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Femtosecond X-ray absorption 
study of electron localization in 
photoexcited anatase TiO2
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C. Borca4, G. Ingold3,4, S.L. Johnson2 & M. Chergui1

Transition metal oxides are among the most promising solar materials, whose properties rely 
on the generation, transport and trapping of charge carriers (electrons and holes). Identifying 
the latter’s dynamics at room temperature requires tools that combine elemental and structural 
sensitivity, with the atomic scale resolution of time (femtoseconds, fs). Here, we use fs Ti K-edge 
X-ray absorption spectroscopy (XAS) upon 3.49 eV (355 nm) excitation of aqueous colloidal anatase 
titanium dioxide nanoparticles to probe the trapping dynamics of photogenerated electrons. We 
find that their localization at Titanium atoms occurs in <300 fs, forming Ti3+ centres, in or near the 
unit cell where the electron is created. We conclude that electron localization is due to its trapping 
at pentacoordinated sites, mostly present in the surface shell region. The present demonstration of 
fs hard X-ray absorption capabilities opens the way to a detailed description of the charge carrier 
dynamics in transition metal oxides.

The anatase form of Titanium dioxide (TiO2) is among the most commonly used in solar energy conver-
sion processes into electrical or chemical energy1,2. These applications are entirely based on the genera-
tion of charge carriers (electrons and holes) by absorption of light, their transport and eventually, their 
localization by the electron-phonon coupling and/or defects. Stoichiometric anatase has an optical band 
gap (BG) of 3.2 eV. The Ti4+ (3d0) ions are hexacoordinated in predominantly octahedral symmetry sites 
having a weak D2d distortion, with 4 equatorial and 2 distal Oxygen neighbour atoms at slightly different 
Ti-O distances. Electrons in the conduction band (CB) compete between delocalized (band-like) and 
localized states in the form of polarons. This competition is still debated, yet it is key to understanding 
the transport properties of the material3.

There are two categories of trapped electrons in anatase TiO2: those due to the presence of intrinsic 
Oxygen vacancies (Ovac’s), and those resulting from photoexcitation. The former results from the removal 
of one neutral lattice oxygen atom that leaves two excess electrons at a point defect and three pentaco-
ordinated Ti4+ ions3. The two excess electrons can therefore reduce two of the latter species. Previous 
photoemission (PE) and electron energy loss spectroscopy (EELS) studies of the surface of low temper-
ature (LT) single crystals of the rutile and anatase forms with a controllable concentration of Oxygen 
vacancies (Ovac)4–7, showed that Ti3+ centres occur in the form of polarons. For the anatase (101) surface, 
PE data always show a significant gap state ~1 eV below the Fermi level (EF), characteristic of a small 
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polaron4,6,7. However, for the (001) plane of anatase, no such signal was observed5,8 and a delocalized, 
“large polaron” (~40 meV below EF) was reported. The small polaron formation was attributed to pen-
tacoordinated Ti3+ centres, due to the presence of an Ovac

4,6,7. This was confirmed by scanning tunnelling 
microscopy/spectroscopy (STM/STS) studies of anatase TiO2 at 6 K, showing that small polarons form 
near an Ovac and never move6.

As far as photoinduced electron traps are concerned, trapping has been reported by steady-state 
methods, such as electron paramagnetic resonance (EPR)9–11, photoluminescence12, and O2 photodeso-
rption13. In particular, low temperature (LT) EPR studies on powdered anatase TiO2 under continuous 
UV irradiation, showed the appearance of two distinct traces attributed to electrons trapped at para-
magnetic Ti3+ sites, whose geometry remained unspecified11. From a comparison with the signal of the 
holes, the authors concluded that only a limited fraction of the CB electrons (~10% in their samples) 
was trapped at Ti3+ sites. The rest of the CB electrons remain itinerant and are EPR-silent. The nature of 
the photoinduced electron traps was addressed in recent theoretical studies of the photoinduced small 
polarons in anatase TiO2

14, which predicted that for the bulk (i.e. at hexacoordinated sites), an ~80% 
charge localization occurs at Ti3+ ions. For the case of the (101) surface of anatase, polaron trapping at 
pentacoordinated Ti centres was found to be favourable in the sub-surface region, again with an ~80% 
charge localization.

In summary, it appears that the two types of localized electrons, those due to Ovac’s4,6–8,15 and the 
photoinduced ones11,16, can coexist in anatase TiO2. While the former seem to be well established as 
pentacoordinated centres, it is still not clear what the nature of the photoinduced traps is and how fast 
trapping occurs. The knowledge of the latter delivers insight about electron transport.

Experimentally, over the past 10–20 years, ultrafast visible17–21, IR20–22, and THz23 spectroscopies have 
been used to probe the charge carrier dynamics in room temperature (RT) anatase TiO2 upon BG excita-
tion. These experiments are sensitive to the overall charge dynamics in the CB and in the valence band 
(VB) of the material and conclusions were drawn about the mobility and trapping of the electrons and 
holes, in particular, that both localize at the surface within 200 fs in the case of 10–15 nm nanoparticles 
(NPs)22. Localization at the surface was assumed based on the conclusions of quasi steady-state exper-
iments12,13, whose outcome is determined by their long time scales (on the order of μ sec or longer20), 
allowing for surface reactions to occur at some point in time. However, surface trapping as such was 
never directly observed, let alone time-resolved. Elucidating the issues of where and how fast photoin-
duced electrons are trapped in TiO2 requires element- and geometry-sensitive time-resolved tools.

We recently implemented X-ray absorption spectroscopy (XAS) with 80 ps time resolution at the Ti 
K-edge of RT colloidal solutions of TiO2 NPs. XAS is element-specific and it also provides information 
about the local geometry around specific atoms, and about their electronic structure, as it probes the 
valence orbitals. Our results on ~20 nm bare anatase and amorphous NPs showed that the photogen-
erated electrons form Ti3+ centres, with nearly a full electron charge localizing on them16, as inferred 
from the edge shift of ~− 1 eV and in good agreement with the theoretical predictions14. The Ti3+ centres 
decayed in a bi-exponential mode over 100 s of ps to a few ns. Because anatase TiO2 NPs are known to 
have an ordered core with a defect-rich surface shell containing a high proportion of under-coordinated 
Ti centres24 and since the spectral changes pointed to the reduced centres being in an amorphous-like 
environment, it was also concluded that these traps are mostly localized in the shell region, and we tenta-
tively assigned them to distorted hexa-coordinated and to penta-coordinated sites, based on the intensity 
enhancement of the dipole-forbidden 1 s-3d pre-edge transitions induced by symmetry breaking. The 
80 ps time resolution of the experiment was not sufficient to determine the migration and trapping times 
of the electron. This is important in order to elucidate how the Ti3+ centres are created. In particular, 
given the coexistence of itinerant and localized electrons4,6,25, one may ask if localization is preceded by 
migration and for how long? In addition, in the event of small polaron formation14, the electron-phonon 
interaction leads to lattice relaxation which is confined to a single structural unit. Whether this polaron 
formation has an extrinsic (formation assisted by defects) or intrinsic (simply due to electron-phonon 
coupling) nature25 is still unclear.

Here, we present the first femtosecond (fs) Ti K-edge X-ray absorption near-edge spectroscopy 
(XANES) measurements of electron localization in photoexcited RT anatase TiO2 colloidal NPs (see Fig. S1  
for their X-ray powder diffraction pattern). We used the fs-slicing scheme at the Swiss Light Source, 
achieving a temporal resolution of ~200 fs26. Excitation of the electron to the CB is carried out by indirect 
band gap absorption27 using 355 nm (3.49 eV), 150 fs pump pulses. Details of the experiment and sample 
handling are given in the Supplementary Material section.

Figure  1a shows the steady-state Ti K-edge spectrum of TiO2, already discussed in refs 16,24, with 
the edge at ~4.985 keV and the weakly allowed pre-edge features, labelled A1-A3 and B, around 4.97 keV. 
Figure 1b reproduces from ref. 16, the transient spectrum (X-ray absorbance difference between excited 
and unexcited sample) recorded 100 ps after excitation at 355 nm (3.49 eV). The dipole-forbidden 1s-3d 
transitions are weakly allowed in anatase because of partial 3d-4p orbital (dipole-quadrupole) mixing, 
caused by the lowering of symmetry in the D2d trapping site of hexacoordinated Ti4+ ions. Additional 
symmetry lowering enhances them furthermore. As a matter of fact, this is the case in the 100 ps tran-
sient, while the ≤1eV red shift of the edge is manifested by the strong absorption increase at 4.982 keV. 
The transient recorded at 1 ps time delay is also shown in Fig.  1b. It is similar to the 100 ps transient 
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taking into account the different excitation yields (§ S.3) but the data are much noisier due to the 4 orders 
of magnitude lower X-ray flux in the slicing scheme compared to the ps experiments.

Figure 2 shows the temporal profile of the signal at maximum (4.982 keV), which maps the evolution 
of the population of reduced Ti sites. It shows a prompt rise within 200 fs, reaching a level that remains 
constant up to the limit of our scan (50 ps, Fig. S2). The data were fitted to a model (§ S.4), which takes 
into account a single rate, convoluted with a Gaussian of 200 fs width to account for the time resolution 

Figure 1. (a) Normalized static Ti K-edge XANES spectrum of colloidal nanoparticles of anatase TiO2 at 
room temperature. (b) Transient (difference) Ti K-edge XANES spectra (difference of the excited minus the 
unexcited sample absorption) for 355 nm excitation of colloidal nanoparticles of anatase TiO2, recorded at 
time delays of 100 ps (green squares, left vertical axis)16 and 1 ps (this work, blue dots, right vertical axis).

Figure 2. Temporal evolution of the photo-induced X-ray absorption change at 4.982 keV, of room 
temperature colloidal TiO2 nanoparticles excited at 355 nm (blue dots). After the rise, the signal remains 
constant up to the limit of our time scan (50 ps, see Fig. S2). The brown trace represents the best fit of the 
data, yielding a rise time of 170 fs (see § S4). The grey trace shows a satisfactory fit of the data with the 
longest rise time of 300 fs that represents an upper limit.
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of the experiment. The best fit delivers a rise time of 170 fs, after deconvolution. However, given the noise 
and large error bars, we could still fit the data with a maximum rise time of 300 fs (Fig. 2). The similarity 
of the transient spectra (Fig. 1b) and the fact that the signal shows no evolution beyond 0.5 ps, suggest 
that the traps observed at < 1 ps are the same as those previously reported at 100 ps16, implying a prompt 
localization of the electrons with little migration.

Indeed, an estimate of the diffusion length τ=l D , of the electrons can be obtained from the dif-
fusion coefficient D ≈  10−6 m2/s of anatase TiO2

28. For a rise time of τ= 170 to 300 fs, we find that 
l~4.0–5.5 Å. This result implies that the electron is localized within or very near the unit cell in which it 
was photogenerated. In addition, given the − 1 eV shift of the edge, a near full electron charge localiza-
tion occurs. Of course, there is a large uncertainty on the value of D, but even an increase by one order 
of magnitude would only increase the distance by a factor of three, which would not change the above 
conclusions. An increase by two orders of magnitude, which is unrealistic, would also not alter the con-
clusions significantly, i.e. that the electron does not migrate a long distance and least of all, distances of 
the order of the NP size. On the other hand, assuming the above value of D, travelling from the centre 
of the NP to the surface of the 20 nm diameter particles would require ~100 ps.

The size of the NPs is much smaller than the penetration depth of the 355 nm beam in TiO2
29, so 

that their entire volume is excited. While defects may also occur in the core region of the NPs, most are 
known to be concentrated in the surface shell region24,30. We therefore conclude that the photogenerated 
Ti3+ centres are largely located in the shell region.

As already mentioned, the pre-edge 1s-3d transitions (Fig. 1a) are very sensitive to symmetry changes 
of the Ti sites, and in particular, the A2,3 features31. The distortion calculated by Di Valentin et al.3,14 for 
bulk (i.e. hexacoordinated) polarons does not break the local symmetry and it therefore cannot lead to 
enhanced pre-edge A2,3 bands. Furthermore, an asymmetric distortion where Ti-O bond lengths increase 
around a hexacoordinated Ti3+ centre3,14, will also not give rise to an increased intensity of the pre-edge 
features as was demonstrated in ref. 32.

In particular, it is useful to cast the present results in the context of past studies. Three observations 
from our previous ps XAS study16 need to be recalled here: i) the transients reflect a shift of spectral 
weight from anatase-like to reduced amorphous-like features; ii) the biexponential decay kinetics of 
the signal in photoexcited anatase suggests the presence of two species that we therefore distinguish 
kinetically but not spectroscopically; iii) the decay times and pre-exponential factors are quite similar in 
anatase and amorphous NPs. Furthermore, several experimental studies and simulations on amorphous 
TiO2 NPs33–35 conclude that the average coordination number of Ti atoms is between 5 and 6, while 
anatase NPs have a shell region with a greater proportion of 5-fold coordination24. Thus, the most likely 
trapping sites are the pentacoordinated ones, which are dominant in the shell region. As mentioned 
above pentacoordination resulting from an Ovac leaves two excess electrons and three undercoordinated 
Ti atoms. If two of the Ti atoms are reduced by the two excess electrons, the most likely recipient of the 
photogenerated electron is the third undercoordinated Ti4+ centre.

This ties in nicely with the following observations16: a) pentacoordination leads to an enhancement of 
the pre-edge features even if the Ti-O bond lengths increase for polaron formation32; b) The presence of 
two inequivalent O neighbours in the D2d sites of anatase TiO2, implies two possible pentacoordinated 
sites. As already mentioned, two Ti3+ traps had been reported in LT EPR studies11, and the biexponen-
tial decay kinetics of the transient ps XAS signals also points to two Ti3+ defects16; c) in the latter, the 
ratio of pre-exponential factors is ~2.4, very close to the expected ratio of 2, if we assume a statistical 
distribution of reduced pentacoordinated sites. Therefore, we conclude that the most likely trapping sites 
of the photoinduced electron are pentacoordinated Ti centres, which are typically of two types, as they 
results from either the vacancy of either an equatorial or a distal Oxygen.

Turning now to the mechanism of electron localization, the physics of charge localization in materials 
is a complex problem25, and more so in the case of TiO2, as it arises from the interplay between different 
localizing effects, such as the electron-phonon interaction or weak potentials generated by static lattice 
imperfections36. Even in this case, the question arises whether a transition from a large to a small polaron 
occurs, or if a small polaron is formed which then migrates to become trapped at a defect. From the 
above, we exclude the latter case, due to the prompt trapping reported here.

In the presence of intrinsic or extrinsic defects, polaron self-trapping and trapping by the weak 
potential of static lattice imperfections combine to freeze the motion of the carriers25,36, even when 
a single of these mechanisms is in itself not sufficient to induce charge localization. The present sce-
nario in which the electron is trapped in or near the same unit cell where it was created implies that 
the pre-existing defects (mostly in the shell region) are dominating the trapping dynamics, despite the 
intermediate-to-strong electron-phonon coupling of anatase TiO2

37. This is even more so that under our 
present fluences (see Supplementary Material)16,29, a Fermi liquid probably forms in the CB. The scenario 
in which electron-phonon coupling is operative would also be an ultrafast process given the period of 
the Eu antiphase breathing mode of the oxygen atoms (oscillation period of ~40 fs)5,38,39. Thus, whichever 
mechanism is in play (direct trapping or mediated by electron-phonon coupling), electron trapping at 
defects is ultrafast.

Finally, the present results allow us to make predictions on the dynamics of charge injection and 
trapping in the case of dye-sensitised solar cells. Since the injected electron is trapped at the outer surface 
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(the most defective part of the device)16,24 and since trapping is an ultrafast process, this means that the 
electron is most likely trapped in the vicinity of the cationic dye it stems from. This does not mean that 
it will remain there after the initial trapping. In addition, although not all electrons are trapped at the 
surface, or else the DSSCs would not function, this represents a limitation to the functioning devices for 
conversion of solar light into electricity. However, it represents an advantage for photocatalysis, depend-
ing on certain conditions determined by the trap energy.

The present first demonstration of femtosecond X-ray absorption spectroscopy applied to room tem-
perature metal oxide nanoparticles opens the way to their full characterization with higher time resolu-
tion and flux, which is now achievable at free electron lasers40.
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This Article contains errors in Figure 1: the coloured axes have been inverted. The correct Figure 1 appears below. 
As a result, the Figure legend,

“recorded at time delays of 100 ps (green squares, left vertical axis)16 and 1 ps (this work, blue dots, right vertical axis).”

should read:

“recorded at time delays of 100 ps (green squares, right vertical axis)16 and 1 ps (this work, blue dots, left vertical 
axis).”
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