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ABSTRACT: We report herein a study in which we reveal the role of F~ e,
incorporated in the very anodic TiO, nanotubes prepared electrochemically from a o 0 K-edge
Ti foil using a fluoride based electrolyte. X-ray absorption near edge structure > 1o I
(XANES), resonant X-ray emission spectroscopy (RXES), and X-ray photoelectron M

spectroscopy (XPS) have been used to examine the as-prepared and the annealed
TiO, nanotubes. It is found that the additional electron resulting from the Relative Energy (eV)
substitution of O~ by self-doped F~ in the TiO, lattice is localized in the ty, State. »
Consequently, a localized Ti** state can be tracked by a d—d energy loss peak with a 2
constant energy of 1.6 eV in the RXES, in contrast to TiO, nanostructures where this TUDF $0%

peak is hardly noticeable when F~ is driven out of the lattice upon annealing. Q2P RXES
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B INTRODUCTION However, it appears that, in F-etched TiO, nanostructures, a
significant amount of F~ ions is self-doped (trapped) into the
as-prepared samples.' " Although these self-doped F~ ions can
be driven out via a heating process,7 they also have a desired
effect on the functionality of the as-obtained TiO, nanoma-
terials. As a matter of fact, TiO, doping with fluorine has lon
to the morphology exploration and optimization of 317(_)3 been demonstrated both expzerirrintgally and theoreticallf
which results in the introduction of F 2p states and its
concomitant Ti*" states in the band gap of TiO,, leading to the
enhanced light absorption of TiO, toward the visible and thus
the increase of photoactivity.””** As for anodic TiO, NTs, the
amorphous form (as-grown with a large amount of F~ ions) is
reported to be a promising anode material for both lithium ion

As one of the solar-driven substrates for photovoltaics, TiO,
and its derivatives have been extensively developed' ™ and
thoroughly investigated,* ™ to harvest their high photocatalytic
efficiency, in recent decades. Various efforts have been devoted

nanostructures associated with diverse applications.
Typically, morphology engineering of TiO, nanostructures
using proper reactants via etching or doping is crucial to
obtaining the equilibrium morphology with high surface
stability and reactivity.””'® Among them, F~ deserves the
most credit for the engineering of desired morphology for TiO,

nanostructures, particularly in the preparation of high-aspect- and sodium ion batteries,'** in which the self-doped F~ ions
ratio TiO, nanotubes (NTs). The use of proper fluoride and concomitant Ti** species might enhance battery perform-
electrolyte (e-g~, HF, NH,F) during Ti anodization can not only ances (e.g., increase charge carrier density and facilitate electron
form and sustain the nanotubular structure, but also optimize transfer). More interestingly, by applying a sealed annealing
the NT architecture with desired geometry and alignment."’ procedure, self-doped F~ ions play a critical role in amorphous-
The as-prepared TiO, NTs aligned vertically on the Ti to-anatase phase transformation, in which amorphous TiO,
substrate provide not only the unidirectional electrical channel NTs will be tailored into truncated tetragonal bipyramidal
but also a large surface area,>'>13 making this type of
nanostructure a potential candidate for water—splitting,g’13 Received: November 23, 2015
solar cell,'*"* and lithium ion batterym’17 applications, among Revised:  February 10, 2016
many others.'72° Published: February 16, 2016
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anatase nanocrystals (NCs), exposing their {001} facets, where
the size and percentage of {001} facets of the as-obtained NCs
highly depend on the concentration of the self-doped F~ ions in
the amorphous NTs.”"”> Therefore, electronic structure
investigation of the local effect of self-doped F~ ions to the
titania matrix holds paramount significance in the under-
standing of such phenomena. Two issues need to be addressed.
First, the location of doping centers of F~ in the oxide matrix
needs clarification, which is also under debate in the
literature.” Second, the distribution of the extra electron
introduced from F~ substitution of O*~ lacks concrete evidence
although the formation of Ti** resulting from the fluorine
doping in TiO, is supported by charge neutrality considerations
and theoretical calculations using hybrid density functional
theory (DFT) calculations.*®

In this work, we report a comprehensive study to reveal the
electronic structure and the lattice location of the self-doped F~
ions in the matrix of TiO, NTs using X-ray absorption near
edge structure (XANES), which probes the unoccupied
electronic densities of states. The local effect of F self-doping
on the occupied electronic states of TiO, NTs is also
investigated using resonant X-ray emission spectroscopy
(RXES), which is also referred to as resonant inelastic X-ray
scattering (RIXS).”" =’

B EXPERIMENTAL SECTION

Synthesis of Anodic TiO,. The electrochemical anodiza-
tion method was applied to grow TiO, NTs using a custom-
made two-electrode electrochemical cell in which a Ti foil (1
cm X 2 cm with a thickness of 0.1 mm, Goodfellow) was used
as the anode whereas the cathode was a Pt wire, and a dc power
supply (Hewlett-Packard, 6209B) was used for the anodization
process: the two electrodes with a distance of 2 cm were soaked
into the electrolyte (~80 mL) consisting of 0.3 wt % NH,F
(98.0% minimum, ACS, Alfa Aesar), 2 vol % deionized water
and ethylene glycol; then an electrical voltage at 50 V at room
temperature was applied to the cell for 12 h to obtain the NT
layer attached on the Ti substrate. The whole film was rinsed
with ethanol several times to remove the excess electrolyte and
dried with N, gas, and then cut into two pieces. The first piece
was kept as is and is denoted “as-prepared NT” (APNT); the
second one was annealed under 450 °C in ambient air for 2 h
with a heating rate of 5 °C min~" to achieve the anatase phase
using a muffle furnace, denoted “NT450”.

Characterization. Scanning electron microscopy (SEM)
images and energy dispersive X-ray (EDX) spectroscopy were
recorded using a LEO (Zeiss) 1540 XB SEM at the
Nanofabrication Laboratory, University of Western Ontario
(ON, Canada). The SEM is equipped with an EDX detector
operating at 10 kV. X-ray photoemission spectroscopy (XPS)
was conducted under ultrahigh vacuum using monochromatic
Al Ka as the X-ray source (Kratos Axis Ultra DLD). The
glancing angle of the incident X-ray photon beam is ~40°, and
the XPS analyzer is at the magic angle (~54°) with respect to
the incident beam. The binding energy of XPS spectra was
calibrated to 284.6 eV using the C 1s photoelectron peak as the
reference. XANES spectra were measured at the Canadian
Light Source (CLS) located on the campus of the University of
Saskatchewan (SK, Canada). The Ti L;,-edge, O K-edge, and F
K-edge were recorded at the high resolution spherical grating
monochromator (SGM) beamline with an energy resolution of
E/AE > 5000,30 and all the edges of interest were measured
from well below to above the absorption threshold of different
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edges. Two modes were used to collect XANES spectra:
surface-sensitive total electron yield (TEY) mode using the
specimen current and bulk-sensitive X-ray fluorescence yield
(FLY) mode using four silicon drift detectors (SDD).
Specifically, like XPS, TEY has a detection depth on the
order of nanometers due to the shallow electron escape depth.
FLY, on the other hand, collects out-going fluorescent X-rays
and has a penetration depth on the order of 10> nm within the
photon energy range measured in this work.” For XANES
detection, a glancing angle of 45° between the photon beam
and the surface of TiO, NTs (attached on the sample holder)
was used, of which TEY was collected by monitoring the
specimen current, whereas FLY was measured with the
fluorescence detectors having an angle of ~90° to the incident
beam. All XANES spectra were calibrated to the incident
photon flux. The Ti 2p RXES spectra collection was carried out
at beamline 8.0.1 at the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory (LBNL, Berkeley, CA,
USA); the glancing angle of incidence was ~30° toward the top
region of TiO, NTs. The resolution was set to 0.4 eV with a
high resolution grating spectrometer”” at various constant
excitation energies near the Ti 2p absorption threshold during
Ti 2p RXES spectra collection.

B RESULTS AND DISCUSSION

The SEM images of the as-prepared NTs (APNT) prepared by
electrochemical etching of a Ti foil in an NH,F solution are
shown in Figure 1a,b, in which the well-ordered NT's are closely

Figure 1. SEM images with top and cross-section views of APNT (a,
b) and NT450 (c, d). All the scale bars in (a)—(d) are 3 um. The
magnified views are located in their top left insets.

packed with an average pore size of ~60 nm, a wall thickness of
~1S nm, and a length of ~15 um. Energy dispersive X-ray
(EDX) analysis (Figure S1 in the Supporting Information) of
APNT shows its dominant Ti and O components as well as
~14.5% F (Table S1). Upon thermal annealing in ambient air
at 450 °C to initiate anatase crystallization (Figure S2),*' the
NT morphology (Figure 1c,d) remains intact although most of
the F~ ions are driven out with a remainder of 1.61% (Table
S1) in the TiO, matrix.

The surface chemical states of APNT and NT430 are
revealed by X-ray photoelectron spectroscopy (XPS), in which
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J. Phys. Chem. C 2016, 120, 4623—4628


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b11445/suppl_file/jp5b11445_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b11445/suppl_file/jp5b11445_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b11445/suppl_file/jp5b11445_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b11445/suppl_file/jp5b11445_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b11445/suppl_file/jp5b11445_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b11445

The Journal of Physical Chemistry C

the Ti 2p, O 1s, and F 1s as well as the valence band are
tracked. As shown in Figure 2a, the Ti 2p XPS spectrum of
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Figure 2. Normalized Ti 2p (a) and O 1s (b) XPS spectra of APNT
(top) and NT450 (bottom), in which the black circles are the
experimental data whereas the solid lines are fitted XPS spectra. F 1s
(c) and valence band (d) XPS spectra of APNT and NT450.

NT450 displays two peaks at 458.6 and 464.3 eV,
corresponding to the Ti*" 2p;, and 2p, ,, respectively.’> For
APNT, the two Ti 2p peaks are broader and skew toward lower
binding energy. Curve fitting of the XPS profile of APNT
reveals shoulder features at 458.0 and 463.9 eV, which are
attributed to the 2ps, and 2p, , of Ti**, respectively.”” The O
1s XPS spectra of APNT and NT450 (Figure 2b) exhibit a
dominant peak at 529.9 eV and a high energy shoulder at 531.4
eV, of which the former can be assigned to Ti—O bonding in
TiO, whereas the latter originates from Ti—OH species on the
NT surface.””** The relatively intense peak of APNT at 531.4
eV suggests the abundance of hydroxyl groups attached on the
F-doped amorphous NT surface. Consistent results are shown
in the F 1s XPS spectra (Figure 2c): APNT displays an intense
F 1s peak at 684.3 eV associated with surface fluorination of
TiO, (formation of surface Ti—F bond),”*** whereas the F 1s
XPS signal from NT450 becomes unnoticeable, indicating that
all the F species are driven out from the NT surface after
annealing at 450 °C. The formation of surface Ti—F bonds in
APNT is not a total surprise considering the rich F~
environment during TiO, NT formation and the almost
identical ionic radii between O*~ and F~ ions. Concomitantly, a
compatible amount of Ti** surface states are formed (Figure
2a) to maintain the electroneutrality of the TiO,_,F, system
according to the polaron theory.”® Therefore, the F-rich NT
surfaces can attract more hydroxyl groups (Figure 2b) due to
the existence of Ti’* surface species and the enhanced
hydrophilicity.”” The influence of F self-doping to the valence
band states of TiO, NT is also tracked by valence band XPS
(Figure 2d). By linear extrapolation of the valence peak to the
baseline, the valence band maximums of APNT and NT450 are
hence determined to be ~1.7 and ~1.2 eV binding energy,
respectively, in which the higher binding energy of the former
might account for the larger band gap values of the amorphous
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phase than those of the anatase phase.” In addition, NT with F
self-doping also creates an extra band state with an appreciable
intensity located right above the valence band of APNT, which
is also commonly observed in N-doped TiO, systems."*°

However, XPS has a detection limit due to the short escape
depth of low kinetic energy electrons (~5 nm); thus XPS
results do not provide accurate chemical and electronic
information on the bulk. In this case, F 1s XPS results shown
in Figure 2¢ only provide a surface fluorination peak at 684.3
eV; instead, previous F-doped TiO, studies also present a
higher energy peak at ~688.4 eV attributed to substitutional F
species located in the subsurface of TiO,.”*** The absence of
this feature in our work suggests that the self-doped F~ ions are
predominantly on the NT surface with a very limited amount
doping into the internal TiO, lattice. Although similar XPS
results were reported before, they are not well understood.”***
Thus, more evidence is needed to confirm the presence of F
underneath the surface.

In order to further investigate the doping site (i.e., surface or
bulk) and the chemical environment of F in the TiO, matrix,
XANES is used to probe the local structure and bonding
information on the specific element of interest (e.g, Ti, O, and
F). Since XANES is a local probe, materials with both
amorphous and crystalline structures can be characterized and
differentiated due to the different local symmetry and
neighboring atom of the absorbing atom. XANES at the F K-
edge in comparison with those at the O K-edge are recorded in
both total electron yield (TEY) and fluorescence yield (FLY)
modes as shown in Figure 3. Of these yield techniques, FLY is
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Figure 3. (a) TEY and (b) FLY XANES of APNT and NT450
recorded at the F K-edge. Alignments between O K-edge and F K-
edge XANES of APNT and NT450 are recorded in (c) TEY and (d)
FLY by subtracting the O K-edge and F K-edge photon energies
relative to the O 1s and F 1s absorption thresholds (E,), respectively.
The lack of the TEY spectrum at the F K-edge of NT450 in both (a)
and (c) is due to the release of F~ ions on the surface of NT450 after
annealing.

bulk-sensitive whereas TEY is surface sensitive.” Two
interesting features are apparent from Figure 3. First, while
the F K-edge XANES of APNT is collected in both detection
modes, only FLY XANES of F is present in NT450 albeit with
poor statistics. This observation indicates that F~ ions are self-
doped both on the surface and in the bulk of the amorphous
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structure (APNT) during anodization whereas only a small
amount of self-doped F~ ions is left in the bulk of the anatase
phase (NT4S50) after annealing at 450 °C. Second, as the
electronic transition from F 1s to F 2p is involved in the F K-
edge XANES, four resonant peaks are shown. Both the
unresolved twofold structures (D, and D,; E;and E,) in APNT
are well resolved after phase transformation from amorphous to
anatase. The spectral pattern of the F K-edge shares a similar
XANES profile with that of the O K-edge XANES when both
sets of spectra are calibrated to the absorption threshold
(inflection point of the rising edge). As shown in Figure 3c,d,
the XANES at the F K-edge and O K-edge are well aligned,
providing concrete evidence for the formation of Ti—F bonds
with F~ ions being in a similar local environment as O* ions,
ie., the substitutional replacement of O®~ by F~ ions. The
similarity comes about since O*~ and F~ are isoelectronic; their
k dependent phases as an absorber are very similar and should
yield very similar patterns if they are in the same environment.
Thus, the origins of the two peaks D; and D, can be
unambiguously assigned to electronic transitions from F 1s to F
2p states hybridized with Ti t,; and e, manifolds (unoccupied
densities of states of F 2p—Ti 3d character), respectively,
whereas the twofold features E; and E, are attributed to
electronic transitions from F 1s to F 2p states covalently
hybridized with Ti 4sp characters, as in the case of O K-edge
XANES in TiO,.”"” The detailed structure evolutions of Ti
L;,-edge and O K-edge XANES along with phase trans-
formation are included in the Supporting Information.

To track the local effect induced by the F ligand and to
further confirm the presence of Ti**, the Ti 2p RXES spectra of
APNT and NT450 are measured to reveal the Ti contribution
to the valence band.”****® RXES was performed by tracking
the X-ray emission (with a monochromator) resulting from the
excitation of the system with photon energy tuned across the Ti
L;,-edge. By subtracting the emission energy (Figure S3) from
the corresponding excitation energies (indicated by arrows at
the top of Figure 4), a series of RXES spectra are obtained in
terms of energy transfer (loss) for APNT and NT450 as shown
in Figure 4. Four types of spectral features are noted in the
RXES spectra (bottom of Figure 4): (i) Ti 3d — Ti 2p
fluorescence peak marked with purple solid bars, (ii) three
charge transfer excitations (a, f3, y) from O 2p to Ti 3d states
with constant energy losses,”™*” (iii) elastic peaks with zero
energy loss set as 0 eV, and (iv) a constant energy loss feature &
at ~1.6 eV.

The overlap of the first two types of spectral features in
RXES spectra 1—3 (Figure 4) and their separation in the RXES
spectra 4—6 demonstrates that the dispersive emission in
energy loss (purple solid bars) is fluorescence since it shows a
linear relationship with the excitation energy, i.e., that the
fluorescence peak moves to the high energy loss region by the
same amount as the excitation energy increases, suggesting
their constant emission energy (Figure S3). Next, the presence
of the first two types is a signature of the strong hybridization
between Ti and its O ligands (3d° of Ti*" in TiO,, thus O 2p
and Ti 3d hybridization contributes to the Ti 3d — Ti 2p
fluorescence), which is coherent with the two pre-edge features
at the O K-edge XANES due to O 2p and Ti 3d hybridization
(Figure 3 and Figure S2).

It is worth noting that the electronic structures of crystalline
and amorphous TiO, are known to be qualitatively similar;*®
thus the presence of the additional feature at ~1.6 eV of APNT
indicates that the local environment of Ti has been modified by
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Figure 4. Ti 2p RXES spectra (bottom) of APNT (black) and NT450
(red) collected with excitation energies at the Ti L;,-edge TEY
XANES (top panel) and plotted at an energy loss scale by subtracting
the emission energy from the corresponding excitation energies,
respectively.

the inclusion of the F ligand. Also, the sharp intensity reduction
of the elastic scattering peaks (at 0 energy loss) upon annealing
corresponds to the increase in density and hence X-ray
absorption from amorphous to anatase (NT450) structures.
Since RXES can be interpreted as the X-ray analogue of
resonant Raman scattering and the energy transfer corresponds
to an electronic excitation on the same atomic site,27 the origin
of peak §, as its cross section increases once the excitation
energies are on the resonant peaks, can be unambiguously
assigned to Ti d—d interband transition due to the presence of
Ti** in the TiO, structures;*>* i.e,, an extra electron locates in
the Ti t,, orbital. Particularly, the RXES spectrum 2 also shows
an intense peak 6 in APNT although its excitation energy is
located at the off-resonant site (the dip between ty, and e,
resonances of Ti*"), which further confirms the existence of
rich Ti*" in APNT as this excitation energy reaches the Ti’"
absorption resonance.” In addition, the energy position of the
d—d transition relative to the elastic peak corresponds to the
magnitude of the crystal-field splitting of 10Dq.”” This is
illustrated in Figure 5; once the excitation energy reaches the e
resonance, the Ti 2p core electron will be excited to the e
states whereas the extra electron at the t,, states (partially
occupied) as a result of Ti’" tends to fill the core hole, leading
to the enhanced constant energy loss of about 1.6 eV, the
energy separation between e, and t,, states; this result echoes
the value of 10Dq obtained from Ti L;-edge XANES.

A debate might arise here on the origin of these low energy
loss features between 0 and 4 eV: the formation of Ti** in TiO,
is derived from either intrinsic defects (e.g., oxygen vacancies)
or, in this case, the self-doped F~ ions. Intrinsic defects are well-
known in TiO,, and they are responsible for the ogtical
luminescence observed from TiO, nanostructures.””’ In
particular, the broad green and strong near-infrared emissions
observed in anatase and rutile TiO, nanostructures, respec-
tively, are attributed to the intrinsic defects located on the
surface and in the bulk.” However, grevious Ti 2p RXES studies
of both anatase” and rutile TiO,””*” do not show any energy
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Figure S. Schematic interpretation of d—d interband transition in
terms of the magnitude of the crystal-field splitting of 10Dq at the Ti
L;-edge XANES of APNT. The processes denoted by dashed arrows
are concerted; enegetically, it is equivalent to exciting a t,, electron
into the e, via X-ray energy loss.

loss features located between 0 and 4 eV, which is in
accordance with the absence of feature ¢ in the Ti 2p RXES
of NT450 (anatase phase),* excluding the intrinsic defects as
the cause of peak 6 shown in this work.

Thus, the presence of Ti** in this study, revealed by the
presence of feature ¢ in the Ti 2p RXES, can be unambiguously
associated with the self-doped F~ ions, i.e., that the substitution
of O*” by F~ in the TiO, matrix results in the reduction of Ti*"
to Ti** with a d electron localized in the Ti** site. Consistently,
a previous Ti 2p RXES study in the 3d' system (TiF;) by
Matsubara et al.”” showed a constant energy loss feature in both
experimental and calculated results at ~2 eV, which is quite
close to our result as a pseudo-3d* system due to the self-doped
F~ ions. Therefore, the strong intensity of the constant relative
energy peak 6 in APNT is a contribution from the surface and
bulk doped F~ ions, of which the more electronegative ligand
(i.e, F relative to O in this case) appears to have the effect on
the localization of the electron in the t,; orbital, resulting in
Jahn—Teller distortion of the t,, contributing to the broadening
of peak d. This result strongly shows, once and for all, that the
oxygen vacancies in TiO,, which nominally produces Ti** due
to charge neutrality in the lattice, do not result in the
localization of the extra electron in the Ti d orbital whereas the
presence of F~ ion bonded to Ti does.

B CONCLUSIONS

This work identifies and elucidates the doping centers and the
chemical environment of the self-doped F~ ions and their
influence on the Ti local environment of the as-grown TiO,
NTs. Surface and bulk doping of F~ ions into the as-grown
TiO, NTs by forming Ti—F bond is revealed by surface- and
bulk-sensitive XANES, respectively, via the F K-edge. The
surface doping of F~ together with the concomitant Ti*', as
disclosed by XPS, can facilitate the formation of Ti—OH
species on the NT surface. Consistently, RXES measured across
the Ti Ly-edge XANES shows the extra Ti** band states upon
F~ bulk doping, suggesting that an extra electron resides in the
Ti 3d t,, states by the substitution of O with F. This study
establishes a benchmark in resolving the electronic effect
(itinerant or localized) of incorporated dopant in electron-
correlated oxide semiconductors via X-ray spectroscopic
investigations.
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