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Electronic structure of titania-based nanotubes investigated by EELS spectroscopy
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We present an electron-energy-loss spectroscopy study of the O-K and Ti L, 3 edges for anatase-, rutile-, and
titania-based nanotubes. The titania-based tubes are composed of tetravalent titanium ions in an octahedral
symmetry with the oxygen ligands, however the electronic structure does not correspond to that of either of the
titania precursors. Crystal-field splitting is comparable with anatase but the 3d occupation number is closer to
that of rutile. In addition, Ti L, 5 spectroscopic signatures indicate that the octahedron connectivity of the tubes
is different to that of the reference titania. We also report the first measurement at the scale of an individual
nanometrical object of the charge-transfer satellites for the transition metal 2p edges. This may open new
opportunities for the estimation of d-orbital occupation numbers for transition-metal or rare-earth elements
occurring in local grains, phase-segregated regions, nanomaterials, or in the vicinity of interfaces.
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I. INTRODUCTION

Titanium dioxides such as rutile or anatase are materials
of great interest. Rutile is the most widely used white pig-
ment because of its brightness and very high refractive in-
dex. Anatase has many others applications including gas de-
tection, catalytic decomposition of toxic materials, and H,
production via photocatalytic cracking of water.! Bulk TiO,
is a semiconductor with a band gap in the range 3.0-3.2eV
depending on the phase. It is photoactive, able to absorb light
in the UV which excites an electron-hole pair. The short-
lived pair migrates, then catalyzes reactions on the TiO, sur-
face via charge transfer.

Recently a large number of papers have reported nano-
tubes obtained via hydrothermal treatment of titanium ox-
ides. Several structures have been proposed for these tubes,
including a scrolling of anatase TiO, sheets,>™ trititanate
H,Ti;O, exfoliated sheets,>”’ (Na,H),Ti,0,(OH),-based
layers,® and lepidocrocite titanatelike sheets.!” It is cur-
rently believed that the structure of these tubes is closely
related to the family of layered titanate H,Ti,0,,,; materials,
where n=3, 4, 5, or even » for the end member composed of
flat layers of octahedra.®!° Although the exact structure is
still a matter of debate, all these materials are of the same
nature since the published experimental data that are sensi-
tive to structure are identical [in particular, x-ray diffraction
and transmission electron microscope (TEM) experiments].
These materials present a large surface area of a few hun-
dreds of m?g','! showing potential for catalytic
applications.

In this paper, we investigate by means of electron-energy-
loss spectroscopy (EELS) the electronic structure of these
titania-based nanotubes, an important aspect when gauging
their catalytic properties. Thanks to the high spatial reso-
lution of our dedicated scanning transmission electron micro-
scope (STEM) coupled with an EELS spectrometer,'? the
high-energy excitations can be collected at the scale of an
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individual nanotube. This limits the occurrence of impurities,
unmonitored phases, or imperfect structures that may easily
be present from these low-temperature synthesis processes.
The electronic structure of these nanotubes is discussed in
terms of the titanium formal valence state, the crystal-field
splitting, and the hybridization between the transition metal
and the ligand anions. Reference anatase and rutile experi-
ments, in combination with calculations based on an Ander-
son impurity model,'? are used as a template for the interpre-
tation of the spectroscopic signatures of the nanotube.

II. EXPERIMENTAL METHOD

Nanotubes have been obtained via a hydrothermal treat-
ment process at 135 °C from anatase and sodium hydroxide
salt. After repeated washing followed by drying at 100 °C, a
white-colored powder is obtained. Our EELS experiments
have already shown that very little Na was intercalated after
repeated washing cycles.!" Additional TEM-based experi-
ments such as selected area electron diffraction (SAED),
high-resolution electron microscopy (HREM) (see Fig. 1)
and energy-dispersive x-ray spectroscopy have also demon-
strated that what we called nanotubes for the sake of simplic-
ity are in fact “nanoscrolls,” rolled up sheets rather than
closed tubes. Based on our TEM and x-ray diffraction stud-
ies, these nanotubes are structurally and chemically similar
to those obtained by other authors after hydrothermal treat-
ment of a mixture of titanium dioxides and Na(OH) salt, for
temperatures constrained under ca. 180 °C. This once again
demonstrates the ubiquitous character of these materials.>~'0
More details of the fabrication process, structural aspects,
and adsorption properties of the present nanotubes can be
found elsewhere.!! Anatase and rutile nanocrystals have been
obtained from reference powders. The structures of these ref-
erences have been confirmed by means of SAED within the
microscope.

©2009 The American Physical Society
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FIG. 1. Left, HREM micrograph of the titanate nanotube. The square indicates the spatial resolution of the EELS spectroscopy. Right,
EELS O-K edges for anatase-, rutile-, and the titania-based nanotube. Energy range has been set at 530 eV on the onset of the rutile edge.

The dotted lines indicate a 2.5 eV separation.

For the STEM-EELS experiments, titania-based nano-
tubes, anatase, and rutile nanocrystals have been deposited or
codeposited onto TEM grids. Codeposition of two phases is
required to measure accurately the chemical shift between
Ti L, ; and O-K edges of the different phases. Our STEM-
EELS equipment allows the collection of tens of spectra for
different phases within a time span of only a few seconds,
limiting the energy drift of the spectrometer to less than 0.2
eV. The STEM-EELS data are acquired using a dedicated
STEM-VG HBO05 (100 keV) and a charge-coupled-device
camera-based EELS spectrometer. The natural energy spread
of the cold field-emission gun does not exceed 0.5 eV. Time
series of hundreds of spectra have been taken. Acquisition
time of each individual spectrum was limited to 1 s in order
to limit the spectrometer drift and summation over spectra
was performed after alignment. Chronospectroscopy shows a
stability of the electronic excitations of the nanotubes of sev-
eral seconds, for electron doses limited to ~200 pA for an
analyzed area of ~5 nm?. The signals are collected at the
scale of an individual nanotube (lateral size of ~10 nm).
Unfortunately core-EELS excitations at higher spatial reso-
lution (tube walls, defects, or surface states, for instance) are
not possible. We believe that at higher-energy doses, the tube
structures are altered by the loss of a large quantity of hy-
droxyl bonding. For Ti L, ; edges in the energy range be-
tween 452 and 462 eV, the energy resolution of the spectra
has been increased to around 0.3 eV, using a two-
dimensional Richardson-Lucy algorithm as described in Ref.
14.

III. RESULTS AND DISCUSSIONS
A. TiL,; edges

Figure 2 shows the main peaks of the Ti L, ; edges ob-
tained by EELS for anatase, rutile, and the nanotube. All the
spectra have a similar form. They are composed of two main
contributions, namely, the L; and L, edges, separated by the

2p core-hole spin-orbit coupling of around 5 eV. The L; and
L, edges are then both subdivided into two edges by the
strong crystal-field splitting arising from the surrounding
oxygen atoms. Figure 3 shows the calculated spectra using a
crystal-field multiplet code for a Ti** ion and a Ti** ion in
both an octahedral site and with tetrahedral symmetry.!3!5:16
For the Ti** ions, the spectrum corresponds to the electric
dipolar allowed transition from the 3d' ground state to a c3d>
final state where ¢ denotes a Ti 2p core hole and 34" denotes
n electrons in a Ti 3d orbital. Spectra for Ti** compounds
correspond to transitions from a 3d° ground state to a ¢3d'
final state. When comparing with these calculations and pre-
viously reported results for Ti** edges,!”'* we can rule out
the presence of Ti** ions in the nanotube. The Ti L edges for
a trivalent ground state are shifted toward lower energies by

EELS TiL) 3
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FIG. 2. Experimental EELS Ti L, ; main edges for anatase-,
rutile-, and the titania-based nanotube. Energy range has been set at
456 eV at the sharper L; line for rutile.
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FIG. 3. Simulated EELS Ti 2p spectra for a Ti** ground state
and a Ti** ground state in tetrahedral and octahedral symmetry. In
this example, the crystal-field splitting has been set to |10Dq]
=E(ey)~E(t),)=1.8 eV, typical value for transition-metal oxide.
An Ti* ground state in lower symmetry showing “fortunate” agree-
ment with the rutile experimental data is also shown. In the latter
case, a crystal-field subsplitting of Ds=-90 meV and Dt
=-140 meV have been set. Spectra have been aligned in accor-
dance with the experimental energy.

around 1.5 eV and show drastically different fine structure
from that of tetravalent Ti. Equally the fine structure of tet-
rahedrally coordinated Ti** rules out this candidate structure.
Experimental spectra of a 3d° ion within Tid symmetry,
such as that of CaF,, confirm this.?® We can therefore con-
clude that the three phases, including the nanotubes, are
composed of tetravalent titanium in an octahedral symmetry.

We find that the experimental splitting of the L, line for
anatase and the tube are of comparable magnitude (around 2
eV), the splitting for rutile being somewhat larger (2.3-2.4
eV). Estimation of the separation between the t,, and e,
orbitals is not straightforward with the splitting of the L
lines. Nevertheless, comparisons with previously reported
crystal-field®® or  charge-transfer —multiplet (CTM)
calculations?!' give an estimation of the required correction.
According to Crocombette and Jollet,?! the orbital separation
in the ground state is reduced to around 1.8 eV for anatase
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FIG. 4. DFT-LDA electronic structure for the anatase and rutile.
Only the Ti 3d projected density of state are shown.

(and thus presumably the same value for the nanotube) and
to around 2 eV for rutile.

Additional splitting is observed in the main peak of the L;
lines, usually attributed to be of primarily e, character.”> The
rutile has a shoulder at the lower-energy side while anatase
and the nanotube have a shoulder at the higher-energy side
with different energy splittings. The fine structure for the
rutile, including this additional splitting, can be simulated
using a lower symmetry for the ground state (see Fig. 3 and
Ref. 15). Nevertheless, according to Crocombette and
Jollet,?! the fine structure for rutile, anatase, and brookite
cannot be properly simulated using a crystal-field or charge-
transfer model, taking into account only the first- or second-
neighboring shell. Indeed, we have not been able to mimic
the fine structure of the anatase or the nanotube by using the
correct crystal-field parameters. Finkelstein et al.?> observe
that the e, peak of the L; line of rutile matches well with the
Ti 3d(e,) unoccupied density of states (DOS) for the ground
state of rutile (see Fig. 4). Unfortunately we believe that this
band approach to the interpretation of the Ti L(e,) fine struc-
ture is not very transferable to many titanium oxides. For
instance, the anatase L5 line does not match with the calcu-
lated unoccupied DOS. Incorporation of an unscreened core
hole through the so-called Z+1 approximation®> shows
strong excitonic character and does not lead to a better match
with experimental data (see Fig. 4). The Ti 2p EELS sub-
splitting involves a strong interplay between 3d(e,) band for-
mation and correlation effects, and cannot be used to esti-
mate the crystal-field distortion, at least, if limitations of a
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FIG. 5. Experimental EELS Ti L, 5 satellite edges for anatase-,
rutile-, and the titania-based nanotube. CTM calculations for two
hybridization strengths V(e,) are also reproduced. The CTM edges
have been rigidly 2.5 eV shifted to the higher energy.

single-particle approach are not overcome in the
calculation.?* Differences between anatase, rutile, and the
nanotube show only that the octahedra have different long-
range connectivity.?

B. Ti L, ; charge-transfer satellites

Figure 5 shows detail of the TiL,;-edge spectra at a
higher-energy range starting 10 eV above the onset of the
edges. One can clearly see four main excitations. The spectra
for rutile and the tube are very similar (the tube spectrum
being slightly broader). However the anatase spectroscopic
signature is different, the second and fourth peak being more
intense and the whole signature shifted upward in energy by
around 0.5 eV. To extract these signatures, we first removed
the plural scattering contribution, using either a Fourier-ratio
technique or a maximum-likelihood deconvolution technique
(the low loss spectra being acquired in the same area). We
then fitted the EELS spectra with a Hartree-Fock atomic cal-
culation of the edges. The matching window is chosen to lie
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well after the onset of the edges, i.e., between 490 and 510
eV. The procedure seems stable as a function of the thickness
and the extracted signature for rutile and anatase is in good
agreement with that published by van der Laan?® using XAS
and another extraction technique. In the earlier paper®® these
excitations were ascribed to excitonic satellites. Later, Okada
and Kotani?’ attributed these transitions to charge-transfer
satellites.

We have performed simulations of these spectra using a
simplified version of a single impurity Anderson model."3
Within a simulation of a TiOg4 cluster, there are several ad-
justable parameters that can be varied to fit the experimental
data. These include the charge-transfer energy A,=E(d™'L)
—E(d"), where L denotes a hole in the oxygen 2p orbitals and
E(d™'L) and E(d") denote the multiplet averaged energies of
the charge transfer and ionic configurations, respectively.
The crystal-field splitting 10Dq and the corresponding mix-
ing factors V(e,) and V(t,,) between the Ti3d and O 2p
orbitals are also included. We have fixed V(e,)=-2V(t,,), as
this has already been demonstrated to give good results.!3
Correlation effects are also present through the on-site
3d-electron repulsion energy Uyq and the core-hole attraction
Upq- Details of the calculation techniques can be found in
references.'**-3! The difference Uyq— U, is important since
it relates to the charge-transfer energy in the final state A;
=E(cd™*'L)—E(cd"), where ¢ denotes the Ti2p core hole,
through the estimation Aj=A;—(Upq— Uyq).”® The intensity of
the charge-transfer excitations with respect to the main peak
are indeed related to the difference in energy between A; and
A¢ (for Aj=Ay¢, no satellite peaks should be observed in the
EELS spectrum'®). We have therefore chosen A;=4 eV and
Ag=1 eV, corresponding to a large Uyg—Ugq=3 eV, which
was necessary in order to obtain an intense simulated charge-
transfer peak. This difference is slightly larger that the 1-2
eV traditionally used for transition-metal oxides,'? including
work on titanium-oxide materials.*> However Crocombette
and Jollet?! also used these parameters to simulate Ti 2p
XAS data. Parlebas et al®® also proposed that the XPS
charge-transfer satellites are intense due to the strong attrac-
tion of the Ti 2p core hole. Based on this experimental data,
they estimated U,g=8 eV, in agreement with our value (see
Table I).

Our calculations show that the choice of A; only has a
very weak influence on the position and shape of the satellite

TABLE I. Parameters used to simulate the Ti excitations in an Anderson impurity model. U4 notes the core-hole attraction and can either
be Uy or Uy depending on the excitations (2p or 1s). The R stands for the reduction parameter of the Slater integral (R=1 means no
reduction). Other parameters have been defined in the text. Note that a slightly modified impurity model has been used by the authors (as

discussed in the text).

Ung Ug=Us A Vie,) 10Dq
Reference Spectroscopic excitations Material (eV) Ug(eV) (eV) (eV) (eV) R (eV)
34 XAS Ti 1s Rutile Ugy=6.0 4.0 2.0 34 3.5 0.85 1
32 XPS Ti2p Ti, O3 Upa=5.3 4.5 0.8 6.5 3.0 0.7-0.9 0.5
33 XPS Ti2p Rutile Upa=7.0 5.0 2.0 4.0 3.46
27 XAS-XPS Ti2p Rutile Upa=6.0 4.0 2.0 3.0 3.0 0.85 1.7
21 XAS Ti2p Anatase, rutile Upa=8.0 6.0 2.0 4.0 3.6 0.6
This study EELS Ti 2p Anatase, rutile Upd=8.0 5.0 3.0 4.0 2.0-2.2 0.9 1.8
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peaks. Increasing A; from 2 to 4 eV shifts the satellite peak
by only 0.5 eV. As mentioned by Nadai et al.,’! the weak
influence of the charge-transfer energy is particularly effec-
tive if a truncated basis is used (addition of more configura-
tions, such as @’L? and d°L?, may change this).

With this choice of energy set (Uy=5 eV, Up=8 eV,
and A;=4 eV), the driving-force parameter controlling the
energy position and shape of the satellite peaks are the hy-
bridization strengths. In the case of a truncated basis limited
to two configurations 3d° and 3dL!, Hamiltonian describing
the final state of the EELS excitation can be approximated by
Hf=(yeprs ). Where Veff=y4XV(en)>+6 X V(15,)%, repre-
senting an average hybridization strength and A=A
—(Upg—Ugq) is the charge-transfer energy in the final state.
After diagonalization of the matrix, the difference in energy
between the main peak and the satellite peak is then esti-
mated at AE= \rA%+4><Veff2. In the case of the titanium
dioxide, the charge-transfer energy in the final state is very
weak compared to the hybridization strength. Indeed, with
the chosen parameters A;=1 eV and Veff=5 eV, the energy
difference is then close to AE=2 X Veff and the position in
energy of the satellite peak scales strongly with the hybrid-
ization. One can see in Fig. 5 that a small variation in V(eg)
from 2 to 2.2 eV shifts the spectra by around 0.5 eV and
changes the relative intensity of the charge-transfer peak. In
particular, the difference between rutile and the nanotube on
one side and anatase on the other are qualitatively simulated.
These hybridization values are smaller than those used con-
ventionally. Crocobette and Jollet* used a V(e,) of 3.6 eV
but also introduced a strong reduction in the Slater integral
that we have not used. Lefevre et al.’* suggest from Ti-K
prepeak analysis a V(e,) of around 3.6 eV. If we use this
value, our calculated satellite-peak energy position is around
4 eV too high. With our chosen parameters, the energy posi-
tion of the satellite peak is only around 2 eV too low. We
have searched for an alternative balance between greater hy-
bridization strength and a reduction factor of the Slater inte-
gral but no better matches with experiment have been ob-
tained. We conclude that the small difference in the charge-
transfer satellite is due to tiny changes in the hybridization
strength between these compounds.

Based on these two configuration 3d° and 3d'L models,
the difference in the d-band population between rutile and
the titanate nanotubes on the one hand, and anatase on the
other hand, is very small and estimated to be around 0.02¢™.
Based on the two configurations Anderson impurity model,
the weight of the d'L configuration is estimated at 28% for
the rutile and the nanotube, and 30% for the anatase. Cro-
combette et al.?! find comparable tiny difference of 0.03¢~ in
the Tid orbitals using a slightly different technique of
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charge-transfer multiplet calculation. A survey of the litera-
ture of the density-functional theory (DFT)-calculated popu-
lation is of little help since most of the studies confirm that
the difference in hybridization between anatase and rutile is
very small and not meaningful in the scheme of the DFT-
local-density approximation (LDA). The Ti 3d occupation is
around one electron for titanium dioxide, according to both
charge-transfer multiplet calculations in a nontruncated basis
and to DFT calculations.?> The smaller absolute amount of d
electrons found here is due to the use of a two configuration
basis.

C. O-K edges

Figure 1 shows EELS O-K edges for the three phases.
Both the anatase and rutile spectra match well with published
XAS spectra?® and exhibit a strong prepeak due to the
Ti 3d-O 2p hybridization. The prepeak splitting is measured
at 2.5 eV for anatase and 2.75 eV for rutile, confirming a
somewhat higher crystal-field splitting for the rutile struc-
ture. For the nanotube the splitting is around 2.5 eV, closer to
that of anatase. This confirms that the crystal-field splitting
of the titanate tubes is close to that of anatase. The O-K
prepeak is broader for the nanotube. Since hybridization be-
tween the O 2p and Ti 3d orbitals are nearly the same for the
three phases, this broadening may come from the presence of
some hydroxyl bonding and be indicative of a less well-
defined local structure.

IV. CONCLUSIONS

We have performed electron-energy-loss spectroscopic
studies of the oxygen K and titanium L, 5 edges of anatase-,
rutile-, and titania-based nanotubes. The nanotubes are com-
posed of (TiOg)® polyhedra, i.e., Ti** ions in octahedral
symmetry. The e, to ,, separation is around 1.8 eV, compar-
ing well with crystal fields of anatase. The subsplitting of the
main e, peak of the Ti L3 edges for these oxides cannot be
interpreted simply in terms of a crystal-field splitting or us-
ing a band approach. The fine structure of the L lines of the
nanotube does not match that of anatase or rutile, suggesting
that the TiOg polyhedra in the tubes have different long-
range connectivity to that of anatase and rutile. Charge-
transfer satellites show that the weight of the ligand hole
configuration in the ground state for the nanotubes is more
comparable with that of rutile, indicating that the layered
structure shows a lot of hybridization. Measurement of EELS
charge-transfer peaks, shown here at a nanometer scale for
the titanate nanotube, may be useful in many other contexts
to evaluate locally the d or f band occupations. Potential
examples include transition-metal ions at the vicinity of in-
terfaces for spintronic multilayers or encaged rare-earth at-
oms in carbon-based nanostructures where local charge
transfer is of particular interest.
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