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Structural investigation of titanium oxide nanowires with unconventional optoelectronic behavior

Grazing incidence wide angle X-ray scattering measurements on aligned titanium oxide nanowires displaying anisotropic optical-electronic properties are carried out. Elemental and thermal analyses provide a chemical composition corresponding to H 2 Ti 3 O 7 nH 2 O with n  1 while the crystallographic data indicate a monoclinic cell with a lamellar substructure. Cell parameters are close to those of H 2 Ti 3 O 7 notwithstanding a doubling of the lattice in the layer plane. A comparison of the band gap energy values and the electronic transition modes between the two polymorphs displays differences that could be ascribed to the structural variation.

Introduction

Electronic properties of materials (magnetism, optical, thermal or electrical) have attracted attention for decades. [START_REF] Hummel | Electronic Properties of Materials 4th edn[END_REF] For example, magnetic properties find application in cell labelling, [START_REF] Lewin | [END_REF] and electrical/optical properties are used in electronic devices. 3 One of the present main research fields is the characterization of electronic properties under light excitation. This interest has increasingly found applications in photocatalysis 4 and optoelectronics 5 to name a few. For a long time, semiconducting materials have been components of choice due to their intrinsic electronic configuration (energy band gap of electrons) and ability to modulate the composition for influencing the electronic properties. 6 For low-dimensional objects, nanostructured materials, their aspect ratios also play an important role in modifying electronic properties. Below a typical size of the order of one hundred nanometers, the properties of nano-materials are different from those of the bulk state as they display some anisotropy in their properties, [7][START_REF] Rivas | Optical Anisotropy of Semiconductor Nanowires, One-Dimensional Nanostructures[END_REF][9] and are also different if they behave as 2D, 1D or 0D nanoobjects. These low-dimensional behaviors often imply quantum confinement resulting either from the small size of the object [7][START_REF] Rivas | Optical Anisotropy of Semiconductor Nanowires, One-Dimensional Nanostructures[END_REF][9][10] or from the structure. 11 By understanding the mechanisms involved, properties can be optimized for future applications. Recently, we investigated the optical anisotropic properties of titanium oxide nanowires (Ti IV NWs) spraying aligned on a substrate surface, revealing a band gap energy variation when the linear polarization of the light excitation is changed. 12 This very simple alignment technique allows the properties of anisotropic nano-objects to be probed on a sample scale compatible with conventional UV-vis spectroscopy techniques. 13 By means of X-ray diffraction (XRD), energy dispersive X-ray spectroscopy in scanning transmission electronic microscopy (EDS-STEM) and elemental analysis of commercial NW batches, the nano-objects were found to be well crystallized with the presence of several structures, namely, Na 2 Ti 3 O 7 and TiO 2 . In addition, transmission electron microscopy/electron diffraction (ED) results evidenced a rectangular in-plane lattice not matching with any known titanium oxide structure. This result suggested the further evolution of the NWs composition during the film preparation and the induction of a specific orientation of the formed structure, which presumably explains the observation of original physical properties of the deposits. Therefore, specific data on the aligned NWs are called for in order to gain insights into the origin of the band gap energy anisotropy, and this work focusses on the determination of their phase composition and structure orientation. To achieve this goal, we targeted the NWs that were subjected to the necessary chemical treatments to obtain stable suspensions, and used a combination of several techniques: grazing incidence wide angle X-ray scattering (GIWAXS), electron diffraction (ED) on the aligned NWs and X-ray diffraction (XRD). The evolution of the structure was studied as a function of temperature. Elemental and thermogravimetric analysis (TGA) were also carried out to provide data on the chemical composition. We showed that the chemical treatment used to obtain a stable suspension of NWs in solution modified their initial composition and structure. Starting from the structural Ti oxide mixture, only one composition remains present; corresponding to H 2 Ti 3 O 7 nH 2 O with n  1. As a matter of fact, the diffraction investigations indicate that the structure resembles the lamellar structure of H 2 Ti 3 O 7 notwithstanding a doubling of the lattice along one crystallographic direction. The comparison of the band gap energy values and the electronic transition modes display differences that could be ascribed to the structural variation.

Experimental Materials

All the compounds were used as received. Titanium oxide (Ti IV ) nanowires (100 nm x 10 µm), with the CAS number 13463-67-7, were purchased from Sigma-Aldrich (France). Branched poly(ethyleneimine) (PEI) solution (50 wt% in H 2 O) with an average 𝑀 = 750 000 gmol -1 and poly(sodium 4-styrenesulfonate) (PSS) with an average 𝑀 = 70 000 gmol -1 were purchased from Sigma-Aldrich. Silicon wafers (200 mm in diameter, Wafernet Inc., San Jose, CA) were cut to have rectangular dimensions of 10 x 20 mm.

Surface preparation

The silicon wafers were cleaned for 15 min in an ultrasonic bath with a 50:50 ethanol/Milli-Q water mixture. The plates were then dried under N 2 flow and were activated for 5 min in a plasma cleaner (Harrick Plasma, Ithaca, NY) at medium intensity (10.2 W). The polymer PEI/PSS underlays were deposited by first dipping the silicon wafer plates for 15 min in a PEI solution (2.5 mgmL -1 in water) followed by two water wash steps (2 x 5 min). The second step consisted in dipping the plates for 15 min in a PSS solution (2.5 mgmL -1 in HNO 3 , pH 2.5). Finally, two water wash steps (2 x 5 min) were performed. This polymeric underlayer increases the adhesion of the NWs to the substrate through electrostatic interaction.

NW suspensions

Ti IV NWs (0.034 mgmL -1 ) were dispersed in nitric acid solution (pH 2.5) and sonicated in an ultrasonic bath for 20 min. The obtained suspension was allowed to settle 15 min prior to spraying. For transmission electron microscopy (TEM) and X-ray diffraction (XRD) measurements, a suspension was prepared as described above with alternate centrifuging and rinsing steps with ultrapure water 18.2 Mcm (Milli-Q Avantage A10 station). Some part of the suspension was allowed to be deposited dropwise onto TEM grids while the remaining part was dried under vacuum (ca. 15 mbar, Vacuubrand pump PC-101-NT, for 5 days) in order to obtain a powder for XRD.

Spraying NWs on coated surfaces

Spraying was carried out using an AZTEK airbrush model A480 with a 1.02 mm nozzle. The spraying was directed along the long dimension of the PEI/PSS-coated plates positioned horizontally. The spray duration was 900 s with an air flow rate of 15 Lmn -1 , a liquid flow rate of mLmn -1 , a 351 angle of the airbrush and a 1 mm distance nozzle-plate. The silicon wafer substrate covered with NWs was then washed in ultra-pure water.

Thermogravimetric analysis

TGA measurements were carried out with a Q50 system from TA Instruments and the conditions were as follows: a heating speed of 5 °C min -1 and air as purge gas.

Transmission electron microscopy measurements

TEM, energy dispersive spectroscopy (EDS) in scanning transmission electron microscopy (STEM) and electron diffraction (ED) measurements were performed using a LaB6 JEOL 2100 system, operating at 200 kV, with a 0.2 nm point to point resolution in the TEM mode.

Scanning electron microscopy measurements

SEM measurements were performed on a Hitachi SU 8010 system.

X-ray diffraction

The XRD patterns were obtained with a transmission Guinier-like geometry. A linear focalized monochromatic Cu K1 beam (  = 1.54056 Å) was obtained using a sealed-tube generator (600 W) equipped with a bent quartz monochromator. The samples were filled in sealed cells of an adjustable path. The sample temperature was controlled within ± 0.1 °C, and exposure times were of 24 h. The patterns were recorded on image plates and scanned using Amersham Typhoon IP with 25 µm resolution (periodicities up to 120 Å). The intensity versus scattering vector profiles, I(q), were obtained by radially aver-aging the pattern using a home-developed software system.

Grazing incidence wide angle x-ray scattering

The GIWAXS experiments (proposal number 20200402) were conducted on the SIRIUS beamline at the French National Synchrotron Radiation facility SOLEIL in Saint-Aubin, France. 14 An X-ray energy of 10 keV (X-ray incident wavelength, 1.24 Å) was selected with a Si(111) double crystal monochromator. The beam size 500 x 80 µm 2 (H x V) was obtained using a two-slit system to define the horizontal beam size, and focusing mirror for the vertical beam size. A beam stop was used on the detector to stop direct and reflected beams. The scattering patterns were collected on a DECTRIS PILATUS3 1M 2D (Dectris, Switzerland) detector positioned 350 mm downstream of the sample at an angle  = -8.6° with the direct beam in the horizontal plane, allowing the entire Q-range from 0.15 Å -1 to 2.1 Å -1 to be covered. A specifically designed environmental chamber was built to reduce background scattering and absorption from air. It allows flushing of helium along the whole beam path and swapping of configurations between a rotating sample platform and a hot stage. To get rid of the horizontal blind zones between detector area sub-elements, we chose to run three acquisitions with slightly shifted vertical angular positions  of the detector in the incident X-ray plane: this provides overlapping zones for the junction of the patterns. The diffraction pattern of silver behenate was used to calibrate the sample-to-detector distance and to renormalize the scattering vectors from the spatial and polar coordinates of the detector. 15 The incident angle was set at 0.12°, below the total external reflection critical angle of the substrate.

The typical exposure time was 6 minutes per pattern. Background subtraction and reconstructed patterns on Q-scales were obtained from raw detector collected images using home-developed software as described previously in details. 16 

Results and discussion

As depicted in the sample preparation section, a treatment (sonication in nitric acid media) is carried out on the commercial NWs, resulting in the formation of a stable suspension with a good dispersion of the nano-objects before the spraying step. As shown by SEM, the long-axis of Ti IV NWs lying on the silicon wafers is consistent with the spray direction (Fig. 1). However, when one considers the initial average size of NWs (100 nm x 10 µ m , see material part), the applied spray treatment for depositing and aligning the NWs breaks them into smaller entities of ca. 2-3 µm long.

Fig. 1 SEM pictures of deposited Ti IV NWs onto silicon wafers by spray at two magnifications (A) x1000 and (B) x2500.

In order to know if the treatment modified the NWs chemically, we performed elemental and EDS-STEM analysis on the treated NWs and we compared the results with those obtained for the untreated material. These results are summarized in Table 1.

In line with the previously reported results, 12 large amounts of sodium are found in the raw Ti IV NWs indicating the presence of sodium salts such as Na 2 Ti 3 O 7 . Both elemental analysis and EDS-STEM consistently showed that these salts were removed during the treatment since the ultimate Ti IV NWs now contain alkaline cations only as trace impurities. Obviously, the sodium ions were leached out from the non-dissolved salt fraction to yield protonated species such as H 2 Ti 3 O 7 . 17 Indeed, this composition fits the elemental analysis, supporting that such protonated species have become a major component of the treated NWs. Otherwise, the higher content of Ca and Ba observed after treatment is explained by the dissolution of the major fraction of the raw NWs, increasing the proportion of the insoluble alkaline earth salts. Finally, if the raw NWs contained an initial fraction of TiO 2 , it should stay there after treatment since this species is not soluble in dilute acids. 18 Taking advantage of NW alignment on substrates, the GIWAXS patterns can ideally provide a fully quantitative multi-scale structural and orientational characterization of the NWs. Fig. 2 illustrates the GIWAXS patterns collected for the configurations where the incident X-ray beam is aligned parallel ( = 0°) and perpendicular (  = 90°) to the NWs' long axis. The low-angle region of the GIWAXS patterns is composed of three single reflections. The two spots at q = 0.60 Å -1 and 0.86 Å -1 correspond to the periodicities in the cross-section of NWs as they show continuous rings when NWs are oriented parallel to the incident beam. Conversely, the spot at q = 1.80 Å -1 is observed for the orthogonal orientation only and corresponds to the periodicity along the long-axis of NWs. Accordingly, NWs lie parallel to the surface but appear to be distributed with various orientations around their longitudinal axis. Nevertheless, there is a highly predominant population of NWs contributing to the B spot located at the equator and the A spot on the meridian, whereas the minor population leads to spots with the inverted locations.

Table 1 Results of elemental and EDS-STEM analysis of the raw and treated NWs. ND is for not detected within the limit of 1 mgkg -1 . Na/Ti corresponds to the weight ratio. The data corresponding to TiO 2 , Na 2 Ti 3 O 7 and H 2 Ti 3 O 7 are the calculated ones.

Electron diffraction complement these data on Ti IV NWs after treatment. Fig. 3A andB shows the electron diffraction pattern of a single NW and Fig. 3C displays the electron diffraction pattern of a NW bundle. Taking into account the elemental and EDS-STEM analysis, the NWs seem to be composed of a unique structure of composition close to that of H 2 Ti 3 O 7 (Fig. 4). Indeed, the indexation of ED and GIWAXS patterns indicate a monoclinic structure with a  Such lattice doubling for a H 2 Ti 3 O 7 polymorph is in line with the observation of large-lattice sodium salts during ion exchange reactions. 19 The average coherence lengths can be inferred from the GIWAXS patterns using the Scherrer equation with the shape factor  = 0.9; 20 they are:   8 nm,  18 nm and  14 nm along the three respective axes a, b, and c of the lattice. These values are far below the average size of NWs measured by TEM (〈𝐿〉 = 5 3 µm and〈Ø〉 = 0.06 0.04 µm), revealing their polycrystalline nature.

Fig. 2 GIWAXS patterns of a spray-coated film with treated Ti IV NWs; with the incident-ray beam aligned perpendicular ( = 90°) or parallel ( = 0°) to the long axis of the NWs. The indexation of diffraction spots (hkl indices in the vicinity of the spots) indicates two main preferential orientations (in blue and in magenta); bottom: corresponding orientations of reciprocal cell axes.

Fig. 3 reveals that the long axis of the NWs coincides with a short periodicity and the transverse direction coincides with a long periodicity: they are identified to be the b-axis and the c-axis of the lattice, respectively. The systematic missing (0kl) peaks with an odd k + l sum indicate a centered symmetry for the rectangular b x c sublattice.

Fig. 3 (A) Electron-diffraction (ED) pattern of an isolated treated Ti IV -NW visualized with the TEM image (B). The red arrow represents the long axis of the NW. The blue labels next to diffraction spots are the Miller indices. (C) Electron-diffraction (ED) pattern of a bundle of treated Ti IV NWs with equal in-plane orientation.

For both observations, either on NW bundles by ED (Fig. 4) or on spray coated film by GIWAXS (Fig. 2), the long axis of the NWs and the b-axis lie parallel to the substrate. The GIWAXS patterns indicate that there are two populations of NWs with respect to the facets lying on the substrate: most NWs are oriented with the b x c plane nearly parallel to the substrate (blue labels) whereas some have the a x b plane nearly parallel to the substrate (magenta labels). On the ED pattern, the relative intensities of the spots also show that the lamellae are preferentially oriented parallel to the substrate. The two preferential orientations underline that the NWs' alignment builds a set of more dense reticular planes along the substrate, namely, those along the [010] direction coinciding with the long axis of NWs. The fact that anisotropic objects tend to align themselves to have the more dense crystallographic planes along the substrates has been observed in many systems. This includes supramolecular nanowires 16 and lyotropic liquid crystals that undergo topological transformations from cylinders to lamellae by encompassing different structures, such as anisotropic ribbons and connected rods. 21,22 Comparison of the XRD patterns before and after treatment of the NWs confirm the structural changes following the change in chemical composition after treatment (Fig. 5A). Additionally, due to chemical reaction and/or sonication, the broadening of reflections follows the drastic size reduction of crystallites as determined from GIWAXS patterns. The indexation allows to refine the raw lattice parameters deduced from oriented patterns (Fig. 6 Investigation as a function of temperature gives additional insights. Fig. 7 displays the GIWAXS patterns of aligned Ti IV NWs that were heated in situ. On heating from 25 °C to 100 °C, the d 100 periodicity decreased from  14.8 Å to  14.0 Å and further down to  12.9 Å when heating was increased to 200 °C. The periodicity then stayed constant during prolonged annealing at 200 °C and subsequent cooling had no effect ( 12.8 Å at 30 °C). Remarkably, the periodicity d 001 remained unchanged at 25 °C and 100 °C for the population of NWs oriented with the b x a plane parallel to the substrate. This population decreased on heating and NWs were uniformly oriented with the b x c plane parallel to the substrate at 200 °C. The position, shape and intensity of (110) reflection are the same between 25 °C and 100 °C. However, its shape starts broadening slightly at 200 °C and after cooling. The decrease in the d 100 periodicity as a function of the temperature could be explained by the loss of H 2 O molecules, reducing the spacing between Ti oxide layers. To test this idea, TGA measurements were performed on the powder of Ti IV NWs treated and sonicated in HNO 3 media and cross-checked with XRD results performed after annealing at variable temperatures. The results are presented in Fig. 8. Fig. 7 Evolution of the GIWAXS pattern versus temperature, measured for  = 90°, by using the helium-flushed variable-temperature environment.

The NWs showed a slight weight loss at low temperatures due to adsorbed humidity and weight drop around 100 °C due to co-crystallized water molecules. Weight loss continued at higher temperatures, due to chemical modification as revealed by structural changes in XRD patterns (Fig. 8A). After calcination at 450 °C, the weight of the product of calcination remained constant on cooling and subsequent heating. Regarding the lamellar periodicity, the evolution of q 200 is quite consistent with what was observed by GIWAXS. A previous study on (anhydrous powder) H 2 Ti 3 O 7 clarifies the underlying process that consists in a progressive transformation to 3TiO 2 + H 2 O within a broad temperature going from 130 °C to 500 °C and in the water vaporization for a final weight loss of ca. 7.1%. 23 23 Now we can describe the structure of the treated Ti IV NWs as a hydrated polymorph of H 2 Ti 3 O 7 with an equivalent lamellar structure and a slightly modified in-plane structure. The NW-axis coincides with the b-axis, which is the direction of compact chaining of Ti IV sites. In thin films, the NW axis and Ti oxide layers are predominantly oriented parallel to the substrate although a small proportion of NWs are oriented with vertical lamellae. The structural and morphological information allows us to compare some electronic properties with those of H 2 Ti 3 O 7 . Previously, we reported the average value for the energy band gap to be E g  3.5 eV with a direct electronic transition. 12 For H 2 Ti 3 O 7 , the energy band gap is not well defined. Whatever determination mode is used, a theoretical approach 24 or an experimental approach, 25 the values range between 2.46 eV and 3.3 eV. The value obtained for the H 2 Ti 3 O 7 nH 2 O polymorph of the NWs is significantly higher, although it must be kept in mind that neither theory nor experiments provide an exact estimation of the band gap energy. A second difference can be pointed out because, for the referenced data, the electronic transition is indirect (𝑘 ⃗  0) whereas in our case, we have only obtained direct transition (𝑘 ⃗ 0). 12 The nature of the electronic transition seems to be relevant in the context of quantum confinement. 26 Furthermore, considering the lamellar structure and the average coherence lengths obtained for the treated NWs, quantum confinement effects are possible. 27 Consequently, some questions need to be clarified in future studies, in particular whether the optical anisotropy is specific to the H 2 Ti 3 O 7 nH 2 O polymorph or if H 2 Ti 3 O 7 also displays this property.

Conclusion

In the present study, a structural investigation was carried out on titanium oxide NWs, for which anisotropic optical electronic properties were shown previously when they were aligned onto a surface. The raw NWs, consisting of a mixture of two oxide phases (Na 2 Ti 3 O 7 and TiO 2 ), were subjected to a chemical/ mechanical treatment in order to obtain a stable suspension to spray. Elemental analysis and thermal analysis pointed out that this treatment results in a single phase whose chemical composition corresponds to that of H 2 Ti 3 O 7 nH 2 O with n  1. GIWAXS measurements were performed on the aligned NWs and the results were combined with XRD and electron diffraction to shed light on the NWs' structure and the deposited film morphology. First of all, the NWs preserve the lamellar structure of bulk H 2 Ti 3 O 7 and are predominantly oriented with Ti oxide layers parallel to the substrate. The NW axis coinciding with the direction of high dense layers is also equivalent to the bulk structure while the lattice is doubled along the orthogonal direction. The cause of the previously reported band gap energy anisotropy is obviously related to the aligned 

  15 Å, b  3.6 Å, and c  21 Å, and angles  = 90°,   102°, and  = 90°, which are close to the structural parameters of H 2 Ti 3 O 7 : a = 15.99 Å, b = 3.738 Å, c = 9.172 Å,  = 90°,  = 101.5°,  = 90° (PDF 00-47-0561), notwithstanding a doubling of the lattice periodicity along the c-axis.

Fig. 4

 4 Fig. 4 Views along b and c-axes of H 2 Ti 3 O 7 structure, generated with Mercury software, d = d 200 being the Ti oxide layer periodicity.

  ). The lattice parameters are a = 16.05 Å, b = 3.63(9) Å, c = 21.90 Å,  = 90°,  = 102°, and  = 90°, with a cell volume V = 1251 Å 3 , containing Z = 8 formula units, confirming the lattice doubling along the c-axis relative to the H 2 Ti 3 O 7 structure. Beyond composition and lattice parameters, the resemblance between NW and H 2 Ti 3 O 7 structures is confirmed by the similarity of reflection intensities (Fig. 5B). Although the NW shape of the crystals alters the resolution and affects intensity ratios precluding the determination of the detailed Ti IV oxide structure, the relationship with H 2 Ti 3 O 7 allows specification of the overall structural characteristics. Therefore, H 2 Ti 3 O 7 is characterized by a lamellar structure, with two shifted Ti oxide layers per lamella and two formula units per layer. Within the layers, the tetrahedral Ti IV site chains are in a compact way along the b-axis and in an expanded way along the c-axis, for lattice periodicities of 2 and 3 Ti IV sites, respectively. Such a lamellar structure is also found for the NWs with almost identical layer thickness d = d 200 (7.85 Å and 7.834 Å, respectively). The main structural difference is the doubling of the lattice periodicity along the c-axis for the NWs. Otherwise, the Ti oxide layers are somewhat stretched along the c-axis (average spacing of Ti IV atoms: c/3 = 3.057 to c/6 = 3.65 Å) and slightly shrunken along b-axis (b/2 = 1.869 to b/2 = 1.82 Å).

Fig. 5 (

 5 Fig. 5 (A) XRD patterns of Ti IV NWs before (black) and after (red) treatment by HNO 3 and sonication. (B) XRD pattern of treated Ti IV NWs, as compared to calculated pattern from known H 2 Ti 3 O 7 structure.

Fig. 6

 6 Fig. 6 Indexation of XRD patterns of treated Ti IV NWs as determined from weighted least square method and peak deconvolution.

  TGA of the treated Ti IV NWs shows similar weight variations in this temperature range (Fig. 8B), which confirms that NWs and powder have similar compositions and undergo similar transformations. Below 130 °C, H 2 Ti 3 O 7 is stable whereas NWs show roughly 7% weight variation due to initial dehydration. Therefore, TGA of the treated Ti IV NWs is in agreement with that of a hydrated derivative of composition H 2 Ti 3 O 7 nH 2 O with n  1.

Fig. 8 (

 8 Fig. 8 (A) XRD patterns of treated Ti IV NWs in the pristine state and after 30 min annealing steps at increasing temperatures. (B) TGA curve of treated Ti IV NWs. Blue line corresponds to the first scan and red line to the second scan. The black line corresponds to the TGA behaviour measured for H 2 Ti 3 O 7 .23 

  H 2 Ti 3 O 7 nH 2 O polymorph structure. A future extension of the study will help investigate this relation with the key point on the band gap energy values and electronic transition modes of H 2 Ti 3 O 7 and H 2 Ti 3 O 7 nH 2 O polymorph. Further understanding might come from the investigation of the photo-emission behavior and from the establishment of the band diagram of the H 2 Ti 3 O 7 nH 2 O polymorph.
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