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Introduction and Scope 1.1 1. 1



Thee His Th Histo tory ry of Na Nano noma mate teri rial alss



The term ‘‘nanostructured materials’’  refers  refers to solids which ‘‘have an internal or surface structure at the nanoscale. Based on the nanometre (nm), the nanoscale, exists exis ts speciﬁcally speciﬁcally between 1 and 100 nm’’.1 Although the concept of nanomaterials is relatively new, such materials have been unwittingly used for centuries. One example is colloidal gold nanoparticles dispersed in the soda glass of the famous Lycurgus Cup2 which dates back to the ﬁfth century and is currently displayed in the British Museum. The cup has a green appearance in reﬂection and red/purple colour in transmitted light. The apparent dichroism is due to the interaction of light with gold–silver and copper nanoparticles embedded into a soda so da gl glas asss ma matr trix ix.. An Anot othe herr ex exam ampl plee of a na nanos nostr truc uctu ture re is th thee le lege genda ndary ry Damascus swords which contain3carbon nanotubes and cementite nanoﬁbres incorporated into a steel matrix. It is possible that the unusual combination of  hard ha rdne ness ss an and d du duct ctil ilit ity y of th thee co comp mpos osit ite, e, wh whic ich h pr prov ovid ides es an im impr pres essi sive ve mech me chan anic ical al st stre reng ngth th,, ﬂe ﬂexi xibil bilit ity y an and d sh shar arpn pness ess to th thee sw swor ords ds,, is du duee to th thee 4 embedded carbon nanostructures. Naturally occurring clays used from the early days of pottery can also be considered as nanostructured ceramics. More recent uses of nanostructured materials include: classical, silver image phot ph otog ogra raphy phy,, wh whic ich h use usess ph photo otose sens nsiti itive ve nan nanoc ocry rysta stals ls of si silv lver er ch chlo lori ride de;; catalysis, which utilises high surface area metal nanoparticles; and painting, which whi ch use usess var variou iouss pig pigmen ments ts con consist sisting ing of met metal al or sem semico iconduc nductor tor pig pigmen mentt 1 nanoparticles. Over the last two decades, improvements in technology have allowed the synthesis and manipulation of materials on the nanometre scale, resulting in an exponential growth of research activities devoted to nanoscience and nanotech te chnol nolog ogy. y. It is no now w ap appre preci ciat ated ed th that at th thee phy physi sico co-ch -chem emic ical al pr prope opert rtie iess of  nanomaterials can be signiﬁcantly diﬀerent to those of bulk materials, which opens up opportunities for the development of materials with unusual or tailored properties. This has stimulated the search for methods of controlling the RSC Nanoscience & Nanotechnology No. 12 Titanate and Titania Nanotubes: Synthesis, Properties and Applications By Dmitry V. Bavykin and Frank C. Walsh r Dmitry V. Bavykin and Frank C. Walsh 2010 Published by the Royal Society of Chemistry, www.rsc.org
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Chapter Chapt er 1



size, shape, crystal structure and surface properties to tailor nanomaterials to a particular application. Today, nanostructured materials are available in a wide variety of shapes including symmetrical spheres and polyhedrons, cylindrical tubes and ﬁbres, or random and regular pores in solids. This book focuses on the elongated  shapes   shapes of nanostructured materials, which can be deﬁned as shapes with an aspect ratio greater than 10. The aspect ratio of the shape can be determined as the ratio between the two characteristic dimensions of a structure (e.g.  the ratio of  nanotube length to diameter). Tabl Ta blee 1. 1.1 1 an and d Fi Figu gure re 1. 1.1 1 sh show ow so some me ex exam ample pless of nat natura urall and ar arti tiﬁc ﬁcia iall elongated nano-, micro- and macrostructures, which are prevalent in our lives. The range of the characteristic sizes and aspect ratios of these materials can cover several orders of magnitude. The composition of these structures is also very diverse. The chain of single atoms shown at the bottom of Figure 1.1 can be considered as the tiniest possible nanostructure. Such nanostructures (e.g.  phenylene–acet lene –acetylene ylene oligo oligomers) mers)5 ha have ve re rece cent ntly ly at attr trac acte ted d at atte tent ntio ion n as po poss ssib ible le candidates for molecular wires for use in electronic applications. Short DNA oligomers are also prospective materials for tailoring molecular nanowires, due to their versatile chemistry which facilitates functionalization and the existence of technology for sequential DNA synthesis, allowing control over the structure of biomolecules.6 The large class of elongated nanostructures with relatively small aspect ratios and a characteristic diameter in the range of sub to several nanometres, is represented by the elongated shape nanocrystals of semiconductor materials,7 which have evolved from the quantum dots so actively studied over the previous decade.8 In com compari parison son to nan nanocr ocryst ystals als,, sin single gle-wa -walle lled d car carbon bon nano nanotub tubes es (SW (SWCN) CN) have a much higher aspect ratio and a similar range of diameters. Multi-walled carbon nanotubes (MWCN), however, are characterised by larger diameters and also very large aspect ratios (see Figure 1.1). The history of the discovery of  carbon carbo n nanotu nanotubes bes is still the subject of debate debate..9 The ﬁrst TEM image of carbon nanotubes was reported in 1952.10 At this time, research was focussed on the prevention of nanotube growth in the coal and steel industry and in the coolant channels of nuclear reactors. In 1991, carbon nanotubes were rediscovered by Iijima,11 followed by a massive interest in these structures from the scientiﬁc community. In turn, this has led towards the discovery of many other materials having a nanotubular morphology.
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Thee Im Th Impo port rtan ance ce of Ti TiO O2  and Titanate Nanomaterials



Despite the relatively high abundance of titanium in nature and the low toxicity of most of its inorganic compounds, the metallurgical cost of extracting titanium metal is high due to the complexity of the traditional Kroll molten salt extr ex trac acti tion on pr proc oces ess. s. Th Thee or orig igin inal al de dema mand nd fr from om ae aero rosp spac acee an and d ro rock cket et je jett
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Figure 1.1



Abundance of elongated structures.
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industries for the lightweight, high melting temperature metal in the late 1940s, stimulated improvements in the Kroll extraction process and initiated largescale titanium production. In the late 1960s, approximately 80% of the titanium produced was used in the aerospace industry.12 Further reductions in the manufacturing cost of titanium have also stimulated the use of titanium compounds. Titanium dioxide has long been used as a white pigment in paints and polymers. Following the discovery of photocatalytic water splitting using TiO2  under UV light13 in the late 1970s, a new era of TiO 2-based materials has emerged.14 Following developments in nanotechnology, similar trends have occurred in the synthesis of nanostructured titanium dioxide and titanate materials. Initially, many of the nanostructured TiO2  materials, produced mainly by a variety of sol–gel techniques, consisted of spheroidal particles whose size varied over a wide range down to a few nanometres. The most promising applications of such TiO2  nanomaterials were photocatalysis, dye sensitised photovoltaic cells and sensors.14 In 1998, Kasuga and colleagues15 discovered the alkaline hydrothermal route for the synthesis of titanium oxide nanostructures having a tubular shape. The search for nanotubular materials was inspired by the rediscovery of carbon nanotubes in 1991.11 Studies of their elegant structure and unusual physicochemical behaviour have signiﬁcantly improved our fundamental understanding of nanostructures. In contrast to carbon nanostructures, titanate and titanium dioxide nanotubes are readily synthesised using simple chemical (e.g. hydrothermal) methods using low cost materials. Following the discovery of titanate nanotubes, many eﬀorts have been made to: (a) understand the mechanism of nanotube formation, (b) improve the method of synthesis, and (c) thoroughly study the properties of nanotubes. Other elongated morphologies of nanostructured titanates, including nanorods, nanoﬁbres and nanosheets, have also been found. Many data have been collected and presented in recent reviews.16–19 Under alkaline hydrothermal conditions, the formation of titanate nanotubes occurs spontaneously and is characterised by a wide distribution of  morphological parameters, with a random orientation of nanotubes. An alternative method, which facilitates a structured array of nanotubes with a narrower distribution of morphological parameters, is anodising. Anodic synthesis was initially developed for the preparation of aluminium oxide nanotubes, and later adapted for nanotubular TiO2   arrays. The method includes anodic oxidation of titanium metal in an electrolyte, usually containing ﬂuoride ions. Control of the fabrication conditions enables a variation in the internal diameter of such nanotubes from 20 to 250 nm, with a wall thickness from 5 to 35 nm, and a length of up to several hundred microns.20 Several major reviews which consider the manufacture, properties and various applications of these ordered TiO2   nanotubular coatings have recently been published.20–22 The third general method for the preparation of elongated TiO2   nanostructures is template-assisted sol–gel synthesis. This versatile (but sometimes
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Figure 1.2



The number of papers related to TiO2 and titanate nanotubes as a function of the year of publication. (Data were collected from the ICI Web of  Sciences database using ‘‘TiO 2  and nanotube*’’ as keywords).



expensive) technique is reviewed elsewhere. 23 The synthesis of TiO2 and titanate nanotubes is considered in Chapter 2. Since the discovery of TiO2   nanotubes, the amount of published material relating to this subject is growing exponentially year by year (see Figure 1.2), indicating the great interest. The pool of published work in the area of elongated titanates and TiO2  can be classiﬁed according to several themes: ( a) the improvement in the methods of nanostructure formation in order to better control morphology and lower manufacturing costs, including mechanistic studies, (b) the exploration of the physical chemical properties of novel nanostructures, with a focus on potential applications, and (c) the use of  elongated titanates in a wide range of applications. Since the discovery of  titanate nanotubes, the amount of published work relating to the ﬁrst two themes has rapidly grown (and may be approaching a steady state), whereas the third theme has appeared only recently and is experiencing a rapid growth.



1.2



Classiﬁcation of the Structure of Nanomaterials



The ﬁeld of nanoscience is relatively young and a number of new terms have appeared, some of which are inconsistent. It is unfortunate that the deﬁnition of various morphological forms of the nanomaterials has not taken place in a careful fashion, which can result in some confusion over their use. In this book, the following terms for various shapes of nanostructured TiO2  and titanate will be used (see Figure 1.3). The proposed morphologies are consistent with recently suggested classiﬁcations.24
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Idealised morphologies of elongated titanate and TiO 2  nanostructures: a) sheets, b) spheroids, c) rectangular section ﬁbres, d) multiple wall nanotubes, and e) circular section rods.



Nanotubes (or  nanoscrolls) shown in Figure 1.3d are long cylinders having a hollow cavity positioned at their centre and lying along their length. The aspect ratio (i.e.  the length divided by the diameter) of nanotubes is usually  4 10, and can achieve several thousand. The walls of titanate nanotubes are always multilayered and the number of layers varies from 2 to 10. Structurally, nanotubes can be scrolled, ‘‘onion’’ or concentric in type. Sometimes, the single nanotube has a diﬀerent number of layers in the two diﬀerent walls in the axial cross sections of the tube obtained by TEM imaging. Nanotubes are usually straight with a relatively constant diameter. However, small amounts of tubes with a variable internal diameter and closed ends are also found. TiO2  nanotubes produced by anodic oxidation of titanium, always have one open end and another end which is closed. Titanate nanotubes are usually produced by folding nanosheets, as indicated in Figure 1.3a. There are two types of nanosheets:   single layer   nanosheets, which are isolated (100) planes of titanates, or  multilayer  nanosheets, which are several conjugated (100) planes of titanates. Both types of nanosheets are very thin and could be found in both planar or curved shapes. The typical dimensions of nanosheets are o10 nm thickness, and 4100 nm height and width. Nanosheets are usually observed in the early stage of preparation of nanotubes or as a small impurity in the ﬁnal product obtained via   the alkaline hydrothermal route. Nanowires or  nanorods, seen in Figure 1.3e, are long, solid cylinders with a circular base, nanowires being longer than nanorods.24 Both morphologies do not usually have internal layered structures and have a similar aspect ratio to nanotubes. Nanowires can often be found in samples of nanotubes annealed at temperatures above 400 C (see Chapter 4 for details). Long, solid, parallel-piped titanates are termed   nanoribbons,   nanobelts or nanoﬁbres  in the literature (see Figure 1.3c). These structures tend to have a good crystallinity, and the relationship between the length of the edges corresponding to each crystallographic axis is usually in the order l001 44 l100 4 1
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l010  (ref. 25). The length of the nanoﬁbres (l001) can be several tens of microns, while the width of nanoﬁbres (l001 or l010) is typically in the range 10–100 nm. The aspect ratio can be as large as several thousand. Nanoﬁbres, which are usually produced during alkaline hydrothermal reactions at high temperatures, can be found in straight, as well as curved forms. During hydrothermal treatment, individual morphological forms of titanates tend to agglomerate into secondary particles. The resulting textures include nanotubular bundles,26 split nanoﬁbres and hierarchical linked nanoﬁbres27 etc. Unfortunately, there are few reported systematic studies which allow for a comprehensive treatment of the reasons for producing a given texture. There is an even less systematic terminology describing these secondary agglomerates.



1.3



Synthesis of Important Elongated Nanomaterials



In this section, non-templated synthetic methods for the preparation of several nanotubular and nanoﬁbrous materials, with nanostructures based on compounds other than TiO2, are reviewed. The list of examples presented here is not comprehensive and covers mostly hydrothermal wet chemical methods. Particular interest is focussed on examples of spontaneous formation of multilayered walls nanotubes. Methods involving template synthesis are excluded, since they are relatively general and can be a subject of a separate book. Brief  descriptions of synthetic procedures are provided. The selected nanostructures are believed to have potential applications in various areas of technology and nanotechnology.



1.3.1



Metal Oxide Nanotubes



Aluminium oxide nanotubes.   The anodic oxidation of aluminium in acidic electrolytes, resulting in the formation of a porous ﬁlm of anodic aluminium oxide (AAO) consisting of nanotubes, was discovered in a pre-nanoscience era.28 In a typical method, pure aluminium is anodised in the presence of oxalic acid (0.3 mol dm3), at a constant cell voltage of 40 V. A long period of anodisation can improve the regularity of the tube arrangement, towards a hexagonal array of nanotubes.29 AAO ﬁlms are currently widely used as a template for the preparation of other materials with a nanostructured morphology. Aluminium oxide nanorods   are usually produced by the hydrolysis of aluminium chloride during electrospinning30 or in hydrothermal conditions.31 In a typical hydrothermal procedure, 0.724 g of pure AlCl3 . 6H2O is dissolved in 30cm3 of water at room temperature, followed by the slow addition of 15 cm3 of aqueous Na2B4O7 . 10H2O (0.1 mol dm3) with vigorous stirring. The transparent solution is then transferred into a PTFE-lined autoclave and hydrothermally treated at 200 C for 24 h. The chemical composition of the nanorod bundles produced is similar to that of boehmite (g-AlOOH). 1
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Barium titanate nanotubes  (BaTiO3 NT) can be produced via  a hydrothermal reaction of a TiO2   nanotube array with excess of aqueous Ba(OH)2 (0.05 mol dm3) at 150 C f o r 2 h .32 The morphology of barium titanate nanotubes is similar to that of the original TiO2  nanotubes. Bismuth oxyhalides nanotubes (Bi24O31Br10   NT) can be produced by the hydrolysis of Bi(NO3)3 (0.5 g) in the presence of CTAB (0.5 g) with the addition of NaOH to a pH of 10, followed by hydrothermal treatment at 100–120 C for 2–4 h.33 Bismuth oxyhalide nanotubes are characterised by a multilayer wall structure, with a diameter of 3–8 nm and a length of between 2 and 5 mm. An increase in hydrothermal temperature or the synthesis time, results in the formation of nanoﬁbres rather than nanotubes. Cobalt oxide nanotubes  (CoO and Co3O4  NT) can be synthesised by the slow addition of 10 cm3 of a NH3 . H2O solution (0.1 mol dm3) to 10cm3 of a Co(NO3)2 solution (0.025 mol dm3). After stirring for 15 min, the precipitate is washed with water followed by ﬁltration. The wet precipitate is mixed with a water–methanol mixture (1 : 1 v/v) and 0.3 g NaNO 3   is added for the preparation of Co3O4  nanotubes (otherwise CoO nanotubes are formed), followed by hydrothermal treatment at 250 C for 24 h.34 Both nanotubes are characterized by a multilayer wall structure with a 0.7 nm interlayer spacing. The outer diameter of nanotubes ranges from 10 to 20 nm and the nanotubes are up to several micrometres long. Germanium oxide nanoﬁbres   (GeO2) can be synthesised by the simple hydrothermal recrystallisation of 1 g of bulk GeO2  in 48 cm3 of distilled water at 450 C and 8.5–9.3 MPa, and stirring with a rotating speed of 100 rpm for 24 h.35 After the hydrothermal process, the nanoﬁbres can be collected from the internal surface of the autoclave. The nanoﬁbres are characterised by a single crystal structure of 30–300 nm diameter, and a length 410 mm. Hafnium oxide nanotubes  (HfO2  NT) can be prepared by the electrochemical oxidation of hafnium in a ﬂuoride-containing acid electrolyte. In a typical procedure, pure hafnium foil is degreased by sonicating it in acetone, isopropanol and methanol sequentially, followed by rinsing with water and drying in a nitrogen atmosphere. Electrochemical anodization takes place in H 2SO4 (1moldm3) with an aqueous NaF addition to the electrolyte (0.2 wt%), at room temperature with a cell voltage of 10 to 60 V.36 The nanotubes obtained have an internal diameter in the range of 15 to 90 nm (depending on the voltage), and are several tenths of a micrometre in length. Iron oxide nanotubes (a-Fe2O3   NT, hematite) can be synthesised by the hydrothermal treatment of a mixture of FeCl3  and NH4H2PO4  solutions. In a typical experimental procedure, 3.20 cm3 of an aqueous FeCl3   solution (0.5 mol dm3) and 2.88cm3 of an aqueous NH4H2PO4   solution (0.02 mol dm3) are mixed with vigorous stirring, followed by the addition of water to give a ﬁnal volume of 80 cm3. The mixture is then hydrothermally treated at 220 C for 48 h. The product consists almost entirely of nanotubes with outer diameters of 90–110 nm, inner diameters of 40–80 nm and lengths of  250–400 nm.37 1
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Lead titanate nanotubes  (PbTiO3 NT) can be obtained using similar methods to those used in the preparation of barium titanates, by the hydrothermal treatment of a TiO2  nanotube array with an aqueous solution of lead acetate (0.001 mol dm3) at 260 C for 6 h.38 Lead titanate nanotubes demonstrate good piezoelectric and ferroelectric properties. Magnesium hydroxide nanotubes   (Mg(OH)2   NT) can be prepared using a two-stage method via   an intermediate product of Mg10(OH)18Cl2 . 5H2O nanoﬁbres.39 The hydrothermal treatment of this intermediate at 180 C for 6 h in ethylenediamine (without stirring), results in the formation of lamellar nanotubes with an outer diameter of 80–300 nm, a wall thickness of 30–80 nm and a length of several tenths of a micrometre. A recent alternative method allows for the production of a smaller size of nanotubes.34 According to this method, 20 cm3 of an aqueous solution of MgCl2   (0.15 mol dm3) is slowly mixed with 10 cm3 of a NH3 . H2O solution (5 mol dm3), with vigorous stirring at room temperature. The precipitate is thoroughly washed with water, and hydrothermally treated in 18 cm3 of a water–methanol mixture (1 : 1 v/v) with the addition of 0.3 g NaNO3  at 250 C for 36 h. The nanotubes formed have a diameter of 10–20 nm and a length of several micrometres. Manganese(IV ) oxide nanotubes  (MnO2 NT)  can be produced using several methods, each of which results in the formation of nanotubes with a speciﬁc morphology and crystal structure. Solid MnO2   can exist in a, b, d and g crystallographic structures. The most stable is b-MnO2  which can be obtained with a nanotubular microstructure using the following method. In a typical process, 4.0 mmol of MnSO4 . H2O is dissolved in 10 cm3 of distilled water, and 4.5 mmol of PVP (K30, polymerization degree 360) is added slowly with vigorous stirring. When the solution becomes transparent, 8 cm3 of an aqueous solution containing 8.0 mmol of NaClO3  is added with continuous stirring. The resulting transparent solution is hydrothermally treated at 160 C for 10 h. The b-MnO2  nanotubes obtained are usually cylindrical in shape, with a diameter of 200–500 nm and a length of 1–6 mm.40 d-MnO2   nanotubes   can be obtained via   the disproportion–hydrolysis of  a-NaMnO2. In a typical synthesis, 0.3 g of NaMnO2  is dispersed into 30 cm3 of diluted water, followed by hydrothermal treatment at 120–140 C for about 4 days.41 The nanotubes are characterized by a multilayer wall structure (interlayer distance of 0.7 nm), with diameters of 10–20 nm and lengths of several mm (see Figure 1.4a). Similar multilayered MnO2  nanotubes can also be produced using a multistage approach via   the formation of single-layer MnO2 nanosheets.42 Nickel hydroxide nanotubes  (Ni(OH)2  NT) can be obtained by the hydrothermal treatment of the precipitate formed during the slow mixing of 10 cm3 of  NH3 . H2O solution (0.2 mol dm3) with 10 cm3 of Ni(NO3)2   solution (0.025 mol dm3). A thorough wash of the precipitate with water, followed by hydrothermal treatment in 18 cm3 of a water–methanol mixture (1 : 1 v/v) with addition of 0.3 g of NaNO3   at 250 C for 24 h, results in the formation of  multilayer wall nanotubes with 0.7 nm interlayer spacing, 10–20 nm diameter and several micrometres length.34 The lamellar wall structure of nanotubes is 1
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Electron microscopy images of MnO2: a) VOx, b) ZrO2,   c) WS2, d) Ni3Si2O5(OH)4   and e) Mg 3Si2O5(OH)4  nanotubes. (Images a), b), c), d) and e) were kindly taken with permission from ref. 41, 47, 50, 55, 61 respectively).



similar to that of Ni(SO4)0.3(OH)1.4  nanoﬁbres  obtained under similar hydrothermal conditions.43 Niobate nanotubes  ( e.g.  K 4Nb6O17  NT) can be fabricated using a multistage approach similar to that used for MnO2 nanotubes. In the ﬁrst stage, potassium ions from bulk multilayered K4Nb6O17   are ion-exchanged to protons using strong inorganic acids (e.g.   HCl). In the second stage, niobate single-layer nanosheets are exfoliated from the bulk crystal using TBAOH, which intercalates between the layers. In the third stage, the colloidal solution of single layer nanosheets is coagulated by the addition of KCl or NaCl solution forming nanotubes of alkaline metal niobates.42,44 The nanotubes that are obtained are characterised by a multilayered structure, with an external diameter ranging from 15 to 30 nm and a length of 0.1 to 1 mm. Vanadium(V ) oxide nanotubes (VOx   NT, where x E   2.45) were originally synthesised using the hydrolysis of vanadium(V) alkoxide in the presence of an amine, followed by hydrothermal treatment. In a typical reaction procedure, a solution of vanadium(V) triisopropoxide (15.75 mmol) and hexadecylamine (7.87 mmol) in a molar ratio of 2 : 1 in ethanol (5 cm3) is stirred in an inert atmosphere for 1 hour, followed by the addition of 15 cm3 of water. After a few hours, a yellow, lamellar-structured composite of surfactant and a hydrolyzed vanadium oxide component are formed. The hydrothermal reaction of the mixture at 180 C for about a week, leads to the formation of black, isolated or star-like grown-together nanotubes with open ends as the main product.45 1
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VOxnanotubes are characterized by multilayer wall structures with an interlayer spacing varying in range from 1.7 to 3.8 nm (depending on the size of the amine additive used in synthesis) as seen in Figure 1.4b. The outer diameter of the nanotubes ranges from 15 to 150 nm, with a length of  0.5–15 mm.46,47 A more recent, alternative method of nanotube synthesis uses another precursor. A suspension of V2O5   (15 mmol) and a primary amine CnH2n11NH2 (11ono20; molar ratio 1 : 1) in 5 cm3 of ethanol is stirred for 2 h, followed by the addition of 15 cm3 of water. The mixture is stirred at room temperature for 48 h. The hydrothermal treatment of the resulting composite in an autoclave at 180 C for 7 days generates a black product containing VOx nanotubes.48 Zinc oxide nanotubes   (ZnO NT) can be prepared by hydrolysis of  Zn(NH3)421 complexes under hydrothermal conditions. In a typical procedure, a mixture of aqueous Zn(NH3)421 solution (adjusted to pH 12 with ammonia) and ethanol (1 : 11 v/v) is hydrothermally treated with constant stirring at 180 C for 13 h.49 The resultant white precipitate can be collected, then washed several times with absolute ethanol and distilled water. The yield of tubular ZnO is about 20% polycrystalline nanotubes of approximately 450 nm in diameter and 4 mm in length. Zirconium oxide nanotube   (ZrO2   NT) arrays can be fabricated by anodic processing of pure zirconium metal in a ﬂuoride-containing electrolyte. According to one method, a degreased and clean, ﬂat zirconium metal electrode is electrochemically oxidized in an aqueous electrolyte containing (NH 4)2SO4 solution (1 mol dm3) and 0.5 wt% NH4F at room temperature, at a cell voltage of 20 V.50 ZrO2  nanotubes are characterised by a 50 nm internal diameter and are approximately 17 mm in length (see Figure 1.4c). 1



1



1.3.2



Metal Chalcogenide Nanotubes



Chalcogenides of transition metals having a multi-walled nanotubular morphology have been actively studied during recent decades. The methods of  nanotube preparation include arc discharge; laser ablation; sublimation; gasphase reduction with H2S or H2Se; pyrolysis of (NH4)2MX4  (where M Mo or W; X S or Se); and hydrothermal reactions.51 Although gas-phase redox synthesis is the most prominent technique used, in this book we mainly review hydrothermal methods. During hydrothermal sulfurisation, the following molecules are used as a source of sulfur atoms: H2S, (NH2)2CS and KSCN. Bismuth(III ) selenide nanotubes (Bi2Se3  NT) can be prepared by the hydrothermal reduction of H2SeO3  in the presence of Bi31 ions. In a typical procedure, 7.5 cm3 of aqueous H2SeO3  (1 moldm3) is mixed with 5.0 mmol of BiCl3 under ultrasonic agitation for about 30 min, followed by the addition of 4 cm3 of hydrazine hydrate (N2H4 . H2O). The mixture is hydrothermally treated at 200 C for 24h.52 The black-coloured product obtained contains a certain amount of nanotubes which are impurities to other nanostructures including nanosheets and nanoﬁbres. The nanotubes are characterised by internal ¼
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diameters of 5–10 nm, lengths of 80 to 120 nm and approximate wall thicknesses of 1.3 nm. Molybdenum(IV ) polysulﬁde nanotubes   (MoS8  NT) can be hydrothermally prepared from ammonium salts. In a stainless-steel autoclave vessel, solutions of 2.8g of (NH4)2MoS4   in 100mL of water and 8g of (NH2OH)2 . H2SO4 dissolved in 100 mL of water are mixed together, followed by the addition of  gaseous H2S to a pressure of 2000 kPa. A hydrothermal reaction is then performed at 220 C for 30 min. A brown powder of nanotubes can be ﬁltered oﬀ, washed with distilled water and dried in air. The hollow tubules of MoS8  are of  nanoscale size (50–500 nm diameter; 0.1–20 mm length).53 Molybdenum(IV ) sulﬁde nanotubes   (MoS2) can be obtained via  the hydrothermal reduction of MoO3   with KSCN. In a typical preparation of MoS2 nanotubes and nanorods, 5.0 mmol of molybdenum(VI) oxide (MoO3) and 12.5 mmol of potassium thiocyanate (KSCN) are mixed with 60 cm3 of water, and hydrothermally treated at 180 C for 24 h. A dark powder consisting of  polycrystalline nanotubes is collected and washed several times with deionized water to remove any residue of the reactants. The nanotubes are characterized by a diameter of 60–100 nm and a length of several microns.54 Tungsten sulﬁde nanotubes (WS2   NT) can be synthesized via   the gas-phase reduction of WO3  nanorods with H2S at elevated temperatures. WO3  nanorods can be obtained via  the following route. An aqueous solution containing a mixture of 1.32 g of (NH4)10W12O41 . 7H2O and 2.10g of citric acid is heated at approximately 120 C with constant stirring for 4–5 h until a gel is formed, and allowed to stand overnight. Hexadecyl amine (2.45 g) dissolved in ethanol is added to the gel with stirring for 10 h. The resulting mixture is hydrothermally treated at 180 C for 7 days. The product obtained is washed with ethanol, cyclohexene, water, and ﬁnally again with ethanol, and dried at room temperature. An alumina crucible containing the WO3  nanorods is placed in a tubular furnace and heated up to 840 C at a rate of 5 Cmin1 in an Ar gas ﬂow, and then it is switched to H2S gas for 30 min.55 The diameter of the nanotubes obtained varies broadly, ranging from 20 to 200 nm, and their length varies from approximately 1 to 8 mm. A large fraction of the nanotubes has open ends. The walls have a layered structure, with an interlayer spacing of 0.65 nm (see Figure 1.4d). Titanium sulﬁde nanotubes  (TiS2  NT) can be obtained via  hydrothermal recrystallisation. In a typical procedure, anhydrous sodium sulﬁde (3.1 g, 40 mmol) is added to the solution of titanium(IV) chloride (3.8 g, 20 mmol) in tetrahydrofuran, THF (150 cm3), at 40 C with stirring. After 30 min, the liquid is cooled and the dark brown solid is ﬁltered, and washed with THF and methanol several times. Hydrothermal treatment of the powder in THF at 200 C for 6 h, results in the re-crystallization of TiS2  forming nanotubularshaped single crystals. During synthesis, care should be taken to avoid any impurities in the water.56 The resulting nanotubes have the following approximate dimensions: a length of 2 mm, an outer diameter of 30 nm, an inner diameter of 10 nm; and multilayered walls with an interlayer spacing of  0.57 nm. 1
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1.3.3 Mixed Oxides, Silicates and Other Compounds as Nanotubes The chemistry of layered mixed silicon oxide with other metal oxide compounds is rather complex. Various metal silicates are abundant in nature. Some of them occur naturally with a nanotubular morphology, which can be reproduced artiﬁcially using the hydrothermal processes similar to those occurring in the earth’s crust. In the following sections, we review several examples of mixed oxide nanotubes and their syntheses. Chrysotile nanotubes  (Mg3Si2O5(OH)4  NT) occur naturally in the earth crust where they are probably hydrothermally produced under high pressure and temperature. Such geological conditions have inspired the preparation of  synthetic chrysotile.57 The development of the synthetic methods for chrysotile preparation began in the pre-nanotube era of the early 1920s. Since then there have been many improvements with an optimisation of reaction conditions to achieve a better control of morphology, and the ability to perform syntheses using ambient reaction conditions. One recent method of synthesis includes the following steps. Silica (SiO2; prepared by hydrolysis of TEOS) is mixed with Mg(OH)2  (prepared by hydrolysis of magnesium ethoxide) in a molar ratio of  3 : 2 (Mg : Si). A 0.3 g portion of the mixture was added to aqueous NaOH (pH 13) and was hydrothermally treated at 200 C for 5 days.58 The nanotubes produced had an average outer diameter o50 nm, with a length which could exceed 1 mm, as seen in Figure 1.4f. The walls had a multilayered structure with an interlayer spacing of 0.73 nm. Halloysite nanotubes (Al2Si2O5(OH)4 . 2H2O NT) naturally occur in mineral form and are relatively abundant on the surface of the Earth. The length of  natural nanotubes varies from 1 to 15 mm with an inner diameter from 10 to 150 nm, depending on the mining location. The tube has a multilayered wall structure. There appears to be no reported laboratory synthesis of halloysite nanotubes, despite the fact that the preparation of synthetic nanotubes could provide a method for obtaining the material free from the impurities which are always present in natural minerals. Hydrotalcite nanoscrolls (Mg6Al2(CO3)(OH)16 . 4H2O) are the layered double hydroxides which can form nanotubular structures (scrolls). These hydroxides can be prepared  via  the hydrothermal hydrolysis of aluminium and magnesium salts in a water–ethanol solvent using the following procedure: water–ethanol solutions of Mg(NO3)2 . 6H2O (1.8 mmol) and Al(NO3)3 . 9H2O (0.6mmol) are added to a solution of NaOH (0.0025 mol) and Na2CO3 (0.0025 mol) in 30 cm3 of  water with stirring, followed by hydrothermal treatment at 160 C for 24h.59 The resulting nanotubes are characterized by outer diameters in the range of  50–100 nm, and lengths ranging from hundreds of nanometers to several microns. Imogolite nanotubes   ((OH)3Al2O3SiOH NT) are naturally occurring singlewalled nanotubular aluminosilicates with an approximate inner diameter of  1.0 nm, an external diameter of 2.5 nm, and a length ranging from hundreds of  nanometres to several microns. In nature, these aluminosilicates are usually ¼
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found in the decomposition products of volcanic ash, in soils with a humid environment. Synthetic imogolite, however, can be prepared using following procedure: TEOS is added dropwise to an aqueous aluminum chloride solution (2.4 mmol dm3) to give a molar ratio of 9 : 5 (Al : Si) . The solution is then adjusted to pH 5.0 using aqueous NaOH solution (0.1 mol dm3) for the hydrolysis of the precursors, followed by the addition of solutions of HCl (1.0 mmol dm3) and ethanoic acid (2.0 mmol dm3) . The acidiﬁed, aqueous solution is then reﬂuxed at 98 C for 5 days. The separation of the nanotubes from unreacted silicic acid, monomeric aluminum and NaCl is achieved by using dialysis against deionized water.60 Nickel(II ) phyllosilicate nanotubes (Ni3Si2O5(OH)4   NT) are a homologous analogue of chrysotile nanotubes and can be obtained via   a hydrothermal process. In a typical procedure, NiCl2 . 6H2O (3.21 g; 13.5 mmol) is added to a suspension of silicic acid (0.70 g; 9.0 mmol) dispersed in 200 cm3 of distilled water under a nitrogen atmosphere, followed by the slow addition of 67.5 cm3 of NaOH solution (1.0 mol dm3) over a period of 10 min. After 3 days stirring under N2  at room temperature, the mixture is transferred to an autoclave and hydrothermally treated at 250 C for 18h.61 The prepared nanotubes have a relatively short length of up to 200 nm. The outer and inner diameters of the tubes range from 25 to 30 nm and from 10 to 15 nm, respectively. The walls of  the nanotubes have a multilayered structure with a 0.7 nm spacing between the layers, as seen in Figure 1.4e. Using a similar approach it is also possible to prepare Co–Mg phyllosilicate nanostructures.62 Transition metal silicate nanotubes  ( e.g.  copper silicates; CuSiO3 . 2H2O) can be obtained using the following procedure:63 Cu(NO3)2 . 3H2O (0.5 g) is dissolved in a mixture of distilled water (5 mL) and ethanol (20 mL), into which ammonia solution is added to form a clear [Cu(NH3)4]21 solution. Then Na2SiO3  (5 mL; 0.5 mol dm3) is added to form a light-blue precipitate, which, following hydrothermal treatment at 180–200 C for two days, results in the formation of nanotubes. Silica nanotubes   (SiO2   NT) can be produced from kaolin mineral (Al2Si2O5(OH)4) via  the intercalation of surfactant between layers on the precursor followed by delamination and hydrothermal transformation to nanotubes. According to this procedure, the white colored kaolin powder is obtained by calcination of the original kaolin at 750 C for 4 h in air. The soluble salts are then removed by washing the material with distilled water and drying it at 100 C. The dried kaolin (5 g) is saturated with 20 cm3 of aqueous CTAB (0.1 mol dm3) for 10 h at room temperature, followed by the addition of 2 cm3 of concentrated sulfuric acid and stirred for 20 h.64 The suspension which is obtained is heated to 120 C for 24 h. The nanotubular structures produced are characterized by an open ended tubular morphology, with an inner diameter of about 50 nm, an outer diameter of 80 nm and a length of less than 1 mm on average. Bismuth metal nanotubes can be obtained by reduction of bismuth nitrate with hydrazine in hydrothermal conditions. During this procedure, 0.01 mol of  Bi(NO3)3  is mixed with 0.02 mol of aqueous N2H4  in water at room temperature, forming an insoluble precipitate. After adjusting pH to within the range of  1
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12–12.5 with an aqueous solution of NH3, the mixture is hydrothermally treated at 120 C for 12 h, and then washed with HCl. The diameter of the nanotubes produced is approximately 5 nm, and the length is in the range of 0.5 to 5 mm.65 In conclusion, the list of elongated inorganic nanostructures is constantly growing due to the interest in new nanomaterials with nanotubular and nanoﬁbrous morphology.66 At present, the search for new materials tends to apply methods of   trial and error, due to the lack of a general theory regarding nanostructure growth which could allow for the prediction of the synthesis conditions required for new nanomaterials. However, current research on the mechanisms of nanostructure formation (see Chapter 2) is providing a route for the development of more consistent theories. 1



1.4 Techniques and Instruments Used to Study Nanomaterials The current boom in nanoscience and nanotechnology is to some extent a result of the recent advances in the methods of investigating and manipulating small objects. Such developments were mostly driven by the improvement in the resolution, reliability and availability of electron microscopy, including scanning (SEM) and transmittance (TEM) modes. The recent invention of scanning tunnelling (STM) and atomic force (AFM) microscopy, ﬁrst appearing in 1982 and 1986, respectively,1 also provided additional tools for probing and manipulating atomic scale objects. SEM, AFM and STM instruments detect the surface features of nanostructured objects. However, when it comes to nanotubular morphology, sometimes the only method which can diﬀerentiate between the tubular or rod shape of objects is TEM imaging, which allows us to ‘‘see’’ the projection of the object. Furthermore, in order to avoid misinterpretation and artefacts associated with TEM imaging it is necessary to detect the nanotubes oriented parallel to the electron beam casting the projection in the shape of a circle. Although electron microscopy imaging allows us to   directly   detect the shape and dimensions of the objects with great accuracy, the disadvantage is that it covers only a limited area of the sample. As a result, there are always doubts as to how representative the imaged object is of the whole sample. One of the methods which measures macroscopic parameters and associates them with microscopic parameters, is the method of gas adsorption into the porous samples. The most popular and developed method is nitrogen adsorption, which has been widely used in the investigation of catalysts for the characterisation of porous materials. In typical experiments, the adsorption of  gaseous nitrogen on the surface of a material is studied at a temperature of –  196 C, in the range of relative pressures from 0 to 1. Using an adsorption model, it is possible to determine the speciﬁc surface area (BET) and the pore size distribution (BJH). These data can then be associated with the morphology and size of the nanostructure. The advantage of the method is simplicity, cost and reproducibility. The disadvantage is that it requires a model which can 1
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associate pore size distribution with the dimensions of the nanostructure. This approach is usually applicable only to nanostructures from the same family (e.g.  nanotubes, nanoparticles etc.). Section 3.2 considers the porous structure of titanate nanotubes. The degree of atomic order in nanostructures can be studied using electron or X-ray diﬀraction methods. There are some diﬃculties with the interpretation of diﬀraction data, due to the relatively small size (or polycrystallinity) of  nanostructures resulting in a widening of the reﬂexes. Furthermore, some nanostructures (e.g.   as-prepared TiO2   anodized nanotubes) may be amorphous. In Section 3.1, crystallographic studies of titanate and TiO2  nanotubes are reviewed. The electronic structure and the nature of the surface atoms has been actively studied using conventional spectroscopy methods. Section 3.3 considers various spectroscopic data. Results from UV/VIS, PL, ESR, XPS, NMR, Raman and FTIR spectroscopy are interpreted. The methods of computational chemistry are also widely used in nanoscience. In the instance of titanate nanotubes, however, their use is yet limited due to the massive number of atoms in its nanostructure, resulting in a huge basis set of atomic orbitals. For example, a typical 100 nm long titanate nanotube contains more than ten thousand titanium atoms, making direct ab initio   calculations impossible using current computing facilities. However, future developments in computing technology and the implementation of  various model approximations would allow further simulations and would stimulate progress in the discovery of new nanomaterials.
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