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ABSTRACT: A black TiO, nanotube (NT) heterostructure
with an anatase-core and an amorphous-shell has been
synthesized by NH; annealing of amorphous NT grown by
the anodization of a Ti substrate. Remarkable photoabsorption
behavior of these black TiO, NTs is observed: strong
absorption throughout the entire optical wavelength region
from ultraviolet to near-infrared. X-ray absorption near-edge
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amorphous with a chemical composition approaching that of

Ti,O,. Bulk-sensitive XANES using X-ray partial fluorescence yield and Ti 2p RIXS confirm the presence of a rich amount of Ti**
in the crystalline bulk (core of the NT with anatase structure) of black TiO, NTs, which exhibits a dispersive d-d energy loss at
~2 eV corresponding to the broad visible light absorption at ~600 nm. Our results suggest that the extraordinary
photoabsorption behavior of these black TiO, NTs is due to the stabilization of Ti*" in this special N-doped core—shell assembly
having structure varying between TiO, (bulk anatase) and Ti,O, (surface, amorphous).

B INTRODUCTION involvement of substitutional N doping is considered to be
indispensable for TiO, band gap narrowing by upshifting the
valence band maximum as a result of the mixing between N 2p
and O 2p states.” Moreover, synergistic interactions between N
dopant and concomitant Ti** is also believed to be key for
improved photoabsorption and associated photoactivity of N-
doped TiO,.”*” Nevertheless, insufficient visible and near-
infrared absorption of N-doped TiO, reported so far makes it
less than satisfactory for solar energy utilization.'

Recently, Chen et al.' applied high pressure hydrogen
treatment to obtain the core—shell black TiO, of which the
introduction of disorder on the surface shows its decisive role in
reducing the TiO, band gap, resulting in considerable
improvement in visible and infrared absorption of black TiO,.
Since then, vast efforts have been made to investigate this type

As one of the most promising photocatalysts, TiO, has recently
been treated as one of the foremost significant materials in the
environmental and energy realm.' ™ However, the large band
gap of TiO, (~3 eV) only allows absorption in the ultraviolet
(UV) region and thus constitutes a severe limitation for its
application in photocatalysis, as UV just holds a small fraction
(~5%) of solar energy compared to visible (~43%) and near-
infrared (~52%) regions.z’5 In developing novel TiO,
nanostructures to extend their photoabsorption to the visible
and near-infrared regions, narrowing the band gap of TiO, by
properly altering the band energy will establish a benchmark for
engineering sunlight-driven functional materials.

Generally, chemical doping by appropriate introduction of
metal and nonmetal impurities is a popular way for tailoring the
TiO, band gap."*®” Among them, N doping is a typical
example and N-doped TiO, indeed has shown some success in Received: April 25, 2016
extending its optical response to the visible region.”® The Published: May 24, 2016
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of disordered TiO, nanostructure and to reveal the origin of
visible light absorption.”’°™"* The creation of two band tail
states by surface disorder associated with their merging with the
valence band maximum and conduction band minimum of
TiO, has long been believed to be responsible for the band gap
narrowing of highly reduced black TiO,."'* However, this
nonspecific ascription does not pinpoint the chemical nature of
the outermost amorphous layer, and the mechanism for the
optical absorption remains inconclusive. Alternatively, a very
recent report by Tian et al.'’> provides evidence of Ti,O,
formation in the surface layer via interstitial diffusion of Ti ions
from the bulk rutile TiO,. The distinct points are the narrow
band gap of Ti,O; and its robust structure for preserving
surface Ti**.¥'%'* However, two issues still need to be
addressed. First, the amorphous layer grown on top of the
anatase TiO, is the one that exhibits superior photoactivity, and
the surface amorphization behavior between anatase and rutile
is certainly different."”'> Therefore, it is crucial to understand
the chemical nature of the surface disordered layer above the
anatase TiO,. Second and more importantly, the amorphous
shell with a single phase on its own could not achieve broad
light absorption at both the visible and near-infrared regions,’
so the synergistic interaction between the amorphous shell and
anatase core corresponding to the enhanced photoabsorption
of black TiO, needs to be clarified.

In this work, we show that NH; annealing of vertically
aligned TiO, nanotubes (NTs) in the amorphous phase can
create such a disordered shell on the crystalline anatase core.
Oriented TiO, NTs are chosen due to their high aspect ratio
and unidirectional alignment, making them the ideal structure
for diverse applications.”'>'® A distinct advantage of this
method to fabricate ordered black TiO, NTs over others, such
as high-pressure hydrogenation," pulsed laser vaporization,'”
and electrochemical reduction,'” is its simplicity and excellent
control of crystallinity without breaking the nanoarrays. The
black TiO, NTs thus obtained significantly enhance the optical
response with a continuous spectrum of photoabsorption from
UV to near-infrared. To fully understand the origin of this
outstanding photoresponse, we have conducted careful surface
and bulk characterization of these black TiO, NTs. X-ray
absorption near-edge structure (XANES) and resonant inelastic
scattering (RIXS) in combination with X-ray photoelectron
spectroscopy (XPS) are employed to reveal the electronic and
structural properties of and the differences between the
amorphous shell and the crystalline core of the black TiO,
NTs. XANES is elemental specific, which probes conduction
band (unoccupied density of states) and the local chemical
environment (e.g, local symmetry, oxidation state, etc.) via
core-excitation by tracking the absorption coefficient while
tuning the photon energy across the absorption edge of interest
(excitation to bound, quasi-bound, and continuum states with
well-defined angular momentum and chemical characteristics);
thus, samples with either long (crystalline) or short-range
(amorphous) order can be analyzed. RIXS, on the other hand,
provides mapping of the valence band (occupied density of
states) contribution of the excited atom in the ground state (it
is valid under the single particle approximation, and this is often
the case in low Z systems) via the almost concerted X-ray
absorption and emission processes. Because the excitation is in
the vicinity of the threshold, the core—hole effect involved in
RIXS is negligible.18 Herein, surface-sensitive XANES (using
total electron yield) coupled with XPS are used to provide
chemical information on the amorphous shell, whereas bulk-
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sensitive XANES (using X-ray partial fluorescence yield) in
combination with RIXS are utilized to elucidate the photo-
absorption properties, hence, structure and bonding of the
anatase core.

B EXPERIMENTAL SECTION

Sample Preparation. Vertically aligned TiO, NTs with preferred
geometry and alignment were prepared using a two-step electro-
chemical anodization process. A custom-made two-electrode cell was
constructed using a Ti foil (0.1 mm in thickness, Goodfellow) with a
surface area of 1 cm X 2 cm as the anode and a Pt wire as the cathode.
The Ti foil was first rinsed by deionized water followed by absolute
ethanol; then, Ti anodization was conducted at 50 V (Hewlett-Packard
6209B DC power supply) for 4 h to initiate the first NT layer growth
with an electrolyte consisting of 0.3 wt % NH,F (98%, Alfa Aesar), 2
vol % H,0O, and ethylene glycol. Once finished, the Ti sheet was
soaked in 1 M HCI for § min to peel off the first NT layer and then
rinsed with deionized water and absolute ethanol. Subsequently, the
refreshed sheet was used for the second Ti anodization at 50 V for 30
min using the same but fresh batch of the electrolyte as in the first
step. Finally, the product NT was rinsed with absolute ethanol several
times to remove the excessive electrolyte and then dried with N, gas.
The as-prepared (or as-grown) NT is denoted APNT. Then, it was cut
into 4 pieces. Two were kept as APNT, and two were annealed in
ambient air at 450 °C for 2 h with a ramping rate of 5 °C/min to
induce the crystallization of NTs, which are denoted NT450; after
that, the annealing of NT450 (one piece) and APNT (one piece) in
NH; was carried out simultaneously at 450 °C for 2 h to obtain N-
doped NT450 and N-doped as-prepared NT, henceforth denoted
NNT450 and NNT, respectively. NH; annealing was performed using
a tube furnace. The tube was first purged with pure Ar with a gas flow
of 10 mL/min for 10 min, and then the samples (one NT450 and one
APNT) were heated under an NH, gas flow of 100 mL/min to
atmospheric pressure with a ramping rate of S °C/min. Excessive NH;
gas was bubbled through water.

Characterization. Scanning electron microscopy (SEM) images
were recorded using a LEO (Zeiss) 1540 XB SEM. The microscopic
NT structure was examined by high-resolution transmission electron
microscopy (HRTEM, FEI Quanta FRG 200F) operating at 200 kV.
X-ray diffraction (XRD, PANalytical Empyrean) was used to
characterize the crystal structures of various NT samples. Room
temperature UV—vis diffuse reflectance spectroscopy was recorded in
the wavelength range of 300—800 nm using a Lambda 750
spectrophotometer (Perking Elmer). X-ray photoemission spectros-
copy (XPS, Kratos Axis Ultra DLD, monochromatic Al Ka) was
performed in an ultrahigh vacuum to characterize the electronic
structures of various samples; the binding energy was calibrated to the
C 1s reference peak at 284.5 eV. The resulting XPS data was fitted
using software XPS PEAK 4.1.

Synchrotron experiments were performed at both the Canadian
Light Source (CLS, Saskatoon, SK, Canada) and the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory (LBNL,
Berkeley, CA, US). Ti L;,-edge, O K-edge, and N K-edge XANES
were measured using the Spherical Grating Monochromator (SGM)
beamline at CLS with an energy resolution E/AE > 5000." Total
electron yield (TEY) and partial fluorescence yield (PFY, collected
from the element-specific fluorescence channel using an SSD detector)
were used for data collection. All XANES spectra were normalized to
the incident photon flux. Ti 2p RIXS spectra and some of the Ti L;,-
edge and O K-edge XANES were collected at beamlines 6.3.2.1 and
8.0.1 of the ALS, where a high resolution grazing-incidence grating
spectrometer with a 0.4 eV resolution was used.”

B RESULTS AND DISCUSSION

The high-resolution TEM (HRTEM) images in Figure 1
together with the SEM results (Figure S1) clearly show the
well-shaped nanotubular morphology with a tube wall thickness
of ~30 nm. By air annealing of the as-prepared NTs (APNT) at
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Figure 1. TEM/HRTEM images of NT450 (a/d), NNT450 (b/e),
and NNT (c/f) where the location of shown HRTEM images are
indicated in their corresonding TEM images with red rectangles. (g)
XRD patterns of (1) APNT, (2) NT450, (3) NNT450, and (4) NNT.
Diffraction peaks labeled with an asterisk (*) are attributed to the Ti
substrate (JCPDS 44-1294).

450 °C, we obtain NT450 (Figure 1a and d), which displays the
crystallized NTs. Further annealing of NT450 at 450 °C in
NHj; yields NNT450 (Figure 1b and e), which maintains its
crystallinity compared to that of NT450. In contrast, NH,
annealing of the as-grown NTs at 450 °C directly without air
annealing, NNT, yields an amorphous outer layer with a
thickness of ~4 nm (on both the inner and outer wall of the
tube) encapsulating a crystalline core, as shown in Figure 1f.
The corresponding diffraction patterns of APNT, NT4S0,
NNT450, and NNT are illustrated in Figure 1g. APNT only
shows diffraction peaks from the Ti foil (JCPDS 44-1294),
indicating the amorphous nature of these as-grown NTs. Once
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annealed, NT450, NNT450, and NNT all exhibit the anatase
TiO, (JCPDS 65-5714) characteristic peaks as well as the
strong signal from Ti substrate; no trace of a secondary phase
(e.g, titanium oxynitride or titanium nitride) is observed in
both NNT450 and NNT. However, the anatase peak intensity
in NNT is much weaker than that of NT450 and NNT450,
which suggests the decrease of crystallinity is due to the surface
amorphization of NTs, consistent with the HRTEM result in
Figure 1f.

Herein, the first important innovation of this work is the
synthesis of anatase-core—amorphous-shell TiO, NTs by NH;
annealing from amorphous phase. Figure 2 illustrates the main

NH, annealing
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Air annealing
at 450°C

NNT NT450

,

Anatase core

|
Pl

Amorphous shell

NH, annealing
at450C

NNT450

Figure 2. Schematic diagram of TiO, NT growth together with
subsequent air and NH; annealing to fabricate NT450, NNT450, and
NNT.

steps for the growth of TiO, NTs and postannealing for
crystallization. The first step is the growth of vertically aligned
amorphous NTs (Figure S1) by electrochemical anodization on
a refreshed Ti foil. Clearly, after air annealing at 450 °C
followed by NH; annealing at 450 °C, both NT450 and
NNT450 are fully crystallized to the anatase TiO, phase. In
comparison, NH; annealing of amorphous NTs (APNT) at 450
°C produces the new core—shell heterostructure of NNT with
an amorphous surface (inner and outer shells) and a crystalline
anatase core.

UV-—vis diffuse reflectance spectroscopy was performed to
examine the photoabsorption capability of core—shell NTs. As
shown in Figure 3, bare anatase TiO, NTs (NT450) mainly
absorb UV light where the absorption edge is located at ~380
nm associated with the typical band gap of pure anatase TiO,
(~3.2 V). After NH; annealing of NT450, NNT450 exhibits a
slight enhancement of UV absorption and a sharp increase of
absorption in the visible region, showing a broad band centered
at ~600 nm. By contrast, NNT with a core—shell
heterostructure significantly harvests the entire visible wave-
length. It starts to absorb continuously from the UV region and
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Figure 3. UV—vis diffuse reflectance spectra of NT450, NNT450, and
NNT. The inset shows their different colors.

extends to the visible and then near-infrared region, suggesting
the presence of a significant state in the band gap and band gap
reduction of NNT compared to those of NT450 and
NNT450."*'**" Such light absorption enhancement is
consistent with the dark black color of NNT as shown in the
inset of Figure 3. In addtion, it is worth noting that the black
color of NNT remains unchanged over 10 months after its
synthesis in line with its photoabsorption behavior (Figure S2),
suggesting the robust air-stability of the as-made black TiO,
NTs.

The intense light absorption accomplished by NNT
evidently suggests the establishment of a synergistic interaction
between its amorphous shell and anatase crystalline core.
Characterizations on the surface and in the bulk should be
conducted carefully and preferentially to elucidate the origin of
the excellent visible light capture. In this work, we utilize X-ray
absorption near-edge structure (XANES) with detection modes
of total electron yield (TEY) and partial fluorescence yield
(PFY). TEY is surface-sensitive because it collects mainly
secondary electrons from the NT surface with an electron
escape depth of ~4 nm (a dimension that matches the
thickness of the amorphous phase in Figure 1g), whereas PFY
is bulk-sensitive collecting element-specific fluorescent X-rays
with an attenuation length at least 2 orders of magnitude larger
than secondary electrons.”” Therefore, TEY and PFY XANES
in the soft X-ray region as in this case can be applied to
comparatively analyze the electronic structure corresponding to
the amorphous shell and the anatase core of NNT, respectively.

TEY and PFY XANES spectra of relevant samples at the Ti
L;,-edge are shown in Figure 4, in which samples of Ti,O,
(3d!, Sigma-Aldrich), anatase, and rutile TiO, (3d’, Sigma-
Aldrich) are used as standards for comparison. It should be
mentioned that the PFY XANES in Figure 4b gets damped
compared to TEY in Figure 4a due to self-absorption.””
Generally, Ti L; ,-edge probes electron transitions from Ti 2p
core states to unoccupied states of Ti 3d character. It includes
the two pre-edge features (peaks m and n), where their origin
can be assigned to core-hole—d-electron interactions,”>** and
the Ti Ly-edge (peaks a—c) and L,-edge (peaks d and e) are
due to electronic transitions from the spin—orbit split Ti 2p;/,
and 2p,,, initial states, respectively, to the Ti 3d final states.
Peak splitting into two well-resolved t,, and e, peaks within
both the Ti Lj-edge and L,-edge results from crystal field
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Figure 4. Ti L;,-edge XANES spectra of APNT, NT450, NNT450,
and NNT in comparison with that of Ti,O; anatase, and rutile
standards as recorded in TEY (a) and PFY (b) modes.

splitting. Most importantly, the further splitting of e, peak (into
peaks b and c) at the Ti Lj-edge is attributed to the local
tetragonal distortion at the Ti site of the TiOg octahedron™ or,
alternatively, the long-range (nonlocal) distortion of TiOg
octahedron connectivity.”® Moreover, the extent of the e,
peak splitting is also related to the oxidation state of Tij, ie,
that experimentally, the lesser resolved peaks b and c indicate a
lower Ti oxidation, which implies the presence of some Ti 3d
character.”” Indeed, Figure 4a shows that different local
distortions of TiOg from O, symmetry yields different Ti L;-
edge e, peak splitting behaviors between anatase (D,;) and
rutile (;DM) TiO,. Whereas the former shows a more intense
feature b over c, the latter exhibits the reverse trend.
Furthermore, with the decrease of Ti oxidation from TiO,
(3d° for both anatase and rutile) to Ti,O; (3d'), the nominal
gains of 0 and 1 electron occur, respectively, in the Ti 3d-t,,
orbital (or d band). These electron filling processes result in the
decrease of Ti 3d-t,, unoccupied states and further reduction in
symmetry due to Jahn—Teller distortion, which together with
exchange interaction would result in peak width broadening.”®
Concomitantly, the relevant t,, (peaks a and d) intensity
decreases; then, the reduction of tzg/ e, intensity ratio as well as
the less resolved e, peak splitting at the Ti L-edge of Ti,O; are
clearly shown in Figure 4a.”” Nevertheless, it is worth
mentioning that although the Ti,O; standard in this work is
purchased freshly from Sigma-Aldrich and used for the first
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time, it appears to be oxidized on its surface by clearly
presenting the distinct TEY XANES (Figure 4a and Figure S3a)
with its PFY spectrum (Figure 4b and Figure S3b) from the
bulk, which shows a more consistent XANES profile with
previous studies,'””” suggesting the severe instability of the
Ti,0; standard in ambient air.

Compared to the standards, both NT450 and NNT450 in
Figure 4 display the anatase fine structure both on the surface
and in the bulk, which in line with XRD analysis (Figure 1g)
demonstrates their crystalline anatase structure. As for the
core—shell NNT, although its core presents an anatase PFY
XANES as expected, its amorphous shell, together with APNT,
exhibits a TEY XANES pattern, which resembles that of the
oxidized Ti,O; standard, showing the absence of Ti Ls-e, peak
splitting and a decrease of the t /e, intensity ratio. This
confirms that the Ti oxidation state on the NNT surface is
partially reduced from Ti*". Also, note that the reduction of
Ti*" in APNT is due to the self-doped F~ ions from Ti
anodization as reported in our previous work.”” Results of TEY
and PFY XANES recorded at the O K-edge (Figure S3) echo
the above analysis at the Ti L; ,-edge.

The areas under the curve in the resonance just above the
threshold of the Ti L;,-edge and O K-edge XANES represent
the densities of the unoccupied states of orbitals being probed.
For example, Ti 3d unoccupied states or d holes are
proportional to the area under 2p-to-3d resonance at the Ti
L;,-edge. Because the first two strong resonances at the O K-
edge (pre-edge, Figure S3) originate from electron transitions
from O 1s states to O 2p-Ti 3d hybridized unoccupied states,””
areas under relevant resonances at both the Ti L, ,-edge and the
O K-edge are proportional to the unoccupied states of the Ti
3d character (d holes). Thus, the larger the area, the higher the
density of the Ti 3d unoccupied states and, hence, the higher
the Ti oxidation state.

A detailed analysis has been performed by comparing the Ti
L;,-edge and O K-edge XANES (normalized to unity at the
same energy above the edge) of NNT to those of NNT450 and
NT450. The results are shown in Figure S4; the areas under the
Ti L;,-edge and O K-edge resonances integrated over the same
region exhibit a trend of increasing intensity from NNT to
NNT450 to NT450. Areas integrated from NNT450 are
slightly lower than those of NT450, whereas the areas of NNT,
especially those revealed from TEY XANES (Figure S4a and c),
are sharply reduced compared to those of the other two.
Therefore, it is clear that the Ti oxidation state in both the
amorphous shell and anatase core of NNT has been reduced
from Ti*, especially in the amorphous shell. Additionally, the
difference revealed by the TEY and PFY XANES of NNT at the
Ti L;,-edge (Figure 4) and O K-edge (Figure S3) clearly
demonstrates the dissimilar electronic structure of its
amorphous shell and crystalline core. Whereas the latter
shows a long-range order and typical characteristics of anatase
TiO, with a slight reduction of Ti*', the former exhibits a more
dramatic effect with the presence of a larger amount of Ti*".
Accordingly, the production of Ti** has been assigned to a
color center and mainly responsible for visible light
absorption,”*'™** consistent with the dark black color of
NNT and its continuous UV-to-near-infared absorption
spectrum (Figure 3).

To further confirm the average chemical compostion of the
reduced amorphous surface of NNT, we performed X-ray
photoelectron spectroscopy (XPS). Note that the typical
detection depth of XPS is on the order of approximately
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nanometers,”* which is only sensitive to the amorphous shell
(Figure 1f). Three regions of interest (Ti, O, and N) were
mainly examined, and their corresponding spectra are shown in
Figure S. A comparison among the normalized Ti 2p XPS

(a) Ti2p,, — NNT (b) o,
— NNT450
; —NT450 |
s , 3
> T|2p,_) =
£ T] <
1
g 2 T g
£ t g
S 'y &
= ' Ti* z NNT
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Figure 5. (a) Overlay of normalized (to maximum intensity) Ti 2p
XPS spectra of NNT (black), NNT450 (red), and NT450 (blue)
together with the difference spectrum by subtracting NNT with
NT450. (b) Display of normalized O 1s XPS spectra of NNT,
NNT450, and NT450 where the spectra of the latter two are vertically
shifted for clarity. (c, d) N 1s XPS spectra of NNT and NNT450,
respectively. Black circles are the experimental data, and red curves are
the fitted XPS spectra in which the XPS spectra of NNT and NNT450
are deconvoluted into two peaks centered at 399.3 eV (green curve)
and 400.9 eV (magenta curve). No N 1s signal is detected from
NT450.

spectra of NNT, NNT450, and NT450 is illustrated in Figure
Sa. A sharp peak centered at ~458.9 eV and a broader peak at
~464.7 eV are the characteristic Ti 2ps/, and 2p,,, peaks of
Ti*, respectively,"*>*® and they are clearly presented in both
NT450 and NNT450. In contrast, NNT shows a distinct shift
to the lower binding energy region compared to the former
two, indicating Ti of a lower oxidation state is present in the
amorphous surface layer. To elucidate this difference, we
subtracted the normalized Ti 2p spectrum of NNT (black) by
that of NT450 (blue), and the difference curve is shown at the
bottom of Figure 5a.”> Clearly, two peaks are located at 458.2
and 463.7 eV in the difference spectrum, which are in
accordance with the characteristic Ti 2p;/, and 2p, /, peaks of
Ti***>" In evaluating the amount of Ti** ions in the
amorphous shell of NNT, deconvolution of its Ti 2p XPS
(Figure S5) shows a Ti**/Ti*" atomic ratio of ~1.2, illustrating
that the amorphous shell has a composition close to the
Magneli phase of Ti,O..

Figure Sb displays the O 1s XPS spectra of NNT, NNT450,
and NT450. All samples show asymmetry where the O 1s XPS
spectrum of NT450 is deconvoluted to a sharp peak at ~530
eV and a broad shoulder peak at ~531.4 eV (Figure S6), which
have been assigned to be the characteristic peaks of TiO, and
Ti—OH, respectively."****** Moreover, a closer observation of
the O 1s XPS spectra indicates a negative shift in binding
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energy of O in NNT, which is probably due to the more
negative charge states of O by N incorporation (via NH,
annealing) as the change of bonding environment from O—Ti—
O to O—Ti—N, and O is more electronegative than N. Similar
findings have also been reported previously.**

The N 1s XPS spectra of NNT and NNT450 (Figure Sc and
d) can be deconvoluted into two peaks at 399.3 and 400.9 eV.
The former can be assigned to anionic N-doping in TiO, as O—
Ti—N linkages (substitutional), whereas the latter is attributed
to oxidized N in the form of Ti—O—N or Ti—N—O linkages
(interstitial).*** No sign of TiN is observed as its typical
binding energy value is at ~397 eV for N 1s states,”*” which is
consistent with the XRD results in Figure 1g. The approximate
atomic percentages of doped N in NNT and NNT4S50 are
determined to be ~5.1 and ~4.7%, respectively, by calculating
individual peak areas of Ti, O, and N and their respective
atomic sensitivity factor. The area ratio of substitutional N peak
to the interstitial N peak for NNT is ~1.24, and this ratio
decreases to ~0.72 for NNT450, suggesting that substitutional
doping is dominant in NNT whereas interstitial doping prevails
in NNT450. More concrete evidence is provided at the N K-
edge XANES in Figure S7, where the presence of a Ti—N bond
is demonstrated both on the surface and in the bulk of NNT,
whereas no Ti—N bond is observed on the surface of NNT450
and trapped N, is shown in the bulk.*!

As for the crystalline core of NNT, although it displays a
similar anatase structure with NNT450 and N'T450, as revealed
by PFY XANES (Figure 4b and Figure S3b), the decrease of
the density of Ti unoccupied states in the bulk of NNT (Figure
S4b and d) still shows its different electronic nature (e.g.,
oxygen-deficient TiO,) from the other two. Hence, we further
characterized the bulk of NNT, NNT450, and NT450 using
bulk-sensitive resonant inelastic X-ray scattering (RIXS). As a
photon-in—photon-out technique, RIXS usually can be used to
characterize the bulk electronic structure (occupied densities of
states) of materials at a few micrometers by the collection of
characteristic X-ray emission from valence to shallow core
transition (L, and K, from Ti L;,-edge and O K-edge,
respectively) upon the creation of the core hole with excitation
channels at or in the vicinity just above the edge.'**°

Figure 6 shows the four sets of RIXS spectra of NT450,
NNT450, and NNT (bottom panel) with their corresponding
excitation energies at the Ti Ly-edge XANES (top panel). All
RIXS spectra are calibrated and displayed in an energy loss
scale by subtracting their relevant excitation energy with the
measured emission energy.'****** As noted in the liter-
ature,””** once the excitation energy reaches the Ti 2p
absorption threshold, two types of inelastic emission features
are present in the Ti 2p RIXS spectrum in addition to the
elastic peak with an energy loss at 0 eV. RIXS takes place in the
regime of the crossover of the resonant Raman scattering
(energy loss is a constant) and X-ray fluorescence (energy loss
exhibits a disperson because fluorescence X-ray has a constant
energy when excited above the threshold in the sudden
regime).'**°%** As shown in Figure 6, the presence of a series
of peaks below the elastic RIXS peak at 0 eV pictures the
inelastic RIXS characters. The broad feature with an energy loss
scale from 4 to 18 eV is attributed to contributions from both
the Ti 3d — Ti 2p X-ray fluorescence (constant emission
energy) and associated charge transfer excitations (constant
energy loss) from O 2p to Ti 3d states. Note that those two
components overlap with excitation energies at the Ti L;-edge
and will split into two once the excitation energy reaches the Ti
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Figure 6. Ti 2p RIXS spectra (bottom) of NT450, NNT450, and
NNT excited with selected photon energies corresponding to the Ti
L;-edge TEY XANES as shown on the top. The peak intensity of the
four sets of RIXS spectra are normalized to their relevant Ti 3d — Ti
2p X-ray fluorescence.

L,-edge (not shown here).””** Most interestingly, a broad peak

at ~2 eV is also observed in both NNT and NNT450, but it is
weak or nearly absent in NT450.

With the absence of these low energy inelastic scattering
peaks in NT450, a noticeable increase of those features is
observed in NNT450 at the energy loss scale between 0 and 4
eV. A further sharp increase in intensity of those peaks can be
seen in NNT, especially for spectra 1 and 3, where their
excitation energies locate at the pre-edge and the nonresonant
absorption region of Ti L-edge between t,, (point 2) and e,
(point 4) resonances, respectively. Apparently, the emergence
of those extra low inelastic scattering features is facilitated by N
incorporation. Because RIXS is analogous to resonant Raman
scattering, which can detect energy transfers by electron
transitions on the same atomic site,’ these low inelastic energy
peaks at ~2 eV can thus be unambiguously traced to Ti d-d
interband transtions from Ti** ions reduced from Ti** in TiO,
upon N doping””*” ie. that the Ti 3d orbital is partially
occupied as a pseudo-3d' system. Further evidence, both
experimental and theoretical, is provided by a Ti 2p RIXS study
of TiF; (3d") showing an energy loss feature at ~2 eV.*
Additionally, as suggested by previous works,'”*" the energy
locations of points 1 and 3 are on the t,; and e, absorption
resonances of Ti’*, respectively, which explains the more
intense d-d excitations observed in spectra 1 and 3 compared
with those in spectra 2 and 4. The comparatively larger amount
of N dopants in NNT than in NNT450 together with their
dominant substitutional character disclosed in N 1s core level
XPS (Figure Sc and d) and N K-edge XANES (Figure S7)
account for the higher intensity of the Ti** RIXS d-d transition
feature in NNT. The slight energy loss variation (indicated by
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the green arrows) together with the broad character of these d-
d excitation peaks suggest a distribution of as-obtained Ti**
states.™ Tt is believed that Ti*" states in oxygen-deficient TiO,
nanomaterials act as the photoabsorption centers, where
electronic transitions from Ti** intraband states to the
conduction band of TiO, result from light absorption in the
visible region.9’32’33 Nevertheless, solid evidence regarding
energy absorption by Ti** had not been provided experimently
until a recent study by Wang et al.** using two-photon
photoemission spectroscopy (2PPE). Alternatively, this work
using RIXS also demonstrates the energy absorption by Ti*,
i.e, that d-d excitations show a dispersive energy transfer of ~2
eV, which mainly contributes to the visible light capture of
NNT450 with a broad absorption at ~600 nm (Figure 3), and
that the comparatively large amount of Ti** bulk species of
NNT coupled with the amorphous shell establishes the
synergistic interaction with a continuous light absorption
from UV to near-infrared.

Until now, conventional wisdom treated the disordered TiO,
surface as the direct but nonspecific origin for the band gap
narrowing and the corresponding visible light absorption of
black TiO,. In contrast to this notion, our results show that the
amorphous shell has an average chemical composition of Ti,O,
which is a small band gap titanium oxide, and establishes the
synergistic photoabsorption with the bulk, oxygen-deficient
anatase TiO,. We propose here that the composition of the
amorphous surface of NNT resembles a highly disordered
Magneli phase of Ti,O, instead of the stoichiometric TiO,
(TiO,_,) as it is commonly referred to. Because surface Ti** in
stoichiometric TiO, is not stable in air as it is easily oxidized,
only its bulk Ti*" is observed, accounting for the enhanced
visible light absorption.””** Consistent evidence of this is
shown in NNT450, where only bulk Ti** from N doping is
detected by Ti 2p RIXS. These bulk Ti** species exhibit an
absorption energy associated with its visible light absorption.
On the other hand, both TEY XANES (Figure 4a and Figure
S$3a) and Ti 2p XPS (Figure Sa) of NNT suggest that an equal
amount of Ti** and Ti*" is stabilizing the NT surface. The black
color of NNT (Figure 3) unequivocally coincides with the high
stability of Ti** in the amorphous shell as it is known to be the
color center of titanium oxide species.”*”** Therefore, the
formation of Ti,O, can be justified. First of all, Ti,O, with its
mixed nature of Ti** and Ti*" can preserve its Ti** with high
stability. In fact, Magneli phase Ti,O, can be obtained via
reduction of both anatase and rutile TiO,,***” which makes our
proposal more convincing because this Ti,O, layer is grown on
the top of bulk anatase TiO,. Second, whereas the attribution of
band gap narrowing of black TiO, to the merging of band tail
states with the valence band maximum and conduction band
minimum is still controversial,"'> our proposed Ti,O, is more
resonable due to its much smaller band gap (~1.5 eV) than that
of anatase TiO, (~3.2 eV)."® Accordingly, the excellent visible
light capture of NNT can mainly be attributed to the small
band gap absorption of Ti,O, in the amorphous surface
synergetically coupled with photoabsorption by the distributed
bulk Ti** intraband states. Namely, it is likely that the
amorphous surface layer stabilized by the anatase core provides
a distribution of electronic states between these two band gap
energies, leading to continuous absorption in the UV-to-near-
infrared wavelength region. Admittedly, the involvement of
slightly doped N (Figure Sc) as well as C (from residual
electrolyte, Figure S8) on the surface of NNT can also
contribute to its visible-infrared absorption secondarily.””*"*’

4473

It is also important to mention that the crystallization of
amorphous NTs in ambient NHj; is the key for this functional
dark black TiO, NT preparation. First, our previous work
suggests that the as-grown amorphous NTs using NH,F as the
electolye are self-doped with ~14.5% (atomic percentage) of
F~ ions.”® The release of those F species by breaking the Ti—F
bonds can be achieved by thermal annealing. Thus, annealing of
amorphous NTs in NH; (oxygen deficient) atomosphere can
help the creation of massive oxygen vacancies via the breakage
of Ti—F bonds. Second, compared to N doping in pure TiO,,
the introduction of N dopant in an oxygen-deficient TiO,
lattice during the removal of F will become more convenient
because these two processes occur simultaneously during NH,
annealing. Concomitantly, N incorporation into the TiO,
lattice via O substitution will significantly lower the formation
energy of the oxygen vacancy to maintain the charge
neutralization.” Therefore, oxygen vacancies in TiO, from all
of these pathways will propagate and accumulate toward the
NT surface during crystallization.'”” Consequently, Ti,O, is
attained on the NT surface once the stoichiometric TiO, is no
longer sustained due to the excessive oxgyen vacancies. In
addition, the amorphous nature of the NT surface mainly
results from two processes. First, N doping together with
oxygen vacancy formation causes the local distortion of TiOy.
Second, the accumulation of massive oxygen vacancies on the
surface re§ion could prevent its crystallization (long-range
ordering); ! thus, the NT surface keeps its original amorphous
character with a short-range order, although the connectivity of
TiOg will change, adopting a transitional configuration between
TiO, and Ti,O,.

B CONCLUSIONS

We have suceeded in using NH; annealing of the as-grown
TiO, NTs prepared by Ti anodization to fabricate black TiO,
NTs. Compared with the well-crystallized anatase TiO, NTs
annealed in ambient air, then in NHj, black TiO, NTs exhibit
degradation in crystallinity on the surface, having a hetero-
structure of an anatase core wrapped by an amorphous shell.
This unique configuration of black TiO, NTs exhibits
extraordinary light absorption behavior continuously covering
the wavelength from UV to near-infrared. TEY (surface-
sensitive) and PFY (bulk-sensitive) XANES analysis show that
Ti in both the amorphous shell and the anatase core is heavily
reduced. The former displays severe distortions of TiOg
octahedra with a short-range order, whereas the latter maintains
crystalline anatase. XPS confirms the TEY XANES result, which
shows that the chemical composition is Ti,O, in the
amorphous shell. Ti 2p RIXS provides concrete evidence for
the presence of bulk Ti** by the observation of d-d excitations,
which is absent in defect-free TiO,. The energy loss at ~2 eV
with broadening corresponds to the broad visible light
absorption at ~600 nm. Consequently, the assembly of the
Ti**-containing core of the anatase TiO,—x NT and its
amorphous Ti,O, surface establishes the significance of the
synergistic effect responsible for the light absorption of black
TiO, NTs. The key observation is the formation of amorphous
Ti,O; on the NT surface as a result of excessive accumulation
of oxygen vacancies, which has high stability for preserving
surface Ti** and efficient light capture due to its variable band
gap energy. This work provides new insights into the chemical
nature of core—shell black TiO, NTs and thus will help develop
more efficient nanostructures suitable for solar energy
utilization. For example, optimization of the light capture of
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this core—shell system is underway in which variation of the N
dopant concentration and thickness of the amorphous shell will
be examined by controlling the reaction temperature, time, and
NHj; gas flow.
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