young’s modulus) of the anode materials should be studied.



As a metastable structure in the Na2TinO2n+1 series, the microstructure and mechanical properties of Na2Ti7O15 have been rarely reported [2,7,16,19]. In this paper, using the one-step hydrothermal method, Na2Ti7O15 nanowires (NTO NWs) with good orientation and a large aspect ratio were prepared successfully. This was accompanied by Na0.5Bi0.5TiO3 hydrothermal synthesis at a relatively low reaction pressure, which can be extracted by phase separation technology. The microstructure analysis showed that the NTO NWs were growing along the (020) direction, and there were some "stripe" super lattices along the growing direction, which may be beneficial for the transport of Na ions in SIBs. Moreover, based on the analysis of the in situ microscopic mechanical characteristics, the as-prepared NTO NWs had excellent mechanical properties, fitting for the stability of SIBs. Our studies may suggest a new candidate anode material for high-performance SIBs.




2. Materials and Methods


2.1. Hydrothermal Synthesis


In this work, the Na2Ti7O15 nanowires were a by-product of the ferroelectric Na0.5Bi0.5TiO3 particles synthesized using a hydrothermal method at relatively low reaction pressure. Titanium dioxide (TiO2) was used as a titanium source, employing NaOH as both the sodium source and the mineralizer. The detailed growth procedure was as follows: Firstly, dissolving NaOH into distilled water with a concentration of 16 mol/L, adding the mixture of 0.25 mol/L Bi(NO3)3·5H2O and 0.5 mol/L TiO2, and stirring for 1 h. Then, the mixture of NaOH solution was transferred into a Teflon-lined stainless-steel autoclave, and the filling volume was 50% of the total volume, which is less than the 80% filling level for an optimal Na0.5Bi0.5TiO3 product [14]. Subsequently, the reactor was sealed with steel cans and heated at 200 °C for 70 h, followed by slow furnace cooling to room temperature. Finally, opening the stainless-steel autoclave, two solid products were observed: a quantity of white foam in the upper part of the reactor, and the pancake powder (Na0.5Bi0.5TiO3 particles) at the bottom. The upper white foam product was separated and extracted gently. Eventually, the extracted white product was filtered and washed with deionized water several times until the pH value of the supernatant approached 7, then dried in a vacuum oven at 60 °C for 48 h.




2.2. Structural and Mechanical Characterization


The morphology and composition morphology of the as-synthesized products were characterized by field-emission scanning electron microscope (SEM, Hitachi S-4800, Tokyo, Japan) with an energy dispersive spectrometer (EDS). The microscopic morphology and selected area electron diffraction (SAED) pattern of the products were characterized using transmission electron microscopy (TEM, FEI-Titan 60-300 G2; and JEOL-2010). A commercial scanning tunneling microscope-transmission electron microscope probing system (STM-TEM, Nanofactory Instruments) and a self-designed scanning electron microscope-scanning probe microscope (SEM/SPM) joint system were applied to study in situ the microscopic mechanical properties of the as-prepared nanowires.





3. Results and Discussion


3.1. Morphology and Structural Analysis


The obtained white powder samples were dispersed by ultrasound treatment and observed by scanning electron microscopy (SEM) for a panoramic view. It was found that they were one-dimensional nanostructures. As shown in Figure 1a, the length was more than 20 μm and the width varied from tens to hundreds of nanometers. It is clear that the as-prepared nanowires were well-shaped and uniform, with a good aspect ratio and dispersion. Figure 1b shows the EDS spectrum taken from the nanowires, which shows that the nanowires contained Na, Ti and O. This suggested that the nanowires are a kind of alkali sodium titanate. The nanowires samples were further analyzed by TEM, as shown in Figure 1d–g. Figure 1d,e show one nanowire and its corresponding selected area electron diffraction (SAED) pattern, and Figure 1f,g show another nanowire and its corresponding SAED pattern. Based on the SAED analysis, the nanowires were identified as a NTO phase, and all the nanowires grew along the (020) direction. For the Na2Ti7O15 phase (space group No. 8, Cm), the schematic atomic structure observed along b axis is shown in Figure 1c, in which alternating groups of three and four TiO6 octahedra share corners and edges to form a tunnel structure along the b axis, and Na+-ions are located within the tunnels [7].



Furthermore, a nano-region was selected on the nanowire sample (see the inset in Figure 2a) and further observed using aberration-corrected TEM. As shown in Figure 2a, the high resolution TEM (HRTEM) image shows that there were some "stripe" structures along the growth direction in the nanowires. Figure 2b shows the fast Fourier transform (FFT) pattern corresponding to the selected region (red frame) in Figure 2a, which shows the HRTEM that was observed along the (100) zone axis and the "stripe" structures along the b axis of Na2Ti7O15. In addition, some fine stripes between the diffraction spots in the SAED patterns (Figure 1e,g) and the FFT pattern (Figure 2b) reveal that there were some stacking faults parallel to the (001) plane. Further enlarging some areas in Figure 2a, Figure 2c shows a clearer HRTEM image of the “stripe” structures. It is obvious that the “stripe” structures consist of the bright and dark atomic planes parallel to the (001) plane. However, it was difficult to identify the channel structure along b axis from the projected unit cell of Na2Ti7O15 along the (100) direction, because of its complicated atomic structure and the undetermined HRTEM imaging condition. We produced the simulation HRTEM images based on the Na2Ti7O15 structures along the (100) observation direction, and obtained a series of simulation images with the defocus varying from −600 to 600 Å and thickness varying from 0–600 Å. By comparing the experimental HRTEM image with the theoretical simulation results, the simulation HRTEM image obtained at the condition of −100 Å (defocus) and 150 Å (sample thickness) was selected to be shown in Figure 2d. This means that the channel structure of the NTO NWs along the b axis presented a dark contrast at this sample thickness and imaging condition.



From the structural configuration of the Na2Ti7O15 in Figure 1c, the channel structure formed by sharing the corners and edges of octahedral TiO6 was only along the b axis, and the Na ions were only located inside the channel. Most interestingly, the striped NTO NWs had an oriented structure along the (020) direction (b axis), as shown in Figure 2, which was the same as the channel direction of the Na ions in the NTO NWs. The channel direction of the Na ions was just along the NTO NW growth direction, which benefits the transport of Na ions. In contrast to the structure of the nanotubes [5], the stripe structure of the NTO NWs may be advantageous for Na ion diffusion, similar to the layer anode materials in SIBs [20]. The well-shaped and uniform NTO NWs presented a good channel structure along the nanowire axial direction and the characteristics of Na ions located in the channels. These special channel structures in the NTO NWs will greatly help the transport of Na ions for high-performance SIBs.




3.2. Mechanical Properties


As mentioned above, the good morphological characteristics and tunnel structure of the NTO NWs can be used as anode materials in SIBs. However, for the stability of the SIBs, the anode materials should have good mechanical stability for the volume change effect in the charge–discharge process. Here, we present the experimental results of studying the in situ mechanical properties.



First, a commercial STM-TEM probing device was used to test in situ the elasticity of nanowires under transmission electron microscopy. As shown in Figure 3a, the NTO NWs were able to stand independently and had good strength, and one of the appropriate small NTO NWs was selected and extracted. The diameter of the nanowire was about 100 nm, the length was more than 10 μm, and the aspect ratio was more than 100. The STM probe was used to push the nanowire into contact with another fixed end and perform the reciprocating compression elasticity test. As shown in Figure 3b–i, the nanowire was gradually pressurized by the micro-movement of the needle tip. When the nanowire was bent into a certain curvature, the pressure on the needle tip was slowly released, and then the nanowire could be restored to the original state, thus completing one loading cycle. During the experiment, one cycle could last less than 5 s, and the nanowire could quickly restore to its original state. After ten cycles, the nanowire was still intact. This shows that the NTO NWs had good elastic deformation characteristics and mechanical structure stability. Using the maximum deformation position obtained from the in situ TEM images, the curvature radius r was about 3.81 μm, obtained by fitting Figure 3i. The nanowire diameter d of the selected NTO NW was about 0.1 μm. The elastic strain ε can be simply described by the bending deformation model:


ε=dd+R×100%



(1)







The calculated elastic strain was about 2.56%. However, with in situ tests, because one end of the nanowire is not fixed, it is not easy for the fixed end to slip on the contact surface and restore the linear shape when the external force is too large. As a result, the elastic strain limit of the NTO NWs was not reached. Due to the good recovery of the multi-cycle deformation test, it can be deduced that the actual elastic strain may be far greater than 2.56%, which will be beneficial for anode materials in high-stability SIBs [21].



For the anode materials of high-performance SIBs, a flexible structure with a low modulus of elasticity along the stress direction is necessary [22]. The elastic constant of the NTO NW was then further studied using a SEM/SPM combined system. In Figure 4a and the inset schematic diagram, the SEM images of the mechanical test and experimental model are presented. The result of the relationship curve between the load and displacement of the NTO NW, as shown in Figure 4b, is a proportional relation. Therefore, the Young’s modulus E can be computed using the following equation [23]:


E=F·L3k·Δd·I



(2)







Here, k is a parameter related to the boundary conditions, where k = 192 when ends-clamped and k = 48 when ends-free. In this test, both ends of the nanowire are free. F is the force, Δd is the midpoint displacement of the nanowire, L is the hanging length of the nanowire, I is the moment of inertia (for cylindrical nanowires, I=π·r44, r is the radius of the NWs), and F/Δd is the slope of the loading curve. According to the measured data in Figure 4 and Equation (2), the Young’s modulus E of the NTO NWs was about 26.5 GPa. This indicates a good flexible structure perpendicular to the NW axial direction, which can suffer large stress during charging–discharging by the expansion or contraction of Na ion transport in tunnel channels.




3.3. GasSensitive Properties


Furthermore, the gas-sensitive properties of the NTO NWs were studied using a self-assembly gas-sensitive testing system (Figure 5). The as-prepared NTO powders were mixed in alcohol to form a slurry and then coated onto the Al2O3 microtube to form a thick sensing film. The NTO NWs-coated microtube was then fixed with six poles, of which the four Pt electrodes were used for resistance test and the other two poles were used for connecting a heating resistance wire inserted through the microtube. Then, the resistance testing was available for the as-prepared NWs coated on ceramic cylinders with an internal heater. The changeable resistance with the gas concentration indicates the gas sensitivity of the NTO NWs. In Figure 6, it is clear that the NTO NWs have good gas sensitivity for both NO or NH3 at 350 °C, in which the response time was about 25 s and the recovery time was about 170 s, with high stability. In view of their flexible structure and good mechanical properties, the NTO NWs can be used as the gas sensor in novel wearable nano-devices, which may be used in special high-temperature environments, such as aerospace or high-temperature reaction furnaces.





4. Conclusions


Using phase separation technology, accompanied with low reaction pressure in the liquid phase growth, Na2Ti7O15 NWs were successfully prepared. The NTO NWs had good morphology, good dispersion and a large aspect ratio. The HRTEM analysis revealed that the NW structure had Na ion channels along the growth direction of (020), and the special tunnel structure will greatly help the diffusion of Na ions for high-performance SIBs. Further in situ TEM mechanical properties showed that the NTO NWs had a large elastic strain of over 2.56% and a relatively flexible Young’s modulus of 26.5 GPa, which may be propitious to the advancement of the high reversible capacity and excellent stability of SIBs. Moreover, the as-prepared NTO NWs also showed good gas sensitivity. Our work not only suggests a potential anode material for high-performance SIBs, the capacity and stability of which are promoted by the stripe NTO NWs with an oriented tunnel structure and high mechanical stability, but also presents a good gas sensing material that can be used in flexible wearable devices.







Author Contributions


Conceptualization, L.-Y.L.; methodology, L.-Y.L. and K.W.; formal analysis, L.-Y.L. and Y.D.; investigation, M.-L.S.; data curation, L.-Y.L., Y.D., B.Z., N.-N.J. and Z.-H.Z.; writing—original draft preparation, L.-Y.L.; writing—review and editing, L.-Y.L. and M.-L.S.; visualization, L.-Y.L.; supervision, M.-L.S.; project administration, M.-L.S.; funding acquisition, M.-L.S.




Funding


This work is supported by the National Natural Science Foundation of China (Grant Nos. 51621003, 11374028, 11774017 and U1330112), the National Key Research and Development Program of China (Grant No. 2016YFB0700700), and the Scientific Research Key Program of Beijing Municipal Commission of Education (KZ201310005002).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wu, C.J.; Hua, W.B.; Zhang, Z.; Zhong, B.H.; Yang, Z.G.; Feng, G.L.; Xiang, W.; Wu, Z.G.; Guo, X.D. Design and synthesis of layered na2ti3o7 and tunnel na2ti6o13 hybrid structures with enhanced electrochemical behavior for sodium-ion batteries. Adv. Sci. 2018, 5, 1800519. [Google Scholar] [CrossRef]

	



Zou, G.D.; Zhang, Q.R.; Fernandez, C.; Huang, G.; Huang, J.Y.; Peng, Q.M. Heterogeneous ti3sic2@c-containing na2ti7o15 architecture for high-performance sodium storage at elevated temperatures. ACS Nano 2017, 11, 12219–12229. [Google Scholar] [CrossRef] [PubMed]

	



Song, H.Y.; Jiang, H.F.; Liu, T.; Liu, X.Q.; Meng, G.Y. Preparation and photocatalytic activity of alkali titanate nano materials a(2)ti(n)o(2n+1) (a = li, na and k). Mater. Res. Bull. 2007, 42, 334–344. [Google Scholar] [CrossRef]

	



Stengl, V.; Bakardjieva, S.; Subrt, J.; Vecernikova, E.; Szatmary, L.; Klementova, M.; Balek, V. Sodium titanate nanorods: Preparation, microstructure characterization and photocatalytic activity. Appl. Catal. B-Environ. 2006, 63, 20–30. [Google Scholar] [CrossRef]

	



Yada, M.; Inoue, Y.; Uota, M.; Torikai, T.; Watari, T.; Noda, I.; Hotokebuchi, T. Plate, wire, mesh, microsphere, and microtube composed of sodium titanate nanotubes on a titanium metal template. Langmuir 2007, 23, 2815–2823. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, C.C.; Teng, H. Nanotube formation from a sodium titanate powder via low-temperature acid treatment. Langmuir 2008, 24, 3434–3438. [Google Scholar] [CrossRef]

	



Li, H.; Fei, H.L.; Liu, X.; Yang, J.; Wei, M.D. In situ synthesis of Na2Ti7O15 nanotubes on a ti net substrate as a high performance anode for na-ion batteries. Chem. Commun. 2015, 51, 9298–9300. [Google Scholar] [CrossRef]

	



Sounthararajah, D.P.; Loganathan, P.; Kandasamy, J.; Vigneswaran, S. Adsorptive removal of heavy metals from water using sodium titanate nanofibres loaded onto gac in fixed-bed columns. J. Hazard. Mater. 2015, 287, 306–316. [Google Scholar] [CrossRef] [PubMed]

	



Cabello, M.; Ortiz, G.F.; Lopez, M.C.; Alcantara, R.; Gonzalez, J.R.; Tirado, J.L.; Stoyanova, R.; Zhecheva, E. Self-organized sodium titanate/titania nanoforest for the negative electrode of sodium-ion microbatteries. J. Alloy. Compd. 2015, 646, 816–826. [Google Scholar] [CrossRef]

	



Ramirez-Salgado, J.; Djurado, E.; Fabry, P. Synthesis of sodium titanate composites by sol-gel method for use in gas potentiometric sensors. J. Eur. Ceram. Soc. 2004, 24, 2477–2483. [Google Scholar] [CrossRef]

	



Zhang, H.; Gao, X.P.; Li, G.R.; Yan, T.Y.; Zhu, H.Y. Electrochemical lithium storage of sodium titanate nanotubes and nanorods. Electrochim. Acta 2008, 53, 7061–7068. [Google Scholar] [CrossRef]

	



Kokubo, T.; Kim, H.M.; Kawashita, M. Novel bioactive materials with different mechanical properties. Biomaterials 2003, 24, 2161–2175. [Google Scholar] [CrossRef]

	



Oh, S.H.; Finones, R.R.; Daraio, C.; Chen, L.H.; Jin, S.H. Growth of nano-scale hydroxyapatite using chemically treated titanium oxide nanotubes. Biomaterials 2005, 26, 4938–4943. [Google Scholar] [CrossRef]

	



Zhang, H.Z.; Zhu, M.K.; Hou, Y.D.; Wang, R.Z.; Yan, H.; Liu, L.Y. Structural modulation of na0.5bi0.5tio3 in hydrothermal synthesis. Int. J. Appl. Ceram. Technol. 2016, 13, 569–578. [Google Scholar] [CrossRef]

	



Setinc, T.; Spreitzer, M.; Logar, M.; Suvorov, D. Hydrothermal synthesis of nanosized na0.5bi0.5tio3. J. Am. Ceram. Soc. 2011, 94, 3793–3799. [Google Scholar] [CrossRef]

	



Tao, D.D.; Fang, Z.X.; Qiu, M.; Li, Y.; Huang, X.; Ding, K.N.; Chen, W.K.; Su, W.Y.; Zhang, Y.F. First-principles study of na2+xti7o15 as anode materials for sodium-ion batteries. J. Alloy. Compd. 2016, 689, 805–811. [Google Scholar] [CrossRef]

	



Weadock, N.; Varongchayakul, N.; Wan, J.Y.; Lee, S.; Seog, J.; Hu, L.B. Determination of mechanical properties of the sei in sodium ion batteries via colloidal probe microscopy. Nano Energy 2013, 2, 713–719. [Google Scholar] [CrossRef]

	



Choi, S.; Kwon, T.-W.; Coskun, A.; Choi, J.W. Highly elastic binders integrating polyrotaxanes for silicon microparticle anodes in lithium ion batteries. Science 2017, 357, 279–283. [Google Scholar] [CrossRef] [PubMed]

	



Xu, F.F.; Bando, Y.; Kurashima, K.; Ogawa, H.; Inada, K. Pseudo-one-dimensional periodic domain boundary structures in alkali titanium oxides. J. Solid State Chem. 2001, 162, 128–137. [Google Scholar] [CrossRef]

	



Huang, J.D.; Wei, Z.X.; Liao, J.Q.; Ni, W.; Wang, C.Y.; Ma, J.M. Molybdenum and tungsten chalcogenides for lithium/sodium-ion batteries: Beyond mos2. J. Energy Chem. 2019, 33, 100–124. [Google Scholar] [CrossRef]

	



Wang, Y.X.; Ren, J.; Gao, X.; Zhang, W.J.; Duan, H.P.; Wang, M.; Shui, J.L.; Xu, M. Self-adaptive electrode with swcnt bundles as elastic substrate for high-rate and long-cycle-life lithium/sodium ion batteries. Small 2018, 14, 1802913. [Google Scholar] [CrossRef] [PubMed]

	



Qi, S.Y.; Li, F.; Wang, J.R.; Qu, Y.Y.; Yang, Y.M.; Li, W.F.; Zhao, M.W. Prediction of a flexible anode material for li/na ion batteries: Phosphorous carbide monolayer (alpha-pc). Carbon 2019, 141, 444–450. [Google Scholar] [CrossRef]

	



Ma, J.; Liu, Y.; Hao, P.; Wang, J.; Zhang, Y. Effect of different oxide thickness on the bending young’s modulus of sio2@sic nanowires. Sci. Rep. 2016, 6, 18994. [Google Scholar] [CrossRef] [PubMed]








[image: Applsci 09 01673 g001 550]





Figure 1. Morphology, component and structure of the as-prepared Na2Ti7O15 nanowires. (a) SEM image; (b) EDS spectrum; (c) Schematic representation of the structure of Na2Ti7O15; (d,e) TEM image of one selected nanowire and its corresponding SAED pattern with the incident electron beam direction along (100) zone axis; (f,g) TEM image of another selected nanowire and its corresponding SAED pattern observed along the (100) zone axis. 
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Figure 2. Microstructure of the NTO NW. (a) HRTEM images; (b) Fourier transform diffractions; (c) Magnified local HRTEM image; (d) Simulation HRTEM images of the Na2Ti7O15 structure at different levels of defocus and thickness. 
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Figure 3. In situ TEM elastic strain analysis of the NTO NW. (a) Selection and extraction in the NTO NWs for deformation test; (b–i) Different states during the deformation of the NTO NW. 
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Figure 4. In situ mechanical properties of the NTO NW measured by a SEM/SPM system. (a) SEM images of mechanical test; and schematic diagram of experimental model (the inset); (b) Relationship curve between the load and displacement of the NTO NW. 
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Figure 5. Self-assembly gas-sensitive testing system. (a) Schematic model; (b) Testing chamber of the gas sensor; (c) Circuit diagram of the gas-sensitive test. 
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Figure 6. Gas sensitivity of the NTO NWs at 500 ppm and 350 °C by different gas. (a) NH3; (b) NO. 
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