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ABSTRACT: TiO2 is one of the most attractive photocatalysts, with
applications in water splitting, wastewater treatment, and air
purification. Understanding the fundamentals of the functioning of
TiO2 requires knowledge of the nature and dynamics of photo-
induced excitons and charge carriers. Although photoluminescence
(PL) spectroscopy can provide important fundamental insights,
photophysical mechanisms are still under debate. To address this
problem, the aim of the present work is to investigate the evolution of
the PL spectrum in time of nanostructured anatase TiO2 thin films
and the nature of associated processes, at room temperature and in
aqueous media closely resembling photocatalytic conditions. We
show that the PL spectrum of commonly used nanostructured
anatase TiO2 thin films in aqueous media is time-dependent, with
pH-dependent broadening at the low energy side of the spectrum in
time. By global analysis of the spectrotemporal PL behavior and the effect of addition of NaCl at neutral and mildly acidic
conditions, we show that this spectral development is due to an increasing contribution of processes sensitive to surface
termination relative to bulk processes to the PL in time. The time-dependent PL spectrum and dynamics can be assigned to the
recombination of mobile electrons populating the conduction band or shallow traps with immobile hole polarons in deep traps
and motion of electrons from the nanoparticle bulk toward the depletion layer/surface in ca. 1 ns. This directionality likely plays
an important role in the photocatalytic performance of nanostructured anatase TiO2 and effects of ions such as chloride in
aqueous media. Control of the directional motion of electrons and suppression of surface charge recombination via surface
engineering show promise to further increase the photocatalytic activity.

■ INTRODUCTION

TiO2 is one of the most popular and often studied
photocatalytic materials because of its abundance, nontoxicity,
stability, and low cost,1,2 with applications in amongst others
photo(electro)chemical water splitting, wastewater treatment,
and air purification.3,4 Three polymorphs of TiO2 are known:
rutile, anatase, and brookite,3 of which rutile and anatase are
the most studied.3,5 Rutile is the thermodynamically most
stable form of TiO2 and has a direct, forbidden band gap of 3.0
eV, while an indirect band gap of 3.2 eV is characteristic for the
metastable anatase phase.3,6 Anatase is proposed to have better
photocatalytic properties than rutile because of a higher Fermi
level and possibly a higher surface hydroxylation rate.2,6

Furthermore, faster recombination of electrons and holes in
rutile compared to anatase has been reported.7 Photo-induced
charge carriers can be used for photocatalytic reactions,
provided they have a sufficiently long lifetime and are able to
diffuse to the surface of the photocatalyst. Hence, under-
standing of the localization of photo-induced charge carriers
and the development in time is important. The mobility of
holes is thought to be the limiting step.2,6,7 To overcome this, a

high surface-to-volume ratio can be utilized to increase the
photocatalytic activity.2 Such ratio can be realized by the use of
small nanoparticles of TiO2, for instance, in a nanostructured
film.2,8−10

The photo-induced mechanisms and dynamics in TiO2 are
still not fully understood.2,6,11,12 Spectroscopic techniques are
powerful to elucidate the nature of photogenerated excitons
and charge carriers and their role in photocatalytic processes.
Examples of spectroscopic techniques used to study TiO2

include, but are not limited to, transient absorption,6,13−16

frequency- and time-resolved microwave conductance,6,17−19

sum-frequency generation vibrational spectroscopy,20 and
ultrafast two-dimensional deep-ultraviolet spectroscopy.21

Moreover, photoluminescence (PL) spectroscopy is a powerful
tool to unravel the photodynamics and discriminate between
processes sensitive to surface termination and bulk processes.
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A variety of PL mechanisms have been reported.2,11,22,23

One theory is that PL is linked to self-trapped excitons
(STEs).24−26 Besides STEs, PL has been proposed to result
from radiative electron−hole combination at chemical
defects,10,11,27 a combination of both STEs and defects23,28

or from donor−acceptor recombination (with oxygen
vacancies and hydroxyl groups mainly acting as donor and
acceptor sites, respectively).29 Photogenerated electrons and
holes can become trapped in bulk, sub-surface, or surface
defects, typically assigned to oxygen vacancies, Ti3+ sites, O−

centers, and surface hydroxide species.9−11,30−32 In addition,
charge−phonon coupling could lead to polaron forma-
tion.33−36 The indirect band gap results in a very weak and
thermally activated PL for which phonon assistance is
required.2,9,25,37,38 Besides these different mechanisms for PL,
the PL intensity and spectrum have been shown to be strongly
dependent on the chemical environment,9,11,23,39 indicating a
major role of surface adsorbates potentially introducing new
photochemical decay pathways or changing band bending.40,41

Other factors influencing the spectral shape include the
morphology of the TiO2 nanoparticles,10,39 the temper-
ature,23,42 and the chemical or thermal surface treatment
influencing the number of surface defects.8,43,44 In addition,
interference effects leading to Fabry−Perot fringes have been
observed for anatase films with high homogeneity and optical
quality.11 These studies illustrate that PL in TiO2 is complex
and the photophysical mechanisms are still under debate.
Recent work by Pallotti et al. discriminates between two

main contributions to the PL of nanostructured anatase TiO2
films: a “green” component around 2.3−2.5 eV (495−540 nm)
attributed to the presence of surface oxygen vacancies and a
“red” component around 1.9−2.1 eV (600−650 nm) assigned
to subsurface oxygen vacancies.11 The green PL is ascribed to
radiative recombination of mobile electrons in the conduction
band (CB) or shallow bulk traps with immobile holes trapped
in deep defect states [0.7−1.4 eV above the valence band (VB)
edge]. Similarly, red PL is assigned to radiative recombination
of electrons in deep traps (0.7−1.6 eV below the CB edge)
with mobile holes in the VB.
Apart from steady-state PL, a few authors have performed

time-resolved PL experiments to resolve the lifetime of
photogenerated electrons and holes.6,23,45−47 Yamada and
Kanemitsu demonstrated for anatase TiO2 single crystals
nonexponential decay profiles and considerably shorter
lifetimes for holes (in the order of nanoseconds) compared
to electrons (in the order of microseconds), with the diffusion
of the latter proposed to occur through multiple-trapping-
dominated transport via shallow trap states.6 In a PL study at a
low temperature (12 K), Cavigli et al. demonstrated for
anatase TiO2 nanoparticles both bulk and surface recombina-
tion, with the first only observable in the first 100 ps after
excitation.23 A fast and a slow component were correlated to
direct and indirect formation of STEs, with the latter driven by
quasi-free carriers. Dozzi and co-workers detected three
lifetimes in their time-resolved PL decays of powder pellets
of F-doped anatase TiO2, in the order of tens, hundreds, and
thousands of picoseconds.45 The two fastest components were
ascribed to exciton recombination, while the third most intense
component was attributed to surface processes.
The aim of this work is to investigate the evolution of the PL

spectrum in time of nanostructured anatase TiO2 thin films
and the nature of associated processes, at room temperature
and in various aqueous media closely resembling photo-

catalytic conditions.48,49 This enables us, to the best of our
knowledge for the first time, to perform global analysis of
spectrotemporal developments observed and to determine the
decay-associated spectra (DAS). A key advantage of global and
target analysis of time-resolved spectra is the discrimination of
all the features giving rise to the signal, regardless of spectral
overlap.50 The experiments have been performed in a low
photo-excitation intensity regime where the PL signal scales
linearly with the number of incident photons.
To mimic various photocatalytic conditions and changes in

pH during a reaction,51 we have performed experiments in
neutral and mildly acidic conditions both in the absence and
presence of NaCl. Industrial wastewater typically contains
significant levels of NaCl, which negatively affects activity in
photocatalytic oxidation of aqueous hydrocarbons.51 The pH
has been tuned to be between values of 6.5 and 3.3 to control
the surface charge and enable surface adsorption of either Na+

or Cl− ions (the point of zero charge of TiO2 is around 6).52

We demonstrate that the PL spectrum is time-dependent, with
the intensity ratio of the low energy component relative to the
higher energy component increasing with time. Furthermore,
we show that the ps−ns dynamics and spectral changes can be
assigned to motion of electrons from the nanoparticle bulk in
the direction of the depletion layer/surface in ca. 1 ns. As a
result, the effect of surface termination on the PL increases
with time. This directionality in electron diffusion is vital for
photocatalytic surface reactions and likely plays an important
role in the photocatalytic performance of nanostructured
anatase TiO2. Suppression of charge recombination by surface
engineering hence shows promise to improve the photo-
catalytic activity.

■ EXPERIMENTAL METHODS
Chemicals and Materials. The following chemicals and

materials were used for sample preparation and experiments:
methanol (≥99.9% Ultra for LC−MS, VWR), sodium chloride
(99.7%, Sigma-Aldrich), demineralized water (Merck Milli-Q
system, resistivity > 18 MΩ cm, pH ≈ 7), HNO3 (ACS
reagent, 70%, Sigma-Aldrich), and TiO2 [Hombikat UV 100,
Sachtleben (Venator)]; UV fused silica substrates (Suprasil
2000, 12 mm × 30 mm × 1 mm, UQG optics Ltd. UK) and
fluorescence quartz cuvette (101-QS, Hellma Analytics; 10 mm
× 10 mm optical path length).

Sample Preparation and Characterization. The UV
fused silica substrates were cleaned by ultrasonication in
acetone and afterward in water, rinsed with water, and dried
under N2 flow. In previous studies, we have demonstrated that
sufficient calcination (≥600 °C) in air of anatase TiO2
[Hombikat UV 100, Sachtleben (Venator)] yields an increase
in photocatalytic activity.53,54 Before film preparation, the TiO2
powder was therefore annealed at 600 °C in air, followed by
suspension of ca. 50 mg of TiO2 powder in 5 mL of methanol
or water and ultrasonication for 30 min. The nanostructured
TiO2 films were prepared by drop-casting the TiO2 suspension
on the cleaned silica substrates followed by drying at 80 °C,
resulting in homogeneous semi-translucent films in case
methanol was used. The use of water-based suspensions led
to less homogeneous coatings. X-ray diffraction patterns were
recorded using a D2 PHASER X-ray powder diffractometer
(Bruker) using the Cu Kα line under an acceleration voltage of
30 kV. Scanning electron microscopy (SEM) images were
recorded at the MESA+ NanoLab facility using a Zeiss Merlin
HR-SEM.
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For the PL experiments, an aqueous 0.6 M NaCl solution
was prepared or demineralized water was used. Pure water has
a specified pH of about 7; for the NaCl solution in water, the
pH was found to be equal to 6.5. For acidification, the pH of
the solutions was adjusted to a value of 3.3 using diluted
HNO3. Prior to each measurement, a fresh TiO2 sample was
placed in the fluorescence cuvette. The cuvette was filled with
the respective solution and degassed with Ar for 30 min and
sealed with a tight cuvette lid and laboratory sealing film.
PL measurements on a TiO2 film in a methanol/acidified

water solution (molar ratio of 1:1) show a faster PL decay
compared to the pure pH 3.3 solution (see Figure S1). The
observed faster decay is likely due to scavenging of surface-
trapped holes with methanol reported earlier to occur in 300
ps.55

Similar photodynamics were observed for TiO2 films
prepared from water- and methanol-based suspensions (Figure
S2), excluding an effect of possible residues of methanol from
sample preparation on the PL dynamics. This result is in line
with the earlier work, reporting an exchange of adsorbed
methanol with H2O, especially when the latter is in excess.20

All further PL measurements were therefore performed on
films prepared from suspension in methanol.
Time-Resolved PL Experiments. The output of a

Fianium laser (FP-532-1-s, center wavelength 532 nm, pulse
duration of 300 fs, 80.37 MHz repetition rate) was focused
using a lens with 100 mm focal distance into a 3 mm thick β-
BaB2O4 crystal (Newlight Photonics). The second harmonic
UV signal generated was sent via three dichroic mirrors
(Thorlabs, MBI-K04) and a FGUV11-UV filter (Thorlabs) to
remove the residual 532 nm component and focused using a
50 mm focal distance quartz lens through the quartz window of
the cuvette and the aqueous solution on the TiO2 film. The PL
was collected using two 2 in. diameter 50 mm focal length glass
lenses and focused on the input of a spectrograph (Acton
SP2300, Princeton Instruments, slit width set at 100 μm) using
a grating with 50 lines/mm blazed at 600 nm. The output of
the spectrograph was sent into a streak camera setup
(Hamamatsu, C10910). The background signal from a
photo-excited bare quartz substrate was verified to be
negligible compared to the PL signal from the TiO2 film.
Prior to each series of time-resolved PL experiments, the
spectral calibration was checked and adapted if necessary using
a Hg/Ar calibration lamp (Oriel, LSP035). Spectral sensitivity
correction of the PL spectra was performed using the
difference between the measured and calibrated spectrum of
a black body lamp (Ocean Optics, HL-2000). A possible
contribution of trapping of emitted photons in the nano-
structured TiO2 network to the observed PL decay was
excluded by the observation that exposure of the TiO2 film to a
fraction of the 532 nm output of the Fianium laser leads to
significantly faster scattered signals (see Figure S3). Potential
light-induced changes in time-resolved PL were excluded on
the basis of similar PL intensity before and after data
collection. For each experiment, a fresh TiO2 sample was
used, and all the experiments were performed in duplo . In a
range of 4 × 1010 to 2 × 1011 photons/pulse cm−2, the PL
intensity scales approximately linearly with the incident UV
intensity. The data presented here were recorded using an
incident intensity of 1 × 1011 photons/pulse cm−2. In addition,
no intensity dependence of the PL decay was observed (see
Figure S4).

The time windows covered were either 2 ns (i.e., time range
5) or 200 ps (i.e., time range 2). For the first, the slit width in
front of the photocathode of the streak camera tube was set at
170 μm, yielding a time resolution of 30 ± 1 ps. To improve
the time resolution at time range 2, the slit width in front of the
photocathode was reduced to 20 μm, resulting in a time
resolution of 10 ± 1 ps. Global analysis of the time-resolved PL
data was performed using the open-source program Glotaran.56

A parallel decay model with three pathways was found to
accurately describe the spectrotemporal PL behavior. The
values of τ1, τ2, and τ3 were initially determined from the data
recorded at time range 5. A more accurate value of τ1 was
subsequently determined from the data at time range 2, while
keeping the values of τ2 and τ3 fixed. This iteration was
repeated a number of times until the values of τ1, τ2, and τ3
became stabilized, that is, changed less than the error.

■ RESULTS AND DISCUSSION
Figure 1 shows the scanning electron micrograph of the
nanostructured TiO2 thin films investigated. The individual

TiO2 particles have a size of ∼20 nm (A), which form larger
clusters of approximately a few 100 nm. The TiO2 clusters
adhere well to the quartz substrate resulting in a homogeneous
film (B). The X-ray diffraction pattern (Figure S5) shows that
the TiO2 is in the anatase phase.
Figure 2A shows the PL spectra at 50, 250 ps, and 1 ns after

267 nm photoexcitation of a TiO2 film in demineralized water
degassed with Ar, showing a decay at a ps to ns time scale.
Figure 2B shows the spectra for TiO2 in similar aqueous media
with 0.6 M NaCl added. The PL maximum shows a minor
bathochromic shift in time from 491 nm (2.53 eV) to 494 nm
(2.51 eV), in line with the value of ca. 2.5 eV for steady-state
PL spectra.11 The spectra are well described by two Gaussian
functions, centered at 492 nm (2.52 eV, rms = 0.23 eV) and
636 nm (1.95 eV, rms = 0.10 eV), with the relative intensity of
the PL band at 1.95 eV increasing in time after photoexcitation
(see Figure S6 and Table S1). This trend is analogous to the
slowing down in PL decay with decreasing photon energy both
in the absence and presence of NaCl (see Figure S7 of the
Supporting Information). At neutral conditions, the addition of
NaCl does not have a significant effect on the PL spectra and
decays. As the point of zero charge of TiO2 is around 6,52 this
indicates that surface adsorption of Na+ ions does not affect
the PL, which is in agreement with insignificant effects of, for
example, NaNO3 on the photocatalytic efficiency.51

To facilitate surface adsorption of Cl− ions and mimic
changes in pH that could occur during photocatalytic
reactions,51 experiments have also been performed at mildly
acidic conditions. Figure 2 includes the PL spectra at various
times after photoexcitation of a TiO2 film in pH 3.3 solution
degassed with Ar, without (C) and with 0.6 M NaCl added

Figure 1. Scanning electron micrographs of the TiO2 films studied
with scale bars of 20 nm (A) and 1 μm (B).
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(D). The spectra are well described by two Gaussian functions,
one similar to neutral conditions at 492 nm (2.52 eV, rms =
0.23 eV) and one centered at 605 nm (2.05 eV, rms = 0.15 eV,

Figure S8 and Table S2). Note that the latter band has blue-
shifted relative to neutral conditions (1.95 eV) and has become
relatively more intense (see also Tables S1 and S2 of the

Figure 2. PL spectra at 50, 250 ps, and 1 ns after 267 nm photoexcitation, for TiO2 films in demineralized water (A), demineralized water with 0.6
M NaCl added (B), in pH 3.3 solution (C), and in pH 3.3 solution with 0.6 M NaCl added (D). The solid lines are fits from global analysis using a
parallel decay model with three components.

Figure 3. Normalized PL decays at various wavelengths of a TiO2 film in pH 3.3 solution in the absence and presence of 0.6 M NaCl, at 267 nm
excitation and using a 2 ns time window (time range 5), including fits from global analysis (dashed lines). The insets show the data and fits
measured using a 200 ps time window (time range 2); note that better time resolution allows resolving faster initial decay.
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Supporting Information). On the contrary, the band at 2.52 eV
is not affected by the change in pH. The intensity of the PL
band centered at 2.05 eV relative to the band at 2.52 eV
increases with time, analogous to the slowing down in PL
decay with decreasing photon energy (Figure 3). In addition,
at pH = 3.3, the addition of NaCl slows down the PL decay
>500 ps, which will be discussed below. The surface/
environment effect on the low energy PL band only (2.05
eV for pH 3.3, 1.95 eV for neutral conditions) and the effect of
NaCl at pH 3.3 on the PL decay >500 ps indicate a correlation,
in agreement with the slower PL decays at lower photon
energies generally observed.
Figure 3 compares the normalized PL decays of the TiO2

films in pH 3.3 solution at PL wavelengths of 450, 500, 550,
and 600 nm in the absence and presence of 0.6 M NaCl,
demonstrating a slower decay in the presence of NaCl. The
main windows present data measured using a 2 ns time
window, the insets using a time window of 200 ps. Across the
entire PL spectrum, the signal fully develops within the
instrumental response time, indicating that all the emitting
species are formed in <10 ps. Note that the PL experiments
have been performed in the linear regime, that is, the PL
intensity scales linearly with the incident intensity and the
normalized PL decays are independent of the incident intensity
(see Experimental Methods and Figure S4). In all the cases,
multi-exponential decay is observed, indicating multiple
trapping and de-trapping of charge carriers.6 The decays in
the absence and presence of NaCl at similar wavelengths are
identical until a few 100 ps but start to deviate significantly
beyond with a slower decay for the TiO2 film in a mildly acidic
environment with NaCl present. As the PL signal has fully
decayed at the next photo-excitation event (see Figure S9 of
the Supporting Information), an artifact caused by a potential
long-lived signal is ruled out. Moreover, the NaCl-induced
effect on the PL decay exceeds the experimental noise by
approximately 1 order of magnitude and is hence significant
(see Figure S9 of the Supporting Information). Duplo
experiments at pH = 3.3 (Figure S10) show an identical
NaCl-induced effect on the PL decay dynamics.
The PL data could not be modeled adequately by an

extended exponential function, derived from a random walk
diffusion charge model and based on a distribution of transport
and recombination rates.47 Fits using a stretched exponential
function have only been achieved with a wavelength-dependent
shape factor (β) and lifetime (τ), see Figure S11. No global fit
with one parameter set for the entire PL spectrotemporal
behavior has been obtained. In particular a photophysical
interpretation of the variation in β is not evident. However,
global analysis shows that the spectrotemporal PL behavior is
well described by a parallel model with three decay pathways.
A parallel decay model instead of a sequential model for global
analysis has been chosen because of the full development of
the PL signal within the instrumental response time and the
absence of a subsequent ingrowth. Note that this model is
likely a simplification of the reality; however, it describes all PL
behavior observed here adequately. The resulting fits are
included in Figures 2 and 3. Table 1 presents the PL lifetimes
and the relative change in lifetime induced by the addition of
NaCl. Our values are reasonably close to the PL lifetimes
found by Dozzi et al. of 25, 269 ps, and 4.4 ns, based on
analysis of a narrow wavelength range45 instead of the present
global analysis of the entire PL spectrum and its development
in time.

At neutral conditions, the effect of NaCl addition on all
lifetimes is within the experimental error, in agreement with
the similar PL decays (Figure S7). However, at pH = 3.3, the
effect of NaCl addition on, in particular, τ3 exceeds the
experimental error, with a relative change of 11 ± 0%. The
impact on τ2 is barely significant and any influence on τ1 is
absent. These effects indicate an effect of surface adsorbates on
τ3. Note that this does not necessarily imply that τ3 is purely
governed by recombination processes altered by surface
termination, as PL lifetime is the result of all decay processes
available. Because the point of zero charge of TiO2

52 is around
6, the effect of NaCl addition at pH = 3.3 on τ3 is likely due to
surface adsorption of Cl− ions. This process is suppressed at
neutral conditions because of the negative surface charge, while
an effect of Na+ adsorption on the PL decay is absent as
discussed above. The value of τ1 is unaffected by surface
termination and is likely associated to electron−hole
recombination in the bulk of the nanoparticle. A significant
influence of light trapping inside the nanostructured TiO2
network on the observed PL dynamics is excluded because
exposure to a fraction of 532 nm 300 fs pulses (used for second
harmonic generation of the UV light used for photoexcitation)
gives significantly faster decays (Figure S3). The origin of τ2 is
unclear. Considering the gradual broadening of the PL
spectrum in time, we cautiously assign τ2 to a decay process
with intermediate behavior between bulk recombination (τ1)
and recombination sensitive to surface termination (τ3).
Figure 4 shows the normalized DAS obtained from global

analysis of the PL data at pH 3.3,50 that is, DAS1 decays with
τ1, DAS2 with τ2, and DAS3 with τ3, including fits based on the
sum of two Gaussian functions (parameters in Table 2).
Relative to DAS1, DAS2 and especially DAS3 are significantly
broader at the low energy side of the spectrum. The
normalized spectra are similar in the absence and in the
presence of NaCl, however, τ3 differs. The PL maximum shows
a weak bathochromic shift in time from 489 nm (2.54 eV) for
DAS1 to 494 nm (2.51 eV) for DAS3. Pallotti et al. assigned
PL around 2.5 eV to surface recombination of mobile electrons
with trapped holes.11 The effect of NaCl addition at acidic
conditions on mainly τ3 enables to advance this model,
strongly indicating that PL originates from a time-dependent
mix of processes independent (at early times) and influenced
by surface adsorbates (>500 ps). These processes also likely
cause the bathochromic shift and the relatively more intense
PL band at 2.05 eV for DAS3.

Table 1. PL Lifetimes from Global Analysis Using a Parallel
Model with three Decaysa

conditions τ1 (ps) τ2 (ps) τ3 (ps)

demineralized water 42 ± 1 225 ± 2 1056 ± 5
demineralized water,
with NaCl

48 ± 2
[14 ± 7%]*

238 ± 2
[6 ± 2%]#

1042 ± 4
[−1±1%]

pH = 3.3, without
NaCl

46 ± 2 257 ± 1 1048 ± 2

pH = 3.3, with NaCl 47 ± 1
[2 ± 6%]

269 ± 1
[4 ± 1%]

1167 ± 2
[11 ± 0%]

nature PL bulk intermediate
behavior

effect of surface
adsorption

aBetween square brackets is the relative change in lifetime induced by
NaCl. Note that the absolute difference is only 6 ± 3 ps (*) and 13 ±
4 ps (#), in agreement with the similar PL decays at neutral conditions
in the absence and presence of NaCl.
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The observed effects could have several origins. Changes in
band bending is known to alter, in particular, the PL yield40,41

and may be responsible for the observed effect of Cl−

adsorption on the PL decay >500 ps. For small TiO2

nanoparticles (radius 3.8−12 nm), band bending is likely
minor or even absent,41 however, clustering of nanoparticles
into a nanoporous film may induce band bending. In addition,
UV excitation has been reported to reduce band bending and
lead to a flat band structure.40 Cl− adsorption may increase
upward band bending and reduce the probability of electron−
hole recombination. The structure of the surface may also
influence rate constants for radiative and nonradiative
recombination. The increasing effect of Cl− adsorption on
the PL in time observed here indicates motion of photo-
induced species from the bulk toward a potential depletion
layer and/or the surface of the nanoparticle. Such directional
motion can explain the slower PL decay at lower photon
energy observed in the all cases here and the pH-induced shift
of the low energy band from 1.95 eV at neutral conditions to
2.05 eV at pH = 3.3, while the position of the band centered at
2.52 eV is unaffected by this change in pH and only shows a
weak bathochromic shift of ca. 0.03 eV with time.
The hot charge carriers initially generated by photo-

excitation likely thermalize at an ultrafast time scale by
charge−phonon coupling. Chergui et al. recently reported an
electron cooling time of <50 fs.21 Femtosecond transient
absorption studies have shown that holes become trapped at
surface sites in ∼200 fs, followed by >100 ps relaxation into
deeper traps.57 For electrons, the situation is likely more
complex, with some electrons trapped at the surface at a similar
∼200 fs time scale and other electrons occupying shallow traps
close to the CB.13 Hence, during photoexcitation with the ca.
300 fs 267 nm laser pulse, at least three species are likely to be
formed: (1) bulk electrons in the CB or a shallow trap state,
(2) surface-trapped electrons, and (3) surface-trapped holes. In

addition, some holes may be trapped in the bulk of the TiO2
nanoparticle.
It should be noted that the PL decays observed here are

rather similar to the transient absorption decay at 1200 nm
probing electron recombination,14 suggesting that the PL
dynamics and the broadening in the PL spectrum in time are
mainly driven by motion of electrons rather than holes,
although some contribution of the latter cannot be excluded.
This assignment is in line with theoretical work32,58 and
consistent with an electron diffusion constant for nano-
structured TiO2 of ca. 2 × 10−5 cm2/s,59 indicating a ∼1−2
ns random walk diffusion time from the bulk of the TiO2
nanoparticle in the direction of the depletion layer/surface.
The ps−ns PL decay can explain the strong PL quenching

when increasing the temperature and the shift in PL from ca.
2.5 eV (496 nm) at 300 K to ca. 2.3 eV (539 nm) at 100 K.25

The PL at low temperature has been assigned to radiative
decay of STEs stabilized by lattice relaxation.2,25,60 An exciton
in anatase TiO2 is likely to be of intermediate character
between a Wannier-Mott and a Frenkel exciton.61 Microwave
conductivity experiments have shown that interaction of
mobile electrons with trapped holes could lead to the
generation of long-lived STEs at a sub-ns time scale, formed
with a quantum yield of 65% at 100 K and <5% at 300 K.17

The temperature-independent STE lifetime of 3.3 ± 0.2 μs17

agrees reasonably well with the PL lifetime at 2 K of 1.5−2.0
μs,62 suggesting that PL at low temperature is at least partially
due to STE decay. The low STE yield at 300 K17 shows that at
room temperature, sufficient phonon energy is available for
STE detrapping. The resulting mobile electrons could rapidly
recombine radiatively or nonradiatively with trapped holes via
one of the ps−ns pathways deduced in the present work,
explaining the thermally deactivated PL.2,25

Figure 5 presents a photophysical model for the time-
dependent PL spectrum of nanostructured anatase TiO2 in
aqueous media, explaining the observed bathochromic shift

Figure 4. Normalized DAS and corresponding decay times of TiO2 film in pH 3.3 solution in the absence (A) and presence of 0.6 M NaCl (B),
including the sum of two Gaussian functions (solid gray curves, parameters in Table 2).

Table 2. Parameters of the Gaussian Functions Used for Spectral Deconvolution of the DAS Spectra

TiO2 at pH 3.3, without NaCl TiO2 at pH 3.3, with 0.6 M NaCl

spectrum Gauss 1 (eV) Gauss 2 (eV) amplitude ratio Gauss 1 (eV) Gauss 2 (eV) amplitude ratio

DAS1 2.54 2.05 0.07 2.54 2.05 0.07
rms = 0.21 rms = 0.15 rms = 0.21 rms = 0.15

DAS2 2.52 2.05 0.07 2.52 2.05 0.07
rms = 0.22 rms = 0.15 rms = 0.22 rms = 0.15

DAS3 2.51 2.05 0.12 2.51 2.05 0.12
rms = 0.24 rms = 0.18 rms = 0.24 rms = 0.18
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and pH-dependent broadening at the low energy side of the
spectrum in time. We show by global analysis that the ps−ns
PL processes can be adequately described by a parallel model
with three decay components, with the contribution of
processes affected by surface termination increasing with
time. The ∼46 ps decay is indicative of recombination via an
Auger mechanism reported earlier in transient absorption
studies.63 However, as the PL decay is insensitive to the
number of incident photons (Figure S4B), such mechanism is
excluded. As the presence of NaCl does not affect τ1, this
recombination process likely occurs in the bulk of the TiO2
nanoparticle. Considering that the probability of recombina-
tion decreases with trapping because of a decrease in charge
mobility, this process is most likely related to mobile electrons
in the CB or a shallow trap interacting with trapped holes in
the bulk. With progression in time after photoexcitation,
mobile electrons could move from the bulk in the direction of
a potential depletion layer and the surface. This assignment
agrees with electronic structure calculations, indicating for the
bulk shallow electron traps at Ti4+ sites and deep hole traps at
O2

− sites, while for the (101) surface, deep electron and deep
hole traps ascribed to under-coordinated Ti5c

3+ and O2c
− sites

were found.32 The trapping process was observed to lead to a
strong elongation in the bond length, and de-trapping from
these states is unlikely at ps−ns time scales. It should be noted
that the nature and distribution of trap states is likely facet-
dependent, as shown recently by density functional theory.58

The origin of the ∼260 ps component barely influenced by
NaCl is unclear. Considering the gradual broadening of the PL
spectrum at the low energy side in time (Figure 4), we
cautiously assign τ2 to a decay process with intermediate
behavior between bulk recombination (τ1) and recombination
sensitive to surface adsorption (τ3). The value of τ3 of ca. 1 ns
affected by surface adsorption of Cl− ions is likely due to
recombination of relatively mobile electrons, possibly formed
by detrapping of STEs, with immobile holes in a deep trap
close to or within the depletion layer or at the surface, probably
an O2c

− site.32 Cl− adsorption may increase upward band
bending, thereby reducing the probability of electron−hole
recombination and increasing τ3. The structure of the surface
may also influence rate constants for radiative and nonradiative
recombination. The negative effect of chloride on photo-
catalytic rates51 (in acidic conditions) is likely due to
modifications of the surface caused by the adsorbents, leading
to the observed change in τ3. Diffusion in the direction of the

depletion layer/surface is vital for photocatalytic reactions and
likely plays an important role in the photocatalytic activity of
nanostructured anatase TiO2.

■ CONCLUSIONS
In the present work, we show that the PL spectrum of
commercial nanostructured anatase TiO2 thin films in various
aqueous media closely resembling photocatalytic conditions is
time-dependent, with a minor bathochromic shift and a
broadening at the low energy side of the spectrum in time. We
demonstrate the potential of global analysis to develop
mechanistic insight and show that the development of the
PL spectrum in time is due to an increasing contribution of
processes influenced by surface adsorption relative to bulk
processes. This trend can be assigned to recombination of
mobile electrons populating the CB or shallow traps with
immobile hole polarons in deep traps and the motion of
electrons from the nanoparticle bulk in the direction of the
depletion layer/surface in ca. 1 ns.
The observed directional diffusion is likely to have major

consequences for photocatalytic applications. Control of the
directional motion of electrons and suppression of surface
charge recombination via surface engineering show promise to
further increase the photocatalytic activity. Future research in
our group is underway and focused on understanding charge
carrier behavior of other photocatalytic materials as well and
optimizing such photocatalysts with the insights obtained.
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