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Abstract: Titanium dioxide (TiO,) is the most popular
material for applications in solar-energy conversion and
photocatalysis, both of which rely on the creation, transport,
and trapping of charges (holes and electrons). The nature and
lifetime of electron traps at room temperature have so far not
been elucidated. Herein, we use picosecond X-ray absorption
spectroscopy at the Ti K-edge and the Ru L;-edge to address
this issue for photoexcited bare and N719-dye-sensitized
anatase and amorphous TiO, nanoparticles. Our results show
that 100 ps after photoexcitation, the electrons are trapped deep
in the defect-rich surface shell in the case of anatase TiO,,
whereas they are inside the bulk in the case of amorphous TiO,.
In the case of dye-sensitized anatase or amorphous TiO,, the
electrons are trapped at the outer surface. Only two traps were
identified in all cases, with lifetimes in the range of nano-
seconds to tens of nanoseconds.

-ritanium dioxide (TiO,), in its anatase crystalline form, is the
most promising metal-oxide semiconductor for applications
in photocatalysis!! and solar-energy conversion.”! The band-
gap (BG) energy of anatase TiO, is 3.2 eV, that is, in a spectral
region in which the solar spectrum is weak. To overcome this
limitation, sensitization of the TiO, substrate by adsorbed dye
molecules enables the injection of electrons into its conduc-
tion band (CB) upon excitation by visible light."! This
sensitization, most commonly with ruthenium-based polypyr-
idine complexes, became the basis of dye-sensitized solar cells
(DSSCs). The efficiency of photocatalysis and solar-energy
conversion depends on the transport and trapping of charge
carriers,'"*¥ and although the trapping of electrons in the CB
has been known for years,["”! the nature of the traps at room
temperature remains unknown.

Trapped charges (electron and holes) have been probed
by electron paramagnetic resonance (EPR),™® photolumi-
nescence,”” and O, photodesorption.”! The EPR studies on
powdered anatase TiO, at 90 K under continuous ultraviolet
(UV) irradiation showed two distinct traces attributed to
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electrons trapped at Ti*" sites that remained unspecified.[*"
However, by IR spectroscopy, it was found that most (about
two thirds) of the electrons remain delocalized in the CB as
EPR-silent species, even after the discontinuation of UV
irradiation. The localized Ti** traps disappeared above 90 K,
whereas EPR-silent traps disappeared above 140 K.[®"]

As far as dye-sensitized anatase TiO, is concerned,
ultrafast mid-IR absorption studies of electrons injected
into the CB of TiO, inferred that they randomly populate
a small region near the parent adsorbate dye and then relax
from the so-called shallow traps to the deep traps, whose
structures and energetics are unknown.”! On the other hand,
THz studies suggested that the injected electrons are mobile,
because the high dielectric permittivity of TiO, efficiently
screens the electrostatic interaction between the injected
electron and the dye cations.'”’ Importantly, whereas UV,
visible, infrared, and THz spectroscopic tools are sensitive to
free, and probably trapped electrons, they are neither
element-specific nor structure-sensitive in the case of the
latter.

By X-ray absorption spectroscopy (XAS), X-ray diffrac-
tion (XRD), and molecular-dynamics (MD) simulations, it
was shown that anatase nanoparticles (NPs) consist of
a crystalline core with a substantial contribution of distorted
and/or coordination-unsaturated Ti sites at the outer shell"!
owing to truncation of the Ti-O octahedra.'"**! The CB of
TiO, is predominantly composed of Ti (3d) orbitals," and
therefore the trapping of electrons at Ti centers may be
interrogated by Ti K-edge XAS, which is sensitive to changes
in oxidation state and local geometry.l'*!

Optical pump/XAS probe techniques with 100 ps resolu-
tion were recently implemented in the case of ruthenium*l
and copper™ dyes adsorbed on TiO, to determine the
formation and structure of the oxidized dyes at their metal
K-edges. However, no probing of the electrons in the TiO,
substrate was carried out. Previously, Katz et al." reported
an Fe K-edge absorption study of iron oxide NPs upon
electron injection from adsorbed organic dyes. By comparing
their transients with simulated transients, they concluded that
the reduced metal sites formed small polarons on a 100 ps
time scale. In this study, we used picosecond XAS at the Ti K-
edge!'”! and the Ru-L, edge and visualized the formation of
Ti*" electron traps in photoexcited bare and N719-dye-
sensitized TiO, nanoparticles, along with the formation of
the oxidized dye in the latter. We found that beyond 100 ps
after the band-gap excitation (at 355 nm) of bare anatase
nanoparticles in aqueous solutions, the electrons ended up at
two Ti*" trapping sites located deep in the defect-rich surface
shell, whereas upon electron injection by excitation of the
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sensitizer (at 532 nm), the electrons were trapped at the outer
surface.

Figure 1 A shows the steady-state Ti K-edge XAS spectra
(see Figure S5A in the Supporting Information for the full
spectra) of colloidal solutions of the 20 nm bare anatase NPs
and 10 nm amorphous NPs used in this study (see Figure S1
for their XRD powder patterns). Both sets of data point to
striking structural differences at short (XAS) and at long
range (XRD). Furthermore, in TEM images (see Figure S2),
the anatase NPs exhibited, as expected,[sa] a well-defined
shape. The pre-edge XAS region (Figure 1 A) exhibits four
peaks, labeled A, ; and B.'"™"¢8] The A, and A, peaks are
separated by approximately 1 eV; relative to the A, and B
peaks they are stronger for the amorphous than for the
anatase sample.''%l These peaks are typical of K-shell
spectra,“g] that is, transitions from the 1s core orbital to
unoccupied Ti 3d valence orbitals. In the regular octahedral
Ti** (3d”) hexacoordinated sites of bulk anatase, these
transitions have a quadrupole character, but anatase TiO,
presents a weak D,, distortion that makes them partially
allowed by virtue of 3d/4p mixing, which introduces a dipole
component.*®! Stronger deviations from octahedral sym-
metry would further enhance such mixing. The exact assign-
ment of these peaks is still a matter of debate, but there is
consensus that A; has a predominantly quadrupole character,
A, and A; have a quadrupole + dipole character, and B is
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Figure 1. Edge region of XAS spectra of anatase and amorphous TiO,
NPs (pre-edge peaks A,_; and B, and X-ray absorption near-edge
structure). A) Ti K-edge absorption spectra of bare anatase and
amorphous TiO, NPs. B) Transient X-ray absorption spectra of bare
anatase TiO, NPs excited at 355 nm at a time delay of 100 ps (black)
together with the calculated difference spectrum (red dashed line): the
amorphous-sample steady-state spectrum shifted by —1 eV, minus the
anatase-sample spectrum (the difference spectrum was scaled by
0.016, by normalization at the edge at 4.982 keV; see text). C) Tran-
sient XAS spectrum of N719-dye-sensitized anatase TiO, NPs at

a time delay of 100 ps (blue) after excitation at 532 nm. The dashed
red trace is the same as in (B), but has been scaled by a factor of
0.006.
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predominantly a dipole transition.'*!!l The differences
between anatase and amorphous NPs suggest different
coordination geometries around the Ti atoms.''l Further-
more, whereas the A; is stronger than the A, peak in bulk
TiO, and in large NPs, the trend is reversed for NPs with
diameters less than 5nm, as the surface-to-volume ratio
increases.'"**!l Consequently, the A, peak has been attrib-
uted a surface character,''*! but its pronounced presence in
bulk amorphous samples may suggest a more specific
explanation for its enhanced intensity at the surface. It has
also been shown that nonsymmetrically distorted hexacoor-
dinated sites, with an elongated Ti—O bond, can also give rise
to a significant enhancement of the A, peak.”? Upon
adsorption of the N719 dye, the XAS spectra were unaffected
(see Figure S3), whereas the UV/Vis spectra exhibited the
additional absorption of the dye in the 400-600 nm region
(see Figure S4).

Figure 1B shows the transient XAS spectrum (XAS
spectrum of the excited sample minus that of the unexcited
sample) for bare anatase NPs recorded 100 ps after excitation
at 355 nm (see Figure S5B for the full spectrum). Significant
changes observed in the pre-edge, edge, and above-edge
regions reflect substantial photoinduced modifications of
both the electronic and the geometric structure of Ti centers,
which remain unchanged between 100 ps and 1ns (see
Figure S6). Figure 1 C shows the transient spectrum obtained
upon the excitation of the dye-sensitized anatase NPs at
532 nm (see Figure S5C for the full spectrum; the transient
spectra obtained upon direct excitation or injection are also
compared in Figure S7). Despite similarities, the transient
spectrum for dye-sensitized NPs shows stronger A,/A; peaks
relative to the main signal at 4.982 keV, as well as significant
changes in the above-edge region. We rule out multiphoton
excitation at 532 nm above the band gap of dye-sensitized
NPs on the basis of the pump-power dependence shown in
Figure S8. Furthermore, evidence that the electron is injected
from the ruthenium dye upon excitation at 532 nm is provided
by a transient spectrum recorded at the Ru L;-edge (see
Figure S9). The derivative-like signal therein reflects the
oxidation-state change of the metal from Ru*" to Ru’f,
whereas the appearance of a new band at 2837 eV is due to
the 2p;,—4d(t,,) transition. Both observations arise from the
creation of a hole in the 4d bonding orbitals upon photo-
oxidation of the Ru center.!

The transient spectra of bare amorphous (excited at
355nm) and dye-sensitized amorphous NPs (excited at
532 nm; Figure 2) again show some similarities but also
differences in the pre-edge region and between 4.985 and
5.005 keV, as well as in the above-edge region (see inset in
Figure 2). Just as for anatase NPs, the changes are more
pronounced in the case of the dye-sensitized NPs as compared
to the bare NPs.

Figure 3 shows the decay kinetics of the signals at 4.79
(pre-edge), 4.982 (edge), and 5.15keV for bare and dye-
sensitized anatase NPs (see FiguresS9 and S10 for the
extended time scans). In all cases, the kinetics decay to zero
within a few tens of nanoseconds, but more rapidly for bare
NPs than for dye-sensitized NPs. However, for a given type of
NP, the kinetics are the same to within the error bars at all
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Figure 2. Normalized transient spectra at a time delay of 100 ps of
bare amorphous NPs excited at 355 nm (blue) and N719-dye-sensi-
tized amorphous NPs. excited at 532 nm (red). The black dashed line
represents the static difference spectrum obtained by subtracting the
measured steady-state spectrum from the steady-state spectrum
shifted by —1 eV and normalization to the transients at 4.981 keV. The
inset shows the above-edge region of the same transient spectra.
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Figure 3. Kinetic traces of the bare anatase nanoparticles as recorded
in the pre-edge (4.979 keV, red triangles), the edge (4.982 keV, black
circles), and the extended X-ray absorption fine structure (EXAFS;

5.15 keV, gray squares) region and their fit (red line) to a biexponential
function with decay time constants of 0.31 and 6 ns (see Table S1 for
fit parameters). Blue diamonds show the kinetic trace of dye-coated
anatase nanoparticles at 4.982 keV (see Figure S9B for data for other
energies) with a biexponential fit function (blue line) with time
constants of 0.5 and 18 ns. The kinetic traces up to 100 ns are shown
in Figures S9 and S10 of the Supporting Information.

three energies, thus implying that the changes in the
electronic structure (pre-edge and edge region) and the
geometric structure (above-edge region) originate from the
same species. Figure S12 shows the decay kinetics of the bare
and dye-sensitized amorphous NPs. The signals are signifi-
cantly noisier than for anatase NPs, but again the dye-
sensitized samples relax more slowly than the bare samples.
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In Figure 1B (see also Figure S5B), the maximum tran-
sient signal at 4.982 keV occurs just below the edge and is due
to its shifting to lower energies by 0.5 to 1 eV as a result of the
reduction of Ti** to Ti**.* The pre-edge bands undergo
a similar shift (Figure 1B). They exhibit an enhancement of
the A,/A; bands, which are prominent in amorphous NPs
(Figure 1 A). Finally, the changes in the above-edge region are
mostly due to the amplitude reduction of the features at 4.987,
5.005, 5.07, and 5.15keV (highlighted by vertical lines in
Figure S5), all of which are clear in anatase NPs but are weak
or missing in amorphous NPs (Figure 1A; see also Fig-
ure S5A). These observations hint at the idea that photo-
excitation induces a shift of spectral weight from the anatase
features to amorphous-like features. As a matter of fact, we
could reproduce the transient spectra (Figure 1B,C; see also
Figure S5B,C) by taking the scaled difference between the
amorphous static spectrum shifted by —0.5 to —1 eV (due to
the oxidation shift) and the anatase static spectrum (see
Figure S14). The result is shown as dashed traces in Figure 1
(and Figure S5). The scaling was carried out by normalizing
the static difference and the transient spectra at the maximum
(i.e. at the edge) with the scaling factors as adjustable
parameters. These parameters are 0.016 and 0.006 for bare
NPs and dye-sensitized NPs, respectively. They reflect the
population yield of Ti*" sites 100 ps after electron delivery to
the CB (excitation or injection) under our experimental
conditions. For bare NPs (Figure 1B; see also Figure S5B),
we found a very good agreement between the scaled differ-
ence and the transient spectrum, in particular in the pre-edge
region. There are also some weak deviations, most notably in
the edge region (between 4.983 and 5.020 keV), which are
probably due to structural rearrangements at traps upon the
reduction of Ti*" to Ti*'. The static difference of the shifted
anatase spectrum minus itself yields a poor agreement with
the experimental data, regardless of the shift (see Figure S14).
For the dye-sensitized NPs (Figure 1 C; see also Figure S5C),
the agreement is satisfactory, but not as good as for bare NPs,
in line with the overall more pronounced changes in these
NPs (see Figure S7).

The agreement between the scaled static difference
spectrum and the transient spectrum suggests that in both
bare and dye-sensitized anatase NPs, the electrons delivered
to the CB end up in pre-existing “amorphous-like” trapping
sites, which are mostly found in the outer shell of anatase
NPs.''e¢2] We therefore conclude that after excitation, part
of the electrons migrate to the defect-rich surface shell and
get trapped there. Although trapping sites may also occur
within the anatase core, Figure 1 A (as well as Figures S1 and
S15) shows that this possibility is unlikely. The shift of spectral
weight to “amorphous-like” trapping sites at the expense of
regular anatase sites is clearly not due to a structural phase
transition, since the kinetics decay to zero (see Figures S10
and S11), and the samples are photostable (see the Supporting
Information). In the case of dye-sensitized NPs, the electron is
delivered to the outer surface. Interestingly, the surface-
specific A, feature!'' in Figure 1 C is enhanced as compared
to that in Figure 1B, thus suggesting that the electron is
trapped at or in the immediate vicinity of the surface, whereas
for bare anatase NPs, the very good agreement between the
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scaled difference spectrum and the transient spectrum implies
that the electron is trapped deeper inside the defect-rich
surface shell, that is, at subsurface traps.

In the case of amorphous NPs (Figure 2), the transient
spectra can be well reproduced by taking the difference
between the static spectrum shifted by approximately —1 eV
and the unshifted spectrum; that is, the strongest changes are
caused by the oxidation-state shift, thus implying that electron
localization occurs inside the NP. In the above-edge region
(see inset), the agreement is somewhat better for bare NPs
than for sensitized NPs. The deviations therein are due to the
fact that upon reduction to Ti*", the pre-existing defects
undergo structural changes, which are neglected in the static
difference spectrum. In the pre-edge region, deviations
appear again because the occupancy of Ti (3d) orbitals
upon reduction is also neglected in the static difference
spectrum. In the case of the dye-sensitized NPs, and just as for
the anatase NPs, the A, feature is enhanced, thus highlighting
the fact that the electron is trapped at or in the vicinity of the
surface. This result also suggests that the surface traps of
amorphous NPs are similar to those of anatase NPs.

The kinetic traces for bare anatase NPs (Figure 3) can be
equally well fitted by using bi- or triexponential functions
convoluted to the 70 ps X-ray pulse width, but not a stretched
exponential (see Figure S11B). The kinetic traces of the dye-
sensitized anatase NPs and the bare amorphous NPs are best
fitted by a biexponential function (see Figure S12). Finally, for
the dye-sensitized amorphous NPs, no fit was attempted
owing to the poor signal-to-noise ratio. The good agreement
between the fit parameters for bare anatase and amorphous
NPs (see Table S1) supports the “amorphous” character of
the trapping sites in anatase NPs, as already highlighted in
Figure 1B (see also Figure S5B). Furthermore, it points to the
biexponential fit as the most likely for anatase NPs. For the
dye-sensitized anatase NPs, both components become sig-
nificantly larger, compared to those for the bare NPs, and the
pre-exponential factor of the long component increases
relative to that of the short component. Therefore, in spite
of the fact that the electron is trapped at the surface with the
adsorbed dye on it, its lifetime is longer than in bare NPs.
Finally, the rise of the signal is X-ray-pulse-limited, thus
implying that the traps are populated within 70 ps in all cases,
in bare or dye-sensitized NPs. This behavior is in line with
previous reports of an approximately 250 fs?* electron-
trapping time.

In the following, we distinguish between subsurface (BG
excitation) and surface traps (injection). The biexponential
nature of the subsurface-trap decay supports the existence of
two Ti*" trap states, in agreement with low-temperature EPR
studies,® but in this study, we observed them at room
temperature and determined their lifetimes (see Table S1).
However, given that we mainly identified the traps on the
basis of enhancements of the A,/A; bands, we can only
speculate about their geometry. Indeed, any deviation of the
trap symmetry from octahedral to distorted hexacoordinated
or pentacoordinated sites (square-pyramidal C,, or trigonal
bipyramidal Dy, sites) or tetracoordinated sites (7, symme-
try) would lead to increased 3d/4p mixing, which would
enhance the intensity of the A,/A; bands. The most likely sites
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for the subsurface traps may well be nonsymmetrically
distorted hexacoordinated and pentacoordinated sites. How-
ever, at this point it is difficult to determine which of the two is
the energetically deeper trap. Furthermore, although our
measurements are only sensitive to trapping beyond 100 ps, it
is very likely that several energetically “shallow” traps are
visited at earlier times."™ It is remarkable that for amorphous
NPs excited above the band gap, although a larger distribu-
tion of trap geometries is in principle available, the kinetics
also point to two sites at > 100 ps; these two sites, judging
from the decay times, seem to be identical to those of anatase
NPs.

As far as surface trapping is concerned, Ti—-OH groups
have been proposed to play an important role, with the
formation of Ti**—~OH.") Density functional theory (DFT) on
hydroxylated and reduced rutile TiO, (110) surfaces™!
demonstrated the electron-trapping nature of bridging Ti—
OH groups. The excess electrons at the hydroxylated surface
are trapped at two types of sites: a sixfold-coordinated Ti site
located between two bridging hydroxy groups, with an energy
of 1.6 eV below the conduction band, and a fivefold-coordi-
nated Ti site, with an energy 1.2 eV below the conduction
band. These two energetically stable traps would be related to
the two decay components that we found. Because they are
located at the surface, the geometry of these traps is more
sharply defined than deeper in the shell, which explains the
stronger deviations between the scaled difference and tran-
sient spectra (Figure 1 C; see also Figure S5C). Although the
distance to the cation is not known, the existence of surface
trapped electrons lends support to the hypothesis of an
intermediate electron—cation complex.”!"]

The longer electron lifetimes in dye-sensitized NPs are
advantageous for photocatalysis, but not for solar-energy
conversion, either by DSSCs or by newly developed perov-
skite-based solar cells.”” In such solar cells, interfacial effects
are crucial.
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