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ABSTRACT: Titanium dioxide nanowire arrays are incorporated in many devices for energy
conversion, energy storage and catalysis. A common approach to fabricate these nanowires is
based on hydrothermal synthesis strategies. A drawback of this low-temperature method is that
the nanowires have a high density of defects, such as stacking faults, dislocations and oxygen
vacancies. These defects compromise the performance of devices. Here we report a post-growth
thermal annealing procedure to remove these lattice defects and propose a mechanism to
explain the underlying changes in the structure of the nanowires. A detailed transmission
electron microscopy study including in-situ observation at elevated temperatures reveals a two
stage process. Additional spectroscopic analysis as well as X-ray diffraction experiments clarify
the underlying mechanisms. In an early, low temperature stage, the as-grown mesocrystalline
nanowire converts to a single crystal by a dehydration of surface bound OH groups. At

temperatures above 500 °C a condensation of oxygen vacancies takes place, which leads to
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nanowires with internal voids. These voids are faceted and covered Witficfiiamorphous

TiOx.
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Introduction

Titanium dioxide (TiQ) is one of the most versatile metal oxides and has been suggested for
many different applications, e.g., in the fields of photocatalytic pollutant degradation, photo
catalysis, solar cells, energy storage and conversion, novel biomaterials artd_sogeneffort

is put into the development of high performing Ti@aterials with high surface areas and low
recombination rates. Especially nanostructures and hollow materials have attracted
considerable attention. Within the last years many different & ostructures, such as meso-
porous layers®, cubes®, tubed® or wire$°were synthesized and investigated. Among these,
one-dimensional nanostructures are noteworthy due to their superior properties, e.g. a large
surface area and directed electron gafi Since Feng et & developed a simple solvothermal
fabrication route of rutile nanowire (NW) arrays on conducting glass, these nanostructures were
intensively studied. However, devices incorporating these hydrothermally grovenNWO

arrays fall short of expectations, which were predicted for highly crystalline 1D matétials.

One reason for the low efficiency of e.g. hybrid solar cells is the high recombination rate of
charge carriers due to intrinsic point defects (e.g. oxygen vacancies, Ti interstitials) and lattice
defects (e.g. edge dislocation, stacking faults). There are several strategies to overcome these
limitations, like doping or limiting the diffusion of carriers in one direction e.g. by incorporation

of voids into these nanostructuf@d’ First studies on voids in rutile Tihanoparticles were
performed by Turner et &} and showed that these voids are facéftesince then many
strategies were developed to introduce voids inte Tiéhostructures and various hollow ?iO

nanostructures were synthesized and analyzed. Several microwave-assisted synthesis strategies
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were developed to obtain hollow anatase zTi@nocrystals, which show much higher
photocatalytic activity compared to the dense countetpaftAnother approach is the
calcination of precipitated precursor particles or mesocrystals, which leads to foam-like single
crystals?®-2t Although most of the hollow nanostructures investigated so far are nanoparticles,
there are several reports about highly efficient devices incorporating NWs with internal voids.
Apart from these reports, where the voids inside the NWs are an uncurious side effect, there are
targeted methods for incorporating those voids intentionally. Wisnet et al. used a combination
of TiCls treatment and annealing of NW arrays to reduce the recombination in hybrid solar
cells* Recently, Liu et al. proposed a combination of helium ion implantation and subsequent
annealing to introduce voids inside rutile Pi@Ws and thereby they enhanced the photo-
electrochemical water splitting.Another approach is the thermal treatment gFikD; NWs,

which results in voids inside TiEONWs?2? However, the resulting NWs are not rutile, but
possess the anatase crystal structure and the voids arise during phase transformation due to

volume differences.

Although TiG NW arrays with voids have been incorporated in many well-performing devices,
such as solar-cells, photo electrodes and offiéPs?3?®so far, no detailed study on the
formation mechanism of these voids is reported. In the present study, we first demonstrate, how
internal voids can be introduced into hydrothermally grown, N@/ by a thermal annealing
process and propose a possible mechanism, which explains the formation of the internal voids

and the related property changes of the NWs.

Experimental methods

Synthesis procedure

TiO2 nanowire were synthesized following a hydrothermal procedure described by Lf] et al.

All chemicals were used as supplied without further purification. Typically, 150-250 pL

3



titanium butoxide (TiOBu), Sigma-Aldrich) was dropped into a mixture of 5 mL deionized
water and 5 mL concentrated hydrochloric acid (37 wt%, analytical grade, Sigma-Aldrich)
under vigorous stirring. Fluorine-doped tin oxide (FTO) substrates were cleaned in ultrasonic
bath using isopropanol, acetone and ethanol and placed vertically in a Teflon liner. The liquid
was transferred to the Teflon liner, which was placed into a steel autoclave. The hydrothermal
reaction was performed at 150 °C for 3-6 hours. Afterwards, the autoclave was cooled down to
room temperature. The FTO substrates, covered with i@ owire arrays, were rinsed with
deionized water and dried with compressed air. Heat treatment of the samples was performed

at 500 °C for 4 hours on a hot plate in air.

Characterization

Scanning electron microscopy (SEM) analysisSEM was applied for the morphological
analysis of the nanowires in top-view and cross-section. A Zeiss Auriga Modular CrossBeam
workstation equipped with an in-lens detector was used at 4 kV. Cross-section samples were
prepared by breaking the FTO substrate covered with the NW array into two pieces. The

fracture surface was used for imaging.

Transmission electron microscopy (TEM) analysisFurther characterization was performed

in TEM. Scratched and cross sectional TEM samples of as-grown and annealedrio®@ires

were prepared. For scratched TEM samples the m@howires were scraped off the FTO
substrate. The resulting powder was dispersed on a copper grid with a holey carbon film.
Conventional TEM cross-sections were prepared by embedding a sandwich of the TiO
nanowire array on FTO glass into a brass tube, cutting of slices, grinding, dimple grinding, and

argon ion milling according to Strecker efal.

A Philipps CM20 and a Jeol JEM-2200FS field emission gun instrument, both operated at

200 kV, were used for selected area electron diffraction (SAED), conventional bright field TEM
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and high-resolution (HR) TEM. Heating experiments were performed on the Jeol JEM-2200FS
in scanning TEM (STEM) mode using a DENSsolution double tilt heating holder and respective
silicon nitride chips. Starting at 250 °C the sample was heated with 3.3 K/min up to 600 °C.
This temperature was hold for 30 min. The tilt series used for the 3D reconstruction has been
acquired also with the same TEM at 200 keV in high angle annular dark field (HAADF) STEM
mode using a tilt range of £70° with a variable tilt increment according to the scheme proposed
by Saxton et & The tilt series was aligned using the ToMadld-on in Imagé€Jand a discrete

algebraic reconstruction technique stepas used for the reconstruction.

Cs-corrected STEM images and electron energy loss spectroscopy (EELS) data were acquired
at 300 kv with a FEI TitarThemis 60-300 equipped with a high brightness field emission
(XFEG™) source, a monochromator, an aberration-corrector for the probe-forming lens
system, a BRUKER EDS Super X detector and a high-resolution electron energy loss
spectrometer (Gatan high-resolution Quantum ERS energy filter). Low loss EELS data were
acquired in monochromatic STEM mode with a dispersion of 0.01 eV per channel. The
convergence semi angle was 23.8 mrad and the collection semi angle 35 mrad. To measure the
band gap on a local scale, the zero-loss tail was removed by a power law fit and the band gap
extracted using the linear fit method according to Park & @bre-loss EELS data were
acquired in STEM mode with a dispersion of 0.1 eV per channel, a convergence semi angle of
23.8 mrad and a collection semi angle of 35 mrad. EELS data was taken using dual-channel
aquisition3® All spectra were corrected for channel to channel gain variation and dark ééirrent.

The background was removed via a standard power |&v fit.

X-ray diffraction (XRD) analysis: XRD measurements were carried out on a Seifert Type
ID3003 THETA/THETA-diffractometer (GE Inspection Technologies), equipped with a

Meteor OD detector, using CogKadiation in glazing incidence XRD (GIXRD) (a=2°) to



reduce the FTO signal. The XRD patterns were recordei2f) (mode with a 2 scan range

from 10° to 120°.

Ultra-violet-visible light (UV/Vis) spectroscopy: UV/Vis data were acquired with a Perkin
Elmer Lambda 800 spectrometer, detecting the absorption spectra in a wavelength range of 300
to 950 nm with a step size of 1 nm. The detected UV/Vis data is used to determine the direct

band gap by Tauc plofs.

Infrared (IR) measurements: Attenuated total reflection (ATR) fourier-transform IR
measurements were performed in air with a Bruker VERTEX 70v spectrometer equipped with
a Bruker HYPERION 3000 microscope with a 20x ATR objective. During the IR analysis the
NW array is contacted by the tip of a germanium crystal (i0Gn diameter). For spectra

acquisition 256 scans were averaged at a spectral resolution dfi@ ambient atmosphere.

Results

The crystal structure of the as-grown and annealed N@ arrays on FTO substrate is
investigated by GIXRD (Figure 1a). All peaks either correspond to the FTO substrate (marked
with a filled circle) or to rutile TiQfor both, the as-grown and the annealed>TNWV arrays.

The full-widths at half-maximum (FWHM) of the {101} and {111} peaks decrease and the
peaks are shifted to highefZalues for the annealed TA®Ws (Figure 1b,c). The peaks were
used to calculate the lattice parameteendc. The change in peak position, FWHM, lattice
parameten andc and the axial ratia/a are summarized in Table 1. The as-grown NWs have
slightly larger lattice parameters, than the annealed NWs. Only the FWHM is considerably

reduced.
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Figure 1. a) XRD pattern of as-grown and annealed TiO2 NW arrays on FTO substrate. The
peaks marked with a filled dot arise from the FTO substrate. Zoom in of b) {101} and c) {111}

reflection of rutile TiQ.

peak position 2[°] lattice parameter [A] FWHM [°]

axial

{101} {111} a c ratiod/a ——a o 111

sample

as-grown TiO,NW 42.18 48.29 4.597 2.956 0.6429 0.6138 0.5984

TiO2 NW 4h @ 500 °C  42.22 48.35 4.589 2.953 0.6434 05542  0.5307

Table 1. Details of XRD data and related lattice parametersa( ¢) for rutile TiO 2. The

accuracy of the experiment is £0.05 %

The ATR-IR spectra of the as-grown and annealed N@'s are presented in Figure 2. Both
spectra show interference fring8s8 Interference fringes are expected for IR-transparent
layers of several um thickness in direct contact with the ATR crystal. These fringes are
neglected in the following discussion. Both samples have a strong absorption below 1000 cm
. This absorption is due to the Ti-O stretching modé$The absorption peak in the IR-
spectral region between 1000-1300c@rises from deformation vibrations of the Ti-O-H
bonds* The features below 1300 cnare not affected by the heat treatment. In contrast, the
absorption in the range of 4000-2500tmnd around 1600 ctnchange due to the heat
treatment. These peaks can be attributed to the O-H stretching and bending modes of water
bound by chemisorption and physisorption on the,TéOrface??*® The stretching modes

correspond to bridged O-H groups (around 370()¢no terminal O-H groups (around
7



3670 cmt) and to hydrogen bonded terminal O-H groups (around 3420.%nThe peak at
around 1670 crhis an O-H bending mode of chemisorbegD4® The sharp peak, which is

visible for the as-grown TiIONWSs is removed due to the heat treatment. The residual features

are above-mentioned interference fringes.

as-grown Ti0, NW
i - - ~TiO,NW 4 h @ 500°C

Ti-0
020 Q-H gtrrfertchmg : D-rj benrdrmg slletchn}g
| [ i

Absorbance

4000 3500 3000 2500 2000 1500 1000

Wavenumber cm™

Figure 2. ATR -IR spectra of as-grown (solid line) and annealed (dashed lingNMOarrays

on FTO.

SEM investigations reveal a 1D morphology of the NW, which grow almost perpendicular to

the FTO substrate (Figure 3). Neither the diameter (as-grown: 7313 nm, annealed: 70£16 nm)
nor the length (as-grown: 1005+51 nm, annealed: 1019+78 nm) of the NWs is affected by the
heat treatment. However, the rough morphology at the wire top of the as-grown nanowires is

smoothed during the heat-treatment.



Figure 3. SEM top view (a,c) and cross-section (b,d) micrographs of as-grown (a,b) and
annealed (c,d) TiONW on FTO. The insets in a) and c) show a zoom in of a single NW with

changed morphology at the wire top. The scale bar of the inset images are 40 nm.

TEM images of scratched off NWs before and after annealing (see Figure 4a,e) ¢bafirm
SEM results. The as-grown TiQIWs consist of a single-crystalline shell and a core with a
high defect density building up a V-shaped defect cascade towards the wire top, as observed in
earlier studie4? An edge dislocation is representatively shown in Figure 4c. Additionally, the
NW splits into thin nanofibers (diameter: 6.1 nm), which results in a rough morphology at the
wire top. The dark signal in the HAADF STEM image (see Figure 4d) parallel to the growth
direction of the NW indicates a lower density or open space between the fibers. We identified
it as internal surfaces between the nanofibers, which lead to a large internal frez anadiaaf

the as-grown NWs. The overall surface area-to-volume-ratio for a NW with 6.1 nm thick fibers

is 0.66 nn/nm?® with the {110} facets (surface energy per unit areadHs 0.42 J/m %)
representing the main surface planes. By neglecting the surface at the top end of the fibers
(mainly {111} and {001} facets) one can calculate the surface energy density of the as-grown
NWSs to Eurace,ag2.8*10° J/n¥. However, the internal surfaces are not accessible for any
processes related to photo catalysis or solar cells, as the spacing between the nanofibers

(0.50+0.16 nm) is too small for water or dye molecules to diffuse inside. The corresponding
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SAED pattern of the as-grown Tianowire (see Figure 4b) shows a highly oriented rutile
TiO2 crystal structure, differentiating from a SAED pattern of a single-crystal in [110] zone

axis only by the streaking of the diffraction spots along the [110] direction. Thus the nanofibers

are highly oriented with a [001] growth direction.

Growth direction [001]

Growth direction [001]

Figure 4. TEM micrographs of an as-grown (a-d) and an annealed (e-h) NW. BF TEM images
(a,e) and corresponding SAED pattern (b,f) indicate a rutile crystal modification for both NWs.
The HR TEM image shows an edge dislocation for the as-grown NW (c). HR HAADF STEM
image of a faceted void for annealed NW (g). HAADF STEM images indicate that ginevars-

NW is built by a bundle of nanofibers (d) and the annealed NW comprises voids (h). Both

images are taken from representative areas located in the center of the NW.

For NWs heated at 500°C for 4 h no lattice defects are detectable, and the fibers are gown
together, as there is no dark signal in the HAADF STEM image parallel to the growth direction
(see Figure 4h). Only at the NW top some fiber like morphology is visible. These residuals of
the nanofibers are also grown together resulting in thicker nanofibers (diameter: 8.8 nm) and a
much smoother morphology at the wire top. The merging of the nanofibers is a slow process,

which starts already at comparable low temperatures of around 250 °C (see Movie 1). The
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corresponding SAED pattern of the annealed.Th@nowire (Figure 4f) resembles a single-
crystalline rutile TiQ crystal structure without any streaking, as both the lattice defects and the
nanofibers are removed during the heat treatment. Instead of the defect-rich nanofiber bundles,
the HAADF STEM image shows dark appearing features with elongated bipyramidal shape.
According to TEM tomography reconstructions, these features can be attributed to voids inside
the NW (see Movie 2). Using in-situ TEM heating experiments (see Movie 1) we could show
that within one NW, all voids form almost simultaneously as soon as a critical temperature
(around 500 °C) is reached. The voids are immediately formed in their final shape and show no
change in shape or size during further annealing at 600 °C for 30 min. Due to the voids,
annealed NWs also exhibit an internal free surface area. The surface area-toratilurfioe

an annealed nanowire (originating from a NW with 6.1 nm thick nanofibers in the as-grown
state) is 0.1316 nfinm®. HR STEM images prove that these voids are close to the inverse
Wulff’s shape of rutile TiO2 with main contributions of the {001} @s~1.15 J/m?)*, {110}
(E1160.42 J/m?),* and {111}(R16~1.33 J/m?)* planes. For Wulff’s shape like voids the
average surface energy per unit surface thus can be calculategite®E5 J/m? resulting in a
surface energy density ofgace,++9.9*10" J/n? for annealed NWs. However, as these voids

are internal voids, these surfaces are not accessible for any chemical reactions. Gooss-sec
TEM samples allow an analysis of the structure of these voids in more detail. Figure 4g shows
that the crystalline area adjacent to the void is not distorted, and that the voids are not entirely

hollow, but the void surface is covered with an amorphous titanium oxide phase.

To probe the electronic structure of the NWs, we performed an EELS analysis of as-grown and
annealed TIQNWs. The energy-loss near-edge fine structure (ELNES) of the sleédge and
the O-K edge are shown in Figure 5. Both spectra are recorded over a largepaesanting
the averaged bonding behavior and oxidation state of the atomic species of each type of

nanowire. The Ti-k3 edge consists mainly of two doublets, representing.ghentl g peaks
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of the Ti-Ls edge at lower energy losses and theJeédge at higher energy losses, respectively.

The edge onset (457.5 eV) and the peaks are not shifted with respect to each other and are close
to literature values for bulk rutile Tgd®*4" The I(L2)/I(Ls) intensity ratio is calculated as
changes in this ratio are related to the Ti valance state. The analysis was done according to the

procedure described by Stoyanov et al. using the following equftion:

_ / 1<L2)—0.87953\

I(L3)
= -0.21767
Y. Ti \ 0.21992 |

For both, theTi** /> Ti (with Y Ti=Ti*+Ti®*) is around 80 %. Thus the averaged electronic
structure of the NW does not change during heat treatment and no oxidation of incorporated
Ti%* to Ti* takes place within the detection limit. This result is emphasized by the O-K edge,
which does neither change in shape nor in intensity, indicating that the heat treatment in air
does not result in any oxygen uptake into the NW. Although the average electronic structure of
the heat-treated NWs does not differ from the one of the as-grown NWs, one can detect local
changes in the electronic structure. Figure 6 shows an EELS map and the corresponding EEL
spectra of an annealed NW, which was thinned for TEM observation until the top and bottom
surface of the void was removed. This enables the analysis of the amorphous material covering
the void surface, without contributions of the crystalline rutilezThich surrounds the void.

The EELS map is color-coded according to the onset of the Jedge where red represents

an edge onset below and blue an edge onset above 457 eV, respectively. Thedfielof the
amorphous Ti@material covering the void surface is shifted by 1 eV to lower energies. The
amount of Tt" is calculated by th§L2)/I(Ls) intensity ratio and is around 70 % for the rutile
TiO2, in which the void is embedded and around 35 % for the amorphous part at the void

surface. Figure 6d shows the variation df* Honcentration in the area of such a void. Both,
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the shift of the edge onset and the lower amount®fifidicate that amorphous material at the

void surface consists of reduced 3O
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Figure 5. a) Core-loss EELS spectra of an as-grown and an annealetl\WW@howing the Ti-
Loz and O-K edge. b) Ti4ds ELNES with by e splitting caused by the distorted oxygen

octahedral surrounding Ti atoms and c) O-K ELNES.
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Figure 6.a) HAADF-STEM image of an annealed BiRW after Af ion milling with the area
marked, which was used for STEM-EELS measurements. Please note that the amorphous layer
in the right part is viewed edge on, while the part in the left is inclined and appears much more
extended due to projection. b) The corresponding EELS map is color-coded according to the
edge onset of the Tisls edge (red: edge onset below 457 eV, blue: edge-onset above 457 eV).
c) Corresponding EEL spectra for the crystalline (solid line) and amorphous (dashed line) area.

d) shows the Pf/Ti** ratio in the area of a void.

To investigate the influence of the changes in crystal and electronic structure with respect to

the optical properties, the band gap of the as-grown and annealeNW®was investigated.
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The band gap averaged over an entire NW array is determined by UV/Vis data based $auc plot
for an direct semiconductor (see Figure 7a). This Tauc plot shows an optical band gap of
2.88+0.09 eV for the as-grown NWs and a band gap of 2.56+0.03 eV for the annealed NW
array. Although the measurements show that both materials weakly absorb blue light, the NW
arrays appear white, which might be related to a strong light reflection caused by the NW array.
The signal at energies below the optical band gap arise from tails of the valence and conduction
band. The width of this Urbach tail, the Urbach energy, is 0.62+0.01 eV for the as-grown NWs
and 0.49+0.01 eV for the annealed NWs. In addition, the band gap of a single NW for each, the
as-grown and the annealed state, is determined by EELS measurements in the TEM. The
corresponding, zero-loss subtracted, low-loss EEL spectra for the as-grown and the annealed
NW are shown in Figure 7b. These measurements show a reduction of the optical band gap by
the heat treatment from 2.8+0.1 eV to 2.4+0.1 eV. Results from EELS and the Tauc plot agree

within double standard deviation.
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Figure 7. Optoelectronic properties of the as-grown (filled squares) and annealed (open circles)
NWs. a) UV/Vis based Tauc plots of NW arrays and b) low-loss EEL spectra of single NWs

after removing the zero-loss peak.

Discussion

In the following, we present a detailed description of the as-grown and annealed NWSs, using
the obtained morphological, crystallographic and spectroscopic results, and propose a possible

mechanism to explain the formation of the voids.

HR STEM, electron diffraction and XRD reveal that the as-grown NWSs consist of single-
crystalline like rutile TiQ nanofibers, which bundle. The nanofibers grow along the [001]

direction and are highly oriented with respect to each other, resulting in a mesocrystalline
15



material. These findings are in good agreement with previous studies on hydrothermally grown
NWs 24 4950 According to our IR measurements, we have a high amount of hydrogen bonded
OH groups on the surfaces of these NWs. Jordan et al. found that such hydrogen bonded OH
groups are present on the surface of the thin fibers and hydrogen bonds are formed between two
of these fibers® The distribution of distances between nanofibers and the consequent
differences in hydrogen bond length may contribute to the broadening of the IR absorption
peaks. The broadened peaks in the XRD and the streaking of the electron diffraction spots
originate not only from the thin fibers, but also from the lattice defects inside the NW. The main
defects detected in HR TEM are edge dislocations, as shown Befohe amount of
dislocations is difficult to determine, but the narrowing of the X-ray diffraction peaks by around
10 % during annealing and the strong contrast of the V-shaped dislocation cascade @&igure 4
indicate that the overall concentration of dislocations must be quiet high in the as-grown NW.
In addition, the spectroscopic analysis revealed a hitfrc®ncentration of about 20 % within

the entire NW, however both, XRD and electron diffraction experiments prove the rutile crystal
structure and exclude the existence of any Magneli phases suaasTiO11 or TizO13.%1°2

Instead, the shift of the Tizls-edge of Ti is caused by an incorporation of oxygen vacancies
(Ovag) in the crystal structure, leading to the expanded rutile Ui cell of the as-grown NWs
compared to bulk Ti@>3 As the axial ratio is the same as reported for bulk rutile Thére is

no evidence for ordering of the,£along special lattice planes.

After the heat treatment, the NW morphology and the rutile crystal structure are preserved, thus
we can exclude any phase transformation taking place during the heat treatment. This result is
in good agreement with previous studies, which showed that rutilee T3Othe
thermodynamically most stable TiQphase? Consequently, oxygen deficiency does not
influence the thermodynamics of rutile BiCGAlthough the NW morphology in general does

not change, there is a significant change in the internal structure. The hydrogen bridged O-H
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groups, which are at the surface of the fibers in the as-grown NWs are removed, as the IR
absorption peak around 3400 ¢misappears. The physisorbed water evaporates as well. The
nanofiber bundle transforms into a single crystal incorporating voids. These voids are anti-
crystals with the Wulff’s shape of rutile TiO2 and intercalate perfectly in the lattice without
causing significant stresses in the crystal structure. From a rough estimation, the volume
fraction of the voids with respect to the entire NW volume is around 25 %, which results from
the rearrangement of the free space between the nanofibers (13 %) and the volume covered by
Ovac (5-11%). The calculated volume fractions are in good accordance, but it is noteworthy that
the errors are high, especially because the charge of.4his @nknown and thus deriving the
number of Qac (10-20 % of O in TiQ) from the amount of i is prone to error. Similar voids

are also formed in rutile TiOnanoparticles®!® Along with the nanofibers, also the lattice
defects are removed and thus the XRD shows sharper peaks and the streaking of the electron
diffraction peaks is not present anymore. Although the NWs are heated in air, there is no change
in the Ti Lo 3edge averaged over an entire NW. Thus on a global scale, no oxidation takes place.
The stability against oxidation might be related to the perfect single-crystalline surface of the
NW even in the as-grown state, which inhibits the penetration of oxygen atoms. Consequently,
the oxygen content in the atmosphere is no decisive factor for the processes taking place inside
the NW upon annealing. However, locally the electronic structure of the NW does change
significantly due to the heat treatment. HR STEM images show that there is no sharp rutile-
vacuum interface for the voids, but the voids are covered with an amorphoupiace.
According to the EELS data, this phase has a significantly higher amourit,of/fiich is up

to 80% of T#* in the amorphous material. However, one has to take into account that these
samples are Arion milled. Ar ion milling can produce oxygen deficient samples due to the
different sputter rates of Ti and ©% The T#* concentration of these samples is slightly
overestimated due to Asputtering. As this effect is homogeneous over the entire TEM sample,

the concentration variations are not an artifact and we can state that a vacancy condensation
17



takes place. Coincident with the accumulation of ti#é &t the inner void surface the unit cell
is contracted, compared to the as-grown state, indicating a lower oxygen vacancy concentration

in the rutile lattice®

All these findings lead to the following 2 step mechanism, which explains the transformation
taking place inside a hydrothermally grown rutile 7/ W upon annealing. We postulate a 2
step mechanism as there are two different phenomena: The mesocrystal merging to a single

crystal and the condensation of thed@o form the voids.

In a first step, a condensation reaction at the hydrogen bonded OH-groups takes place. The
dehydratisation is accompanied by the formation of a new Ti-O-Ti bond, which connects two
thin nanofibers. These fibers are only present in the as-grown state. It starts at the beginning of
the fiber splitting close to the center part of the NW, as the distance between two fibers is closest
there. This process is repeated multiple times and thus the nanofibers merge together in a zipper-
like condensation process. This condensation starts already at quiet low temperatures of around
250 °C and is a rather slow process (see Movie 1). The produced water molecules leave the NW
as they are gaseous at the annealing temperature. As all the Ti-O-H bonds are replaced by Ti
O-Ti bonds there is neither a global nor a local change in the oxidation state of the Ti during

this process and the“TiTi%* ratio remains the same as in the as-grown state.

In a second step, an agglomeration afc@kes place. Due to the low temperature during the
hydrothermal growth there is a high concentration of defects, especialin @e rutile crystal
structure. As the nanofibers merge together, thedan diffuse within the NW. Upon reaching

a critical temperature (around 500 °C) thec@ondense rapidly and the voids with inverse
Wulff’s shape are formed. Using in-situ TEM heating experiments (see Movie 1) we could
show that within one NW, all voids form almost simultaneously. The voids are immediately

formed in their final shape and show no change in shape or size during further annealing at
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600 °C. Such a vacancy condensation is well known for météldiowever it was not

observed for metal oxides so far.

Our findings show that the oxygen vacancy concentration within the rutile crystal structure is
significantly decreased due to the vacancy condensation upon annealing. This finding is key to
understand the change in properties. According to calculations the band gap is directly linked
to the concentration of @°° Thus the as-grown NWs with high&Qconcentration inside the

rutile crystal structure exhibit a larger band gap and the annealed NWs with,de#@s tBe

rutile crystal structure have a smaller band gap. This change in band gap corresponds to the
band gap energies measured by UV/Vis and low loss EELS. Concurrently, the Urbach energy
is decreased after the heat treatment, which indicates a lower degree of lattice disorder and less
charged impurities such as4in the crystal structur®. Consequently deep trap states in the
band gap must have been redi$¢édland the recombination rate of electron-hole pairs created
during illumination for the annealed NWs should significantly decrease. Furthermore, the
oxygen deficient, amorphous material at the void surface has a good hole conduction and thus
some of the hcan be injected into the oxygen deficient amorphous matéfihle trapped h

cannot recombine with free &d the amount of generated charges is increased.

Conclusion

We have proposed a 2 step mechanism that explains the changes taking place inside a
hydrothermally grown Ti@QNW upon annealing at 500 °C in air. Rutile IRV arrays were
synthesized on FTO glass substrates. These NWs were investigated in the as-grown state and
after a 4 h heat treatment at 500 °C in air. TEM, XRD and EELS investigations revealed highly
defective, mesocrystalline NWs for the as-grown state with a high amount of lattice defects
(edge dislocations andv&d. Upon annealing, lattice defects are removed and the mesocrystal

merges to a single crystal. Concurrently, thec@ondense in Wulff-shaped voids, which are
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covered with amorphous TiOAs the defects in the rutile crystal structure are removed, the
properties of the material are changed. The band-gap is narrowed, and mid-band gap states must
have been reduced as a consequence of the vacancy condensation. One is thus expecting
reduced carrier recombination, as the amount.gfi®the rutile crystal structure is decreased

significantly.
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