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Abstract

A universal method for the synthesis of mixed phase TiO, Bronze(B)/ anatase titania thin films by Low Pressure Chemical Vapour Deposition
(LPCVD) onto any substrate is presented. General LPCVD conditions were titanium isopropoxide (TTIP) and N, gas as the precursor and carrier
gas respectively, 600°C nominal reaction temperature, and 15 min reaction time; a range of different substrates were investigated including:
a silicon wafer, fused quartz, highly ordered pyrolytic graphite (HOPG) and pressed graphite flake (grafoil). X-ray diffraction, Raman
spectroscopy, X-ray Photoelectron spectroscopy, scanning and transmission electron microscopy were used to characterise the thin films
which exhibited a columnar morphology together with smaller equi-axed particles. Pre-treatment of substrates by spraying with a Na-
containing solution was found to encourage the crystallization of TiO(B) during the LPCVD process. Increasing the concentration of Na in the
pre-treatment process resulted in a higher proportion of TiO,(B) in the thin films up to an optimum condition of 0.75% W/y of Na. Na diffusion
from the substrate surface into the adjacent TiO; is the proposed mechanism for promoting TiO,(B) formation as opposed to the anatase
phase with Density Functional Theory (DFT) modelling suggesting the presence of Na stabilises the TiO,(B) phase. Dye degradation tests
indicate an increased photocatalytic activity for mixed phase anatase/TiO,(B) thin films.

Introduction

Titanium dioxide (TiQ) is a very versatile material utilised in many fields oplamtion: as a photocatalysta photovoltaic& an
ubiquitous white pigmeftand as an optically reflective coatitigrdditionally, TiO2 has recently been proposed as an electrode
material for lithiation in lithium-ion batteries owing tis icost effectiveness, environmental friendliness and strustaitzlity over
multiple charge/discharge cycle$.Many polymorphs of Ti@such as anatase, rutile, brookite and bronze (B) phases,|laswel
metal titanates such asi[isO12, have been reported as effective anode materials for Li iogrieatt 1012

Amongst the titania polymorphs, the &(B) or bronze phase attracts increasing interest dus todhoclinic structure with a
low-density crystal framework and larger channels and poresmagared with the other titania polymorphs (anatase, rutite a
brookite) as shown in figure £.Mixed phase Ti@B)/anatase has been reported to exhibit higher photocatatyiiity than pure
anatas¥ 1315 Furthermore, the pores in Ti@) potentially allow intercalation of Li into the structure andutes nanoparticulate
TiO2(B) having an optimum theoretical charge capacity ofiad 335 mAh/g, which is higher than for titanates such agid012
(175 mAh/g) and would be satisfactory for Li-ion battery applicationsnadompared with a typical commercial graphite electrode
(8372 mAh/g). The presence of such pores inz{Bpanode materials leads to only a minor volume expansion duringekcalation
(~10% of the volume expansion observed in graphite electrodedjrmgsn low levels of generated heat. In addition, graphite is
sensitive towards electrolytes and can easily be exfoliatetingnits utilization6-1°

Two-dimensional (2D) thin films are often used as electrodesaito/micro batteries. The crucial factors governing the
performance of a 2D electrode include the energy densieat capacity (mAh/cf which directly depends on film thickness and
surface area. Reducing 2D film thickness may increase the pi@nsity because of the shorter diffusion distance for Li ions, thu
nanostructuring can improve the electrochemical activity okT@sed electrodes leading to enhanced cycle life, charge/discharg
rate and charge capacity??

2D electrodes based on Titave been directly deposited as films of nanometre thickness ounatimedmaterials by a number
of techniques including sputteriig?* physical depositiof pulsed laser depositiéhand chemical vapour deposition (CVEfE
However, it is difficult to form the potentially promisinGO2(B) phase. Low Pressure CVD (LPCVD) is a low-cost process
involving relatively non-complicated fabrication systems wttan be easily adapted for industrial scale production. Invéiopse
publication, we reported the formation of mixed phasex{BPanatase thin films containing a majority of the IiB) phase using
low pressure chemical vapour deposition (LPCVD) at606n ®dalime glass substratédIt was found that Tig(B) formed as a
result of diffusion of Na from the soda-lime glass substrdtiewencouraged phase formation during the deposition process. This



finding is promising as it may lead to LPCVD being selectedh®isynthesis of TigB) thin films providing they can be deposited
on conducting substrates for application in Li ion battery anodes.

To address this issue, we propose a new method involving prteraet of substrates with Na derived from external sources
prior to LPCVD deposition, in order to promote B&(®) formation as a result of Na diffusion from this pre-teglasurface layer.
We demonstrate the success of this approach using Si wafer, fuser] H@#G and grafoil substrates.

The robustness of the method across different substratessatbutie important role played by Na in facilitating E(B) growth,
potentially opening new routes to TiB) nanostructuring. This notion is complemented with fimshciples calculations which
reveal the favourable energetic consequences of Na intssiitiTiOz(B). TiO2(B) has already been quite extensively studied from
a purely theoretical perspective including its bulk propgffié! surface chemist® 33 and especially the energetic and structural
considerations relating to Li intercalation in the last fearg34*! These Li intercalation studies serve as a useful benchoratie
calculations presented here. For broader perspectivejprebensive review of theoretical studies of less commongh@ses has
been published by De Angelis et*al.

Experimental Procedure

Substrate Pre-treatment

The substrates used were: <100> oriented silicon wafer, fused duginlg,ordered pyrolytic graphite (HOPG) and grafoil (pressed,
pure natural graphite flake). These were cut into dimensiof& aim x11 mm x1.0 mm (thickness). The substrates were liitial
cleaned by sonication in ethanol and then pre-treated byisgragto the surface 0.5 mL of a sodium-containing solution, i.e.
sodium ethoxide (NaOEt) dissolved in Ethanol (99.00%) in varyingemtnations between 0.0-5.0"9¢ of Na. Following
investigation, the distance between the substrate surfaceeandrly nozzle was fixed at 15 cm and after spraying, theosted
substrates were slowly dried in air aP80for 12 hr.

TiO, Thin Film Deposition

Low pressure chemical vapour deposition (LPCVD) was used to pref2s¢hin films on the desired pre-treated substrate; details
of this equipment being described in a previous public&fi¢itom our previous studies, the optimum conditions for the synthesis
of the TiOx(B) phase on soda-lime glass substrates wa¥®8@0a pressure of 25 mbar and hence the same conditions were applied
here. The CVD precursor was 5 mL of Titanium tetra-isopropoxide (TTIP, 97%) whiloaded into a pre-set bubbling chamber

at 90-95C in a silicone oil bath. The tube reactor was pre-heated &Cat¥fore opening the valve to allow the TTIP vapour to be
carried into the reaction chamber by §&s at a flow rate of 1 L/min. TiWvas deposited onto the target substrate for 15 min then
the \: gas cylinder valve was closed and the system allowed toduwh to room temperature. Sample nomenclature was
x%_Substrate, where x and Substrate are th& @f the sprayed Na solution and type of substrate respectively

Materials Characterization

X-ray diffraction (XRD) and Raman spectroscopy were usau/&stigate the phases present in the thin films. XRD wasiahkea
using a Philips X’Pert MPD diffractometer using Cu Ko X-ray radiation. Raman spectroscopy was conducted on a RerirsViaw
Raman microscope with a green laser of wavelength 514 nhaserdpower of 25 mW, scanning a wavenumber range of 3200-
cml. The surface morphologies and thicknesses of the films were eediny scanning electron microscopy (SEM, Hitachi SU8230
Cold-field emission SEM) and energy dispersive X-ray (EDX) asl{Oxford Instruments) both in plan-view and also in cross-
section following fracture. For preparing transmission electnicroscopy (TEM) samples, either the synthesised thin filnie we
simply scraped off their substrates with a scalpel,attsgd in isopropyl alcohol and drop cast onto holey carbon suppoctspper
TEM grids, or Focused lon Beam (FIB, FEI Nova 200) milling wasl tisgrepare thin cross-sectional lamellae. TEM Speesn
were examined using bright field, dark field and phase contragfingaselected area electron diffraction (SAED) and EDX
spectroscopy, mapping and quantification (Oxford Instruments AZHECQDO kV using a FEI Tecnai G2 TEM/STENor X-ray
photoelectron spectroscopy (XPS), the thin film sample was analysed using a Thermo Escalab 250, with an Al Ka monochromated
X-ray source. A spot size of 500 pm was used for the analysiallinén overall survey scan (1250-0 eV) using a pass energy of
150 eV, a dwell time of 50 ms and step size of 1 eV was taken, followedtdiledescans of the main peaks for the elements
identified, using a pass energy of 20 eV, dwell time of 50 ms and step size &t @&peh profiling was conducted using an EX05
Argon ion source, calibrated to a sample currentydf,lover an etch area of 3x3 MinThe measured data was fitted using Casa
XPS (Casa Software Ltd, UK), using relative sensitivity factors based g scheme where Cl1s = 1.



Photocatalytic Degradation of Methylene Blue

The basic photocatalytic activities of the Eit@in films were measured in terms of the degradation dfiyfexie blue. An experiment
was performed using 25 nfslides of the prepared titania thin film samples (correspanti a mass of Ti©of 0.0010 g) as the
photocatalyst which was placed on the bottom of a 15 mL cylindPipax vessel. The vessels were filled with 5 mL of the initia
methylene blue concentrationd)®f 4x10® M in de-ionised water. Four 18 W tubular black light lamps which emit UV-ligtiie
region 315-400 nm (UV-A) were used as the UV-light source. A&eping the reaction vessels in a dark box for 30 min, the vessels
were irradiated with UV-light for 6 hours and the degradethytene blue solution was then transferred to UV-Quartziteuo
measure the degradation by UV-Vis spectroscopy (Lambda 25nHerkier) using the absorbance intensity at 664 nm. Evolved
COz was not monitored during the photocatalytic reaction.

Theoretical calculations

To investigate the effects of Na on the stability of &) and anatase at the atomic scale, theoretical gfnsictional theorg®+4
(DFT) calculations were carried out using the plane wave c@d&TEP* It is well knowrf24648 that DFT fails to predict the
experimentally-confirmetd energetic ordering of Tifphases for the most commonly used exchange-correlation (X€jdnals.
DFT calculations currently cannot, therefore, be used tabiglcompare the stabilities of different Ti@hasesHowever, it is
certainly possible to make valid predictions of how defects agdhterstitials can change the stability of a givenzlpBase in its
own right, and that is done in this work. We focus primariyjthe case of Na interstitials in TiB) and anatase, with the additional
case of Ti interstitials in Tig}B) as a comparison. The stability of ionic crystals is conweatly understood in terms of the
formation energyEy,, and/or cohesive enerdy,,,. Either of these two energies is suitable for studying changé®©tocrystal
stability due to Na enrichment, so the formation endigy was calculated as the standard enthalpy of formaticeratemperature
using

1
Efar = ETinOZnNam(supercell) - mENa(bcc) - nETi(hcp) —2n (E Eoz(gas)>

where Einep) and Eapec)are the energies per atom in fully optimised bulk Ti and N@lmespectively and E(£as) is the energy
of a single optimised ©molecule in a large supetteE,,, can be found similarly by calculating the energy of a singieaif
each of the constituent elements.)

With some testing, it was found that the exchange-coioal&iinctional of Perdew, Burke and ErnzerteBEY° and the LDA
combined with the van der Waals correction scheme of @rimechstedt and Schmidt (LDA+OBS)lisagree with each other
on which of anatase and B phase is most st@hblgs, to make it especially clear that our calculations a@nimgful, both of these
functionals were used to calculate formation energies in tod#éemonstrate the consistency of the results. We focustinysar
on the changes t8;,, with increasing Na concentration for the 3{B) and anatase phases (and Ti in B phase) by performing
structural relaxations on volume-relaxed superaeis and without Na interstitials in the voids, i.e. with=0 andm > 0 as
appropriate. Due to the varying ratios of Na:Ti@ross the different supercells used, it was decided thauatising the energies
by supercell volume was more meaningful than normalising by atombers or by moles of TiOIt was also found that the total
energies of supercells of fixed chemical formula but varyimgigorations (i.e. placingn Na atoms irv voids wherev > m) were
quite insensitive to the choice of configuration; an eglgdiortunate finding considering the scaling properties ofsofrbinomial
coefficients with increasing. Calculational details are provided in an extended footnote.

Energy barriers for migration of Na interstitials betweemsavithin TiOxB), denoted AE, were also calculated using the PBE
functional along the three directions [100], [010] and [001] asstilated in Figure 2, to try to shed some light on the growth
conditions. Reaction endpoints were nominated by fullgxia TissOssNa supercells with Na interstitials in adjacent voids, and
the energy saddle points associated with the intermediate warstitites were then found to within a forces tolerance of 0.05 eVA
1 using the quadratic synchronous transit (QST) sch&im@lemented for systems under periodic boundary conditfons.

Results

X-ray Diffraction

In a control experiment without Na pre-treatment, XRD (figuree8gals the presence of only anatase in the thin filims.XIRD
patterns of the films on the 4 different substrates followingpMatreatment are also shown in figure 3. XRD of the 0.5%_Si and
0.5%_Fused quartz samples clearly show peaks which can be assign@d(B) (JCPDS 04-007-6246) and anatase (JCPDS 00-
021-1272) phases together with peaks from the Si wafer sub@atagdied S) and a broad peak lying between 20203rom the
amorphous quartz substrate respectively. Although it is diffiolde quantitative owing to the rather uncontrolled natutkeopre-
treatment spraying process, it would appear the relativeopiop of TiOz(B) on the fused quartz substrate is reduced relative to the
silicon substrate which could be due to the increased diffusion affidaénto fused quartz relative to silicon. Calculated crysalli
(grain) sizes of the Tig)B) and anatase phases derived using XRD line broadening and Scherrer’s equation are 42+5 and 3@5 nm



respectively on 0.5%_Si, while for 0.5%_Fused quartz the qgmnelng values are 486 nm and 355 nm. However, for both the
0.5%_HOPG and 0.5%_Grafoil samples only intense peaks at*25d&4.57 are observed corresponding to the (002) and (004)
spacings of the highly oriented graphite substrates (JCPDS 0048%); with no obvious diffraction peaks of (@) or anatase
evident; this was the case even if the substrate was oriented slighakiofT he latter method was used to study the lower loadings
of Na in the (Si) substrate pre-treatment process (see-lfigures 15 and 16), which showed that Na loadin@s16%"“/v were
necessary to promote Ti®) phase formation.

Raman Spectroscopy

Owing to the sensitivity issue with XRD when in the presence of dyhaglented substrate, the thin films on all four substrates were also
characterized by Raman spectroscopy and the results are displaigeadardf For the control experiment (0.0%_Si) as well as for low Na
pre-treatment loadings (0.1%_Si), only evidence for anatase wasifoagdeement with XRD. It may be seen that Raman active noddes
both TiCx(B) and anatase phases are present in all other samples (with loadirsfaf/v Na), in addition to the characteristic peaks from
the substrates which are 520.80"cfar the Si wafer and 1584.71cnfor graphitic substrates (both HOPG and Graffilfhe Raman active
modes for anatase appear as an intense peak at 141!58ittnthree other weaker peaks at 399.60, 512.31 and %8195 whereas the
remaining peaks are all Raman active modes of the(B)(phase, particularly three strong peaks at 122.05, 196.21 arith3g*.%°
However, the relative intensities of the anatase and(B)dRaman peaks cannot be compared directly in order to determineffataions,

as the relative sensitivity of the anatase-active modes is six times tiighehose of the TigB) phase®°” Nonetheless, the Raman results
do confirm that all thin film samples with Na pre-treatment of 0"&%bla consist of a mixed phase of B(B) plus anatase.

Scanning Electron Microscopy

SEM plan view images of 0.5%_Si, 0.5%_Fused quartz, 0.5%_HOPG%#¥td Grafoil samples are shown in figure 5. These all show similar
particle morphologies consisting of a majority of equi-axed/sphericabpyiparticles (possibly single crystallites) of around 20-50 nm which
appear aggregated, together with a minor component of largeclgmmvith an irregular polygonal-like appearance. From this bimodal
distribution, the average primary particle sizes in 0.5%_Si, 0.5%ed-quartz, 0.5%_HOPG and 0.5%_Grafoil are 863 (S.D=19.8),
49.#1.2 (S.D=18.6), 4441.2 (S.D=15.7) and 91+1.2 (S.D=64.4) nm respectively. All samples show similar particle sizxespt
0.5%_Grafoil which is almost two times as large, as seen in figure 5(d).

BET surface area measurement using nitrogen adsorption gaverfaeesareas for all samples. Consequently approximate (areal) %
porosities of the Ti@thin films were determined via plan-view image analysis (ImageJ sojtahtiee SEM images in figure 5. Porosities
are given in Table 1 and all samples exhibited similar values, exsep6£6_Si % which appeared to be slightly more parous

SEM/EDX was also used to investigate the thin film compositions ancksiéis are given in Table As the electron beam interaction
volume penetrates below the thin films, the exact compositions aeadisagt not only on the type of substrate but also the thickfdiss o
TiO2 films. However, the results confirm the presence of a titanium oxiddilthinvith retention of sodium in the deposited structure.

In figure 6, cross-sectional samples have been investipgt&EM and reveal the thickness and physical morphology of the
TiO2 films. The average thicknesses of the Ali&@yers in 0.5%_Si, 0.5%_ Fused quartz and 0.5%_HOPG are all apptelyithé
pm as shown in table 1. Interestingly, in 0.5%_ Grafoil the filfioisd to be significantly thicker at around 2uh, which is strange
as all deposition parameters (such as substrate position atéutube relative to the gas entry point, the quantity of préBursor,
the carrier gas flow rate, the reaction temperature andardithe) were carefully controlled and remained constant. It may be that
the increased surface roughness of the Grafoil may have cénesad-tieposited films to become thicke€ross-sectional SEM
images of 0.5%_Si, 0.5%_Fused quartz and 0.5%_HOPG, all sHomrar growth of TiQ nanoparticles with a minority of
smaller, rounder nanoparticles predominantly present asubstrate interface. In contrast 0.5%_Grafoil (figure 6(d))béthi
irregularly-shaped larger patrticles.

Transmission Electron Microscopy

Figure 7 shows the TEM results from sample 0.5%_Si and revealgug-axed grain morphology with a grain-size range of 20-80
nm and an average of ca. 35 nm. The inset magnified imdigeiie 7(a), exhibits a lattice fringe spacing of 5:882 A consistent
with the (200) spacing of TigB). Further, the HRTEM image in figure 7(b) shows lattice fringéspacing 3.570.02 A which

can be indexed as the (110) lattice spacing of:BPwhilst a Fast Fourier Transform (FFT) of the area deflmethe red square

in figure 7(b) indexes to the Ti®) phase. Conversely, figure 7(c) provides evidence fordagpacings of anatase hi@3.4#0.02

A, 2.41+0.02 A and 2.320.02 A corresponding to the (101), (103) and (004) interplanar spacingstiesigeAn FFT of the area
defined by the red square in figure 7(c) indexes to: @itatase.

A bright-field TEM image of sample 0.5%_Fused Quartz is shovigure 8(a) and again shows an equi-axed grain morphology
with a grain size of between 20 and 80 nm. The lattice spacing af@BGZZA assigned as (101) of anatase is illustrated in the inset
image in figure 8(a). As displayed in figure 8(b), %({B) lattice spacings were also found to be present in othiersgfeurthermore,
TEM selected area diffraction from a group of grains is shown imdig(c) and reveals ring spacings characteristic of botl(B)O
(the (200), (110), (400), (401), (113), (020), (113) and (022) spacingsalao anatase (the (101), (112), (004), (200), (105) and
(211) spacings). We observed that anatase angB)y@hases possessed a similar grain size and grain morphology.



A typical low-magnification TEM image of sample 0.5%_ HOPGhewn in figure 9(a), suggesting a smaller grain size of
between 20-60 nm than for samples 0.5%_Si and 0.5%_Fused.qNafEM image of a grain together with a selected area
diffraction pattern is displayed in figure 9(b), the lattapacings of 3.68).02 A and 5.8%0.02 A with an interplanar angle of 73
are consistent with the (110) and (200) spacings o&(BYY whilst the diffraction pattern also indexes to TB). In figure 9(c),
selected area electron diffraction from a group of grainshbéshings corresponding to the (200), (110), (002), (111), (400), (401)
and (003) lattice spacings of TiM), as well as the (101), (103) and (004) lattice spacings of #itasmphase and also reveals the
coexistence of both phases in this sample.

A range of titanium dioxide grains in the 0.5%_Grafoil sangpf@esented in a typical TEM image with an inset imagginré
10(a); the grains range in size between 20-100 nm which is blggefor the other LPCVD samples and correlates with the SEM
image shown in figure 5(d). A high resolution TEM image of a groufiaofia grains with a corresponding fast Fourier transform
from the area defined by the red square in figure 10(bjcates the TiQB) phase. Finally, a selected area electron difioacti
pattern from a number of grains is shown in figure 10(c) and exhibits polytinefEiO2(B) and anatase ring spacings.

TEM results confirm the presence of both anatase angBj@hases in all samples, in agreement with the findings ofaRam
and XRD. However in order to investigate the microstructurt@film in more detail, a TEM cross-section was prepareithéy
Focused lon Beam (FIB) lift-out method. Bright field TEMages of a cross-sectional sample of 0.5%_Si sample are $hown
figure 11(a) and reveal a columnar morphology with crystal growth peipéadio the Si wafer substrate. Closer inspection at the
interface between the substrate and the titania filmatexanaller more equi-axed grains as observed by SEM (figurévéahigh
resolution TEM images are presented in figures 11(b) and 11(c) wiadhlen from two different regions within the titanianth
film: figure 11(b) is an interfacial region between the Si watéstrate and the Tidilm, whilst figure 11(c) is an area of thin film
near the top surface which is close to the protective Pt tosited in the FIB. The small grains at the interfiadiy ure 11(b),
exhibit lattice spacings of 6.20.06A and 5.780.06A which are assigned to the (001) and (200) planes ofB)®@espectively. A
larger particle at the top surface (figure 11(c)) shows a latfiaeing of 6.280.06A corresponding to (001) Ti¥®B). Thus it would
appear that Tig{B) is formed throughout the film, in contrast to our previauslies of mixed phase anatase/ T(iB) thin films
produced by LPCVD on low sodium content materials such as sudaglass’® where we observed the TiB) phase only at
interface with the substrate.

Scanning Transmission Electron Microscopy (STEM) and EDX specpgpsoothe FIB cross-sectional 0.5%_Si sample, was
used to study the elemental distributions in the thin filigure 12 shows the element-specific maps obtained and revelatively
uniform distribution of Na throughout the whole Bi@in film, although there is some suggestionagklative increase in Na
concentration at the Til5i wafer interface. This is confirmed by more detailed STEM/HiD&scans that are shown in figure 13.
Note, due to the overlap between the Na K- and &aXkray emission lines, elemental quantification in the ugymetion of the
TiO2film near the protective Pt layer (strap) is unreliable ttusignificant Ga implantation into the Pt strap durorgtheam milling.

XPS depth profiling (roughly a few hundred nm into the film) edsye¢he elemental composition at the etched position of thin
film surface toward to substrate, as shown in figure 14. Aiojhsurface of the thin film (time = 0), the relative atommposition
values of Na, Ti and O are 9%, 26% and 65% respectively, corresponding:fb aaia of ca. 0.3 which is close to the Na:Ti ratio
in N&TieO13. The average Na:Ti ratio from XPS within the thin film is ab@@twhich is less than the value at the top surface and
is also lower than the average Na:Ti ratio from STEM/EI2Xa within the film (figure 13). Interestingly, our previous STER}
results on soda lime glass substr@tesiggested an Na/Ti ratio in the film of ca. 0.2. FurthemenWatanabe etdlreport both
ordered and disordered sodium titanium dioxide bronzesamdpunder hydrothermal conditions based upon @N&s host
framework (i.e. a Na/Ti atomic ratio of 0.2).

Effect of Na content in Substrate Pre-treatment

The %'/v of Na in the sodium ethoxide/ethanol solution used in the substrateepterent was varied in order to monitor its effect
on titania phase formation in the thin film. XRD patteimsen thin films deposited following a range of sodium pre-treatts are
shown in figure 15 and reveal that for low sodium concentratismsgles: 0.05%_Si and 0.10%_Si) solely anatase is present.
Whilst for concentrations af 0.16%'/v of Na, the pre-treatment process promoted the formation@{B) as well as the anatase
phase, with an increase in the relative proportion of2(Bp phase with increasing sodium content up to an optimuni t#ve
0.75%'/v Na. This is more clearly seen in figure 16 which shows XRD patternsthgtisample tilted off-axis by 2 degrees with
respect to a normabXcan. This is to reduce the strength of the single (hkl) rigfirefrom Si wafer substrate which would otherwise
dominate the pattern, making it difficult to observe theslddfraction peaks.

Approximate phase fractions, using the intensity ratibefiteaks at 24.98nd 25.28due to the (110) lattice planes of B{(B)
(JCPDS04-007-6246) TirB) and the (101) lattice planes of anatase phase (JQRD&L-1272) respectively, are given in Table
2. Further increases in Na pre-treatment loadings above tineuoplevel (0.75%/y Na) result in the anatase phase becoming the
main component in the thin films, although at high loadifig8% _Si) thebehaviour becomes more complex with the appearance
of a crystalline sodium titanate phase {NaO13) apparently at the expense of anatase, as opposed4®BY.iO



Photocatalytic degradation of methylene blue

The photocatalytic activities for methylene blue degradationrudddight irradiation of samples 0%_Si, 0.5%_Si, 1%_Si, 2%_Si
and 5%_Si are shown in figure 17 and Table 2. All activitiesarmalised relative to a catalyst free test (i.e. with temia). All
samples were found to be photocatalytically active, with theeBigactivity (above that of pure anatase) exhibited by #e Si
sample which contained a ratio of E{B):anatase of 1:2.33, suggesting that a certain proporti®iOz{B) in a mixed phase thin
film is beneficial for photocatalysis. However, the 0.5%_Nuasa, containing the highest proportion of the T(iB) phase (62.2%),
showed a decrease in catalytic activity to below that of puresnéigo_Si).

The experimental band gaps of anatase and(B)hases were determined by Dongjiang et al, 2009 to be 3.18¢¥.@5
eV respectively3 This implies that there is a difference betweenvtdience band (VB) and/or conduction band (CB) edge patent
of the two phases when they are in intimate contact. Most stdd&eribe that the VB edge potential of anatase is gegnienatr
than that of TiQ(B) which means, electrons in the VB of anatase can absphiotan energy more easily than those in 2[E).
Therefore, the anatase phase is generally consideredve @ higher photocatalytic activity than E&({®). However, mixing
anatase/Tie(B) has been found to result in a higher photocatalyticieffay than solely pure anatase. The presence of the two
phases, when intimately mixed, possibly enables a charge transéesgrbetween the different phases potentially reducing
recombination of photo-generated electrons and so enhancipbdtexatalytic activity (figure 1814

Theoretical calculations

The PBE and LDA+OBS calculations are plotted in figure 19,kail data sets reveal that anatase is destabilised bguning

Na interstitials, but that Ti¢)B) is stabilised by the addition of Na. This is a very pible and intuitive result, consistent with the
large voids in B phase and small voids in anatase. The lowest erte(gy feiund for Na interstitials in B phase are the same as the
most stable site for Li, denoted "site C" (and depicted in Figuifat#is work) in three of the B phase Li intercalation stuéfiég*!
Unlike Arrouvel et af® who found small differences of < 0.15 eV between different high-symmetry sites in the B phase unit cell for

Li interstitials relative to the most stable "C" site, we foum& alternative high-symmetry sites to be vastly unfavourable by well
over 1 eV for Na. This is not implausible considering thatwan der Waals radius of Na is about 25% larger thdarofHa. The

data shows that anatase undergoes significant lattice sspaand destabilisation upon being enriched with Na, so extensive
diffusion of Na into anatase can be ruled out reasonablydmntfy. The fact that Na stabilises the B phase, on the btrat, is
especially clear from the data, because although a nonNze concentration results in positive lattice expansion fohmation
energy density still always decreases (that is, becomes mga&wed despite the overall volume increase. The PBE seshittw
monotonically increasing B phase volume expansion up to 1.794 Ala saturation of 7.7 atom%, whereas LDA+OBS exhibits a
clear volume expansion maximum of about 0.6% at a thresholkbiaentration of about 5 atom%, beyond which the lattice is
predicted to contract back towards its pure (0 atom% Name at full Na saturation. We believe that this is tuenhanced
attractive Na-Na interactions in the LDA+OBS calculatioospared to PBE. The smaller magnitude of the formation exsergi
smaller changes in the formation energy with Na concémtraand greater volumetric expansion of the PBE results cetpar
those of the LDA+OBS, are all consistent with the expectaghtslinderbinding tendencies of PBE when compared to the
overbinding tendencies of the LDA. In the absence of Naaisis clear from the data that Ti interstitials destabBigghase. As a
further check, we also studied the case of substituting a bulkgro$itfor a Na using a 1x3x2 &#NaGss B phase supercell with

the PBE functional, and it was found that the total formaticgrgynincreased (that is, became less stable) by 13.2 eV, which
corresponds to a formation energy density increase of 0.0113.eWus, the available theoretical evidence firmly rudas any
possible role played by Na substitutions and Ti interstitials, and corrobdrateddinal premise: that Na interstitials stabilise bulk

B phase and encourage its synthesis. In summary, this theoretaced daidence that Na is of no consequence for the formation of
anatase, but that it plays a critical role in the synthesis of(B)OThese findings are consistent with the experimental observations
thati) the presence of Na is a necessary condition for the fimmat TiO2(B) beyond the interface with the substrate, and ii) that
Na is quite uniformly distributed throughout films in which B{B) is present.

The migration barrierdE for Na in TiQxy(B) were found to be 2.95 eV in the [100] direction, 2.13 eV aJotg] and 2.30 eV
along [001], all to 2 d. p. Thus, the lowest energy pathway for Na is along [ahdardo the case found by Arrouvel dt®8 of Li
which also showed that the [010] pathway is most favourable, altheitigla significantly smaller energy barrier of about 0.3 eV.
The timescales for migration of Na interstitials between voids cartibeagsd if the transition rate is assumed to take the foem
v exp(—AE /kgT) wherev ~ 10Hz is the approximate vibrational frequency of Na &g@ = 0.075 eV (3 d. p.) & = 600°C.
There is an important caveat, however, which is the high setysdf the migration ratd” to changes in the energy barrigf when
AE > kgT. A hypothetical 1% reduction in the [001] energy barrier fron® 2\ to 2.277 eV, for example, increases the migration
rate by 36%. Due to the convergence from above of thegermrriers, it is likely that the migration rates ardeatst slightly
underestimated. Nevertheless, the migration rates found using¢hlated energy barrieidE are ~ 16 s? along [100], ~ 18s?
along [010] and ~ 10s* along [001].

Indeed, the theoretical insight gained here does not explairbieeved increase in the relative proportion of anatase formatiomdeyo
0.75% Na concentration in the pre-treatment solution, so whileéttainly likely that Na stabilises T#B), more intimate knowledge of the
atomic-scale structural arrangements of the intermediate sodium titanate |lpiteddén figure 19 is necessary for a full theoretical



understanding. In principle, detailed structural information on Na site pwsitiothe structure could be experimentally achieved via direct
imaging using high angle annular dark field (HAADF) STEM combined wiglstEdn Energy Loss Spectroscopy (EELS) and image simulation
and spectral modelling. However, this is currently challenging domhility of Na under high flux electron probes.

Discussion

Previously we investigated TiB) phase formation in thin films deposited by LPCVD onto slimi&-glass substraté&where our
findings suggested a mechanism involving diffusion of ildas out of the substrate to form an intermediate layereainterface
which subsequently decomposed into thez{B) phase. Here we have extended this work to investigate arrsibstrates that are
sodium-free could be pre-treated with sodium so as to promotBlji@rmation during LPCVD. The present results demonstrate
that mixed phase TifB)/anatase thin films can be prepared on any gesaldtrate using a modified LPCVD method involving
pre-treatment of the substrate by a sodium spraying method using NeBExaanol.

We propose a potential three-step mechanism fog(B)dormation as illustrated schematically in figure 20

(1) The substrate was first prepared by spragotjum ethoxide solution onto the substrate surface. Sodium ethosideatty
decomposes during the pre-heat treatment process % @@0ording to the following reacti¢fs2

C,H50Na - mNa,CO05(s) + 2mNaOH(s) +

26(5) + YCuHzns2(9) + 2Colon(g) )
2NaOH(l) - Na,0 (s) + H,0 (g9) 2
Na,C03(l) - Na,0 (s) + C0, (g) 3)

As in equation 1, the initial decomposition step of sodium ethoxideaam in air typically occurs above 3WD and produces
hydrocarbon gases, amorphous carbon and two main residues: smthonate and sodium hydroxide in the mole ratio 1:2.60
Above 320C, NaOH melts and decomposes to form a thin layer eONend steam (equation ®Above a temperature of 850
NaCOs can also generate Ba,%%* as shown in equation 3; however at low pressure this decompostigperature may be
reduced. Furthermore, decomposition reactions of metal carlscara&eartially reversible reactions and the removal sfpdese

of products by the vacuum system may encourage an increase in thedfogaction rate;

(2) During the LPCVD process itself, we suggest that thisONlayer will react with the nascent TiGilm formed by the
decomposition of TTIP its subsequent deposition, forming amiegiate phase. Unfortunately the nature of this intermediasep
is not known, as it is not practical or possible to quench the LPCVD reaction and “freeze in” reaction intermediates to allow their
structural or chemical determination. The intermediateghébnecessarily contain sodium, titanium and oxygen and wqddax
to promote the ultimate crystallisation of a (Na-doped){BpPphase, as predicted by our DFT results which have shown that Na
stabilizes the monoclinic TifB) structure. At high Na loadings (5.0%_Si sample), this inteliate phase also promotes
crystallisation of NaTlisO1z(figure 16).

Possibilities for this intermediate phase include: an odderalisordered sodium titanate bronze (similar to that destriy
Watanabe et &° which was based on Ne&Ti4Og host framework) or a crystalline monoclinic sodium titanaith a tunnel structure
such as N&iOs3, Na&TizOr and NaTisO1z. According to a binary phase diagram for thex®diO. systenf® each of these
intermediate sodium titanates could be formed af@0fepending on the exact MATIO2 phase ratio present, as shown in the
following reactions:

Na,0 +TiO, - Na,TiO;
Na,0 + 3Ti0, — Na,Tiz0,
Na,0 + 6Ti0, — Na,Tig043

In the hydrothermal synthesis work of Watanabe et al., atéowpératures (<30C) a disordered sodium titanate bronze of
variable sodium content was observed. Above’@50is sodium titanate bronze became ordered in terms sbthiem distribution
and possible inclusion of water. Above 460 the ordered bronze phase (having released water) was fowualexist with
NazTigO19, N&TieO13andNazTizO7 (with increasing Na content respectively).

Based on the current levels of Na employed in the currady stnd the temperature, we believe that a dehydrated, ordered
sodium titanate bronze (of variable sodium content) togetith possibly NaTisO13 are the most likely crystalline intermediate
phases to be formed. We denote this in figure 20 as sim@lyiyD.. This phase could act as a seeding material for(B)O
formation®6667 |n these structures, typically Nans are located in the interlayers between negativelyelasheets composed of
TiOs octahedral building blocks as shown in figure 21 fosTN&D13. If these N& ions are mobile, then their migration out of the
structure may effectively template a Bi®unnel structure which may subsequently rearrange to foma(B). We note that
theoretically there is an approximate orientation retatigp between the monoclinic BEeO13 phase and the monoclinic Ti@B)
phase: B phase (001) plane parallel with the sodium tégrBd1) plane, and B phase [-100] direction paralliécsodium titanate
[301] direction. We also note that the sodium titanate and(B)3structures can be interconverted by crystallographic sifeéhe
(002) titanate plane along ¥4 [100] (see figure 21).

(3) Sodium ions in the seeding structure continuously migratettivet newly deposited layers of Ti@nd promote Tig(B)
formation; in some ways this is analogous to a root and/or tiptgnm&chanism characteristic of carbon nanotube synthesig usi
(metal) catalytic chemical vapor depositiHHowever, in the absence of a significant quantity of Nagépmsited titania will form



the anatase phase instead of {E). This general hypothesis is supported by our previous findeggding TiQ(B) formation
promoted by Nadiffusion from soda-lime glass substrates under the same syntbesiitions’® However, using the pre-treatment
process it would appear that sodium diffuses rapidly throbghitm and TiQ(B) is not just confined to the interfacial region
adjacent to the substrate, nor does it grow in an oriented fashion asas¢hi®r soda lime glass substrates.

As mentioned in the introduction, a number of studies have egpthre improved photocatalytic efficiency of mixed phase
TiOz(B)/anatase over either commercial P25 (mixed phasasmaind rutile) or single phase Ti@natase, rutile, brookite and
TiO2(B)). This has been investigated for several photocgttaBactions including: methyl orand&@?? sulforhodamine B34
methylene blué-"72and yellow XRG dry= degradations; nitrate reductidhacetaldehyde decompositidand the water splitting
reaction’® Our current rests, albeit preliminary, indicate an enhanced catalytic agtfer mixed phase thin films which contained
an approximately 1:2 ratio of Ti{B):anatase. Potential ways to improve this photocatalgtivity potentially include: a more
intimate mixing of the two phases of TiOas well as increasing the overall surface area via aodinttion of porosity or
nanostructuring into the thin film. Further more complex photocatalyti€ bested on water splitting are planned in the future. For
the practical application of TiOphoto-catalysts, the ability to produce thin films of mixed phES®(B) and anatase on rigid
substrates may be beneficial owing to their ability to be reusedtweéikining high catalyst performance.

In the case of anode materials, mixed phase(B)Oand anatase thin films on anodes may offer improved Li ioteryat
performance. Lithium can diffuse into both the anatase ang(B)@&rameworks in three dimensions through open channels or voids
within the structure$’’® however TiQ(B) provides the highest percentage of voids amongst thephii®morphs and nano-Ti(B)
is able to accommodate 1*lger Ti which is higher than that for anatd&elowever, for the Ti@B) phase a significant irreversible
capacity loss occurs at the initial charge-discharge cycle eaén anatase this effect is smalféf. Thus, the ability to produce a
thin, high surface area film with some mesoporosity and contamicgmbination of both polymorphs may ultimately improve
overall anode performance.

Conclusions

Titania thin films consisting of a mixed phase TiB)/anatase were successfully synthesized by a modified LPC\MP iroxolving
pre-treatment of the substrates by a sodium spraying methugl NsiOEt in Ethanol. A number of different substrates inopd
fused quartz, Si wafer, HOPG and grafoil were deposited watlma 400 nm thick mixed phase titania films using 5 mL of a TTIP
precursor for 15 min at nominal temperature of 800The optimum Na concentration of the sodium ethoxida/ethsolution in
the pre-treatment process so as to promote the higmestra of TiGx(B) phase composition in the thin films, was found to be
0.75%"/v. Theoretical calculations suggest that the presence of Neenstitial positions within voids in the structure stabilises the
TiO2(B) structure rather than anatase. A mechanism for modifff@VD preparation of Tig(B) is proposed involving the
decomposition of the thin Na-containing layer and migration dfiblas into the TiQ layer to form an intermediate sodium titanate
phase. A mixed phase thin film of specific composition was shmwvhave enhanced photocatalytic activity for simple dye
degradation. Potentially this thin film fabrication processadeal utilised with any desired substrate to produce tailoieed phase
titania compositions for application as either photocatalyticftims or anode materials for lithium ion batteries.

Acknowledgements

We would like to thank the Ministry of Science and TechnologyRiwal Thai Government for a scholarship to Yothin Chimupala
and the Thailand Research Fund (TRF) for providing financiapatithrough the Royal Golden Jubilee Ph.D program to
Patcharanan Junploy. We also thank Dr Geoff Hyett at Soptioantniversity and Mr. Robert Simpson at Leeds University for
help in initiating this research. Trevor Hardcastle would fkéhank the EPSRC for the Doctoral Prize Fellowship whictdéd
this research in part. Theoretical calculations were undertakenthsgiiigh performance computing facilities ARC1 and ARC2 at
The University of Leeds.

Extended Footnote ¢

In all calculations ultrasoft pseudopotentfalwere used with a plane wave cutoff energy of 400 eV and Mosklraick k-point
grids32 with spacings not exceeding 0.04 # converge all interatomic forces to within 0.03 eVdsing BFGS minimisatiof#8”

All supercells were built using separately optimised B phasersatdse bulk unit cells whose lattice parameters were optintosed
a=122796 A, b=3.7551 A, ¢ = 6.6258 A (4 d. p.) fora[B), and a = b = 3.7991 A and ¢ = 9.7155 A (4 d. p.) for anatase using
PBE, and a = 12.0234 A, b = 3.6873 A, ¢ = 6.4523 A (4 d. p.) fos(B)Pand a = b = 3.7346 A and ¢ = 9.3710 A (4 d. p.) for
anatase using LDA+OBS. Comparing these with published X-fraation values for TiQ(B):88 aex= 12.163(5) A, bp= 3.735(2)

A, cexp=6.513(2) A (4 d. p.), and for anatd8eex= 3.7892 A, 6 =9.5370 A (4 d. p.), confirms the over- and underestimation of



the optimised lattice parameters consistent with the ¢éxgamder- and overbinding characteristics of the PBE and LDB&)O
functionals respectively.
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Fig. 1 Crystal voids within the structures of the TiO2 polymorphs showing the available voids (yellow shading) and their relative percentage
volume calculated using Crystal Explorer with an isovalue of 0.008 e.au-3 (standard pore size for Li insertion).1° Anatase and TiOz(B) exhibit

interconnected void structures whereas rutile and brookite possess isolated voids.




3. 2 The three Na interstitial migration pathways [001], [010] and [001] |IIustrated W|th|n a ball and stlck model showing a 1x3x2 supercell of chemical
rmula TissOgsNa with lattice vectors indicated in blue. O and Ti ions are illustrated in red and silver respectively.
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3. 3 XRD patterns of TiO: thin films deposited onto four different substrates: Si wafer, fused quartz, HOPG and Grafoil; A, B, S and G refer to
'ak assignments to TiO: anatase phase, TiO2(B) phase, Si substrate and graphite substrate respectively. In addition to control experiments with
) Na pre-treatment (0%_Si), the substrates were first prepared with a very thin layer of Na-containing compound via spraying a 0.5%W/y sodium
lution onto the substrate surfaces.
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3. 4 Raman spectra of TiO: thin films deposited onto four different pre-treated substrates: Si wafer, fused quartz, HOPG and Grafoil, in addition a TiO2 thin
m deposited on a bare Si wafer substrate (0%_Si) is included for reference; A and B indicate peaks due to the anatase and TiOz(B) phases respectively.
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Fig. 5 SEM secondary electron images of TiO2 particles from the top surface
of thin films samples: (a) 0.5%_Si (b) 0.5%_fused quartz (c) 0.5%_HOPG and
(d) 0.5%_Grafoil respectively.




Table 1 List of synthesised samples with results of SEM/EDX quantitative elemental analysis, XRD crystallite size and primary particle size and film thickness
derived from SEM.

Composition in Atom%

Calculated XRD crystallite

Approximate %

size -Scherrer’s equation Measured porosity from Measured film
from SEM/EDX i i
Sample (nm) primary particle SEM image thickness im)
size (nm) analysis
Na s T ) C TiOAB) Anatase y

0.5%_Si 0.68 11.19 2239 6041 5.33 4245 3045 56.3t1.2 25.5 0.463t0.003
(S.D=19.8) (S.D=0.024)
0.5% Fused 1.67 31.85 9.73 4898 7.77 4045 35+5 49.#1.2 16.8 0.650:0.003
quartz (S.D=18.6) (S.D=0.023)
0.5%_HOPG 095 O 16 46.86 36.19 N/A N/A 44,1+1.2 17.8 0.485t0.003
(S.D=15.8) (S.D=0.018)
0.5%_Grafoil 029 0 14.31 45.76 39.64 N/A N/A 91.#1.2 15.7 2.068t0.003
(S.D=64.4) (S.D=0.209)



Fig.6 SEM cross-sectional images of TiO, thin films deposited on: (a) Si wafer (b) fused quartz (c) HOPG and (d) Grafoil substrates
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Fig.7 (a) A bright field TEM image taken from 0.5%_Si, showing an equi-axed particle morphology; (b) a HRTEM image of a TiO,(B) particle and (c) a HRTEM image of anatase
particles, both with the corresponding fast Fourier transforms of the image inset.
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Fig.8 (a) A bright field TEM image taken from 0.5%_Fused quartz; (b) a HRTEM image of TiO,(B) with corresponding fast Fourier transform of the image inset; (c) a

diffraction pattern of a group of particles shown in the image inset.



(003 B

(401) B. (004) A
(400) Bay

(B 2 (13 A
(002) B
1o, (WIFR /

200) B

51/nm

Fig.9 (a) A typical TEM image taken from 0.5%_HOPG; (b) a HRTEM image of a TiO,(B) particle with associated electron diffraction pattern; (c) diffraction pattern taken from
a group of particles shown in the image inset.
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ig.10 (a) A bright field TEM image taken from 0.5%_Grafoil; (b) a HRTEM image of a group of TiO2(B) with corresponding fast Fourier transform of the image inset;
(c) a diffraction pattern of a group of particles shown in the image inset.
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g.11 (a) A TEM image of a FIB cross-section of 0.5%_Si; (b) corresponding HRTEM image at the TiO>/Si wafer interface labeled as 10B in (a); (c) HRTEM image taken
from the TiO/protective Pt layer interface labeled as 10C in (a).
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3.12 STEM-EDX elemental maps from the FIB cross-sectional sample of 0.5%_Si, showing the elemental distribution in the thin film and
e TiO2/Si wafer interfacial areas.
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Fig. 13 STEM-EDX line scan of FIB cross section of 0.5%_Si sample.
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Fig. 14 X-ray Photoelectron spectroscopy depth profile from the film surface.
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Fig. 15 XRD patterns of TiOz thin films deposited onto Si wafer substrates pre-coated with a very thin sodium-containing layer by
spraying different concentrations of sodium ethoxide/ethanol solution; A, B and S refer to the TiO2 Anatase phase, TiO2(B) phase and
Si wafer substrate respectively.



5.00% Si

2.00% Si g B 8

1.00% Si

Normailzed intensity (a.u.)

0.50% Si

0.10% Si

20 25 30 35 40 45 50 55 60
260 (degrees)

Fig. 16 Off axis XRD patterns of TiO2 thin film samples showing the peaks due to the TiO2 phase without interference from the silicon wafer substrate.
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Fig. 17 UV-Vis spectra of methylene blue solutions after UV irradiation for 6 hr

Table 2. Comparison of methylene blue decolourization for 5 different mixed titania phase samples. Results have been normalised to a catalyst-free
test.

Samples %Phase composition Crystallite size (nm) % decolou-
TiO,(B) Ana-tase TiO,(B) Ana-tase rization.”
0%_Si - 100 31.4 23.2
0.5%_Si 62.2 37.8 36.2 30.0 14.8
1%_Si 20.7 79.3 28.0 36.8 20.9
2%_Si 29.4 70.6 28.9 37.5 34.9
5%_Si 47.2 52.8 28.2 29.5 23.9
Catalyst free 0.00

#The mole ratio of TiO,(B) to anatase phase was estimated from the intensity ratio of thepeaks at 24.98° and 25.28° of TiO,(B) and anatase phases
respectively — see text.
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Fig. 18 Schematic description of the charge transfer processes and energy band structures for the mixed phases TiO2(B) and anatase!314
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3. 19 The changes to total formation energy per unit volume with increasing Na concentration in various volume-relaxed anatase and B phase supercells. Upper
tnels: B phase supercells are seen to expand slightly but decrease in formation energy with increasing Na concentration. The two functionals disagree on the effect of Ti
:erstitials on B phase, which are predicted to either cause expansion and destabilisation (PBE) or contraction and no overall stabilisation (LDA OBS). Lower panels: Na clearly
uses anatase to expand and become less stable with increasing concentration.
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Fig. 20 Proposed mechanism for the synthesis of mixed phase TiO,(B)/ anatase thin films by LPCVD method onto substrate pre-treated with a
very thin layer of Na-containing compound.
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3.21 The crystalline structures of Na;TisO13 and TiOz(B), showing the inter-conversion of Na.TisO13 and TiO2(B) by crystallographic
ear (arrowed) of the titanate plane.




