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Titanium dioxide (TiO,) has been widely used as a pigment
since as early as 1916" and considered as the most promising
photocatalyst in environmental cleanup, mainly stimulated by
the discovery of its water splitting activity under ultraviolet (UV)
light in the early 1970s.> However, its limited UV-driven activity
largely inhibits its overall efficiency under natural sunlight,
which consists of 5% UV (300400 nm), 43% visible (400-700
nm), and 52% infrared (700-2500 nm).> One of the potential
solutions for improving its efficiency is to shift its absorption
from the UV region into the visible-light region, allowing for
more photons to be absorbed and utilized in decomposing the
pollutants. Much progress has been made in the area of visible-
light-active TiO, by introducing various dopants into its lattice,
including metal* and nonmetal elements.’

The optical properties of a material are primarily the
reflections of its intrinsic electronic structure such as the
transitions from an occupied electronic level to another empty
level. As for pure and perfect semiconductors, they are transi-
tions from the valence band to the conduction band. When
dopants and defects are introduced, additional extrinsic elec-
tronic levels can be located in the energy band gap of the metal
oxide. The valence band edge of TiO, primarily derives from
oxygen 2p orbitals and the conduction band edge from titanium
3d orbitals. For nonmetal light-element dopants, the modified
optical properties are in general due to the electronic transitions
from the dopant 2p or 3p orbitals to Ti 3d orbitals. However,
the discussion on the exact nature and energetic positioning of
these dopant levels and how much modification these dopants
bring in has not reached a settlement from both the theoretical
and experimental point of view. For example, the nitrogen
dopant was found to add shallow mixed states near the valence
band in some studies,’®® while in other studies, different
conclusions were made, partially due to the reflection of the
different aspects of doped TiO, and the shortcoming of each
theoretical and experimental method.” The discrepancy actually
provided complementary information on the complicated nature
of the properties of doped nanomaterials. In this study, we
present the experimental observation of the electronic structures
of main-group element doped TiO, nanomaterials using X-ray
photoelectron spectroscopy (XPS). In addition, valence band
XPS was used for the observation of extra electronic states above
the valence band of TiO,. These results suggest that main-group
element doping of TiO, leads in general to an increase of the
density of states just above the TiO, valence band edge and to
visible-light absorption.

The doped TiO, nanomaterials were prepared with a high-
temperature oxidation method by oxidizing titanium carbide,
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Figure 1. (A) XRD patterns of (a) pure TiO, (anatase phase labeled with
o, rutile with #), (b) C-TiO», (c) S-TiO», (d) N-TiO». (B) TEM image of
C-TiO,. The insets show the selected area electron diffraction pattern (left)
and high-resolution TEM (right).

nitride, and sulfide powders at 350— 650 °C in air for a certain
time. The samples were crystalline. Figure 1A shows the X-ray
diffraction (XRD) patterns of the pure (Degussa P25) and doped
TiO, obtained. P25 is composed of 75-80% anatase phase and
20-25% rutile phase, with average size of 25 nm, and is used
here as a reference. The C- and S-doped TiO, nanomaterials
displayed an anatase phase with an average size of 25 nm in
diameter, and the N-doped TiO; had a rutile phase with size of
70 nm, calculated with the Scherrer equation. Figure 1B shows
the transmission electron microscopy (TEM) images of the
C-doped TiO; nanomaterial. Its average size was around 25 nm.
The selected area electron diffraction pattern and high-resolution
TEM confirmed its highly crystalline anatase structure. The
overall surface C, S, and N dopant concentrations were found
to be 0.5, 4.2, and 0.2% in atomic percent from the atomic XPS
(see Supporting Information). The dopant level in these samples
could be adjusted via the sintering time.

All these doped TiO;, nanomaterials show a yellow to light
yellow color, suggesting their ability to absorb light in the visible
region. Figure 2 shows the diffuse reflectance spectra of these
materials. P25 shows a band-edge absorption around 390 nm
(3.2 eV), which is typical for anatase phase. Both C- and
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Figure 2. Diffuse reflectance spectra of (a) pure TiO,, (b) C-TiO», (c)
S-TiO,, (d) N-TiO,.
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Figure 3. VB XPS spectra of (a) pure TiO,, (b) C-TiO, (c) S-TiO,, and
(d) N-TiO,.

S-doped TiO, nanomateirals showed band-edge absorptions
around 390 nm (3.2 eV), and N-doped TiO, nanomaterial
showed a 3.0 eV (415 nm) rutile-phase band-edge absorption.
The band-edge absorption difference can be attributed to the
crystal phase differences. Compared to pure TiO,, additional
absorptions up to 800 nm were observed for the C-, S-, and
N-doped nanomaterials. The improved absorption can be divided
into roughly two parts: 415—550 nm (shoulder) and 550 ~ 800
nm (tail) for N-doped TiO,, 390-490 nm (shoulder) and 490 ~
800 nm (tail) for C-doped TiO,, and 390 ~ 800 nm (tail) for
S-doped TiO,. Among the three, the modification of the optical
properties is the largest for N-doped TiO», although its dopant
concentration is the lowest.

In XPS, not only the information on the binding energy of a
specific element can be obtained but also the total density of
states (DOS) of the valence band (VB).® Figure 3 shows the
valence band XPS spectra of the C-, S-, and N-doped TiO,
nanomaterials. Additional diffusive electronic states were
observed above the valence band edge of pure TiO,. These
additional states induced by the C, N, and S dopants were
derived by fitting the data with Gaussian functions (see
Supporting Information) in comparison with Degussa P25 and
previous theoretical calculations.™ These states can be attributed
to the C 2p, S 3p, and N 2p orbitals in the doped TiO,. In
general, they add deeper states into the band gap in the order
of C > N > S. This finding is consistent with the conclusion
from previous theoretical and experimental studies.’***° Band-
center states were observed for C- and N-doped TiO,, for
S-TiO,, only very diffusive states were observed. Their diffused
features reflected both the electronic effect and structural-
induced effect from the dopants and the diffused dopant’s sites
in the TiO, lattice. For example, from the atomic N 1s XPS
spectra, both substitutional (around 397.0 eV) and interstitial
sites (400.0 eV) were observed, which would induce multicenter

states (if the spectra were well-resolved) or diffused states (if
not well-resolved). The additional more diffused states brought
by the S dopant can be attributed to the weaker structural and
electronic modification of TiO, compared to the C and N dopant,
where more electronic effects were seen due to the additional
breakdown of charge balance of the TiO, lattice. The optical
transitions between these dopants and dopant-induced levels and
Ti 3d orbitals explain the observed visible-light absorptions of
these main-group element doped TiO, nanomaterials. The
observed “shoulder” and “tail-like” features in the UV-vis
spectra are directly related to the above modification of the
electronic states from the dopants. However, their exact match
is not straightforward, due to the different transition probabilities
in the UV—-vis and XPS spectra.

In summary, our research effort on the electronic origins of
the visible-light absorption properties of a series of nonmetal
doped TiO, nanomaterials has revealed additional electronic
states above the valence band edge of pure TiO, for C-, N-,
and S-doped TiO, nanomaterials via XPS. This additional
electron density of states can explain the red-shifted absorption
of these potential photocatalysts and simultaneously their
lowered oxidation potentials.
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