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ABSTRACT: In nanostructured thin films, photogenerated
charge carriers can access the surface more easily than in
dense films and thus react more readily. However, the high
surface area of these films has also been associated with
enhanced recombination losses via surface states. We herein
use transient absorption spectroscopy to compare the ultra-
fast charge carrier kinetics in dense and nanostructured TiO,
films for its two most widely used polymorphs: anatase and
rutile. We find that nanostructuring does not enhance re-
combination rates on ultrafast timescales, indicating that
surface state mediated recombination is not a key loss path-
way for either TiO, polymorph. Rutile shows faster, and less
intensity-dependent recombination than anatase, which we
assign to its higher doping density. For both polymorphs, we
conclude that bulk rather than surface recombination is the
primary determinant of charge carrier lifetime.
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The conversion of solar energy into electricity or fuel criti-
cally relies on the stable separation of photogenerated charge
carriers. Recombination of these charge carriers can compete
with both charge separation and interfacial charge transfer,
thus representing one of the major limiting factors in solar-
to-energy conversion devices.>* Nanostructuring can consid-
erably reduce the distance between the point of charge gen-
eration and the surface of the material, which facilitates
interfacial charge separation and access to catalytically active
surface sites. However, nanostructuring may also result in

increased recombination losses due to the presence of sur-
face recombination sites. For example, high surface areas in
metal chalcogenides such as cadmium selenides and tellu-
rides, in particular in quantum dot systems, are known to
promote recombination via non-radiative decay pathways.>4
These decay pathways involve surface-induced energy states
within the band gap and lead to an overall increase in re-
combination.5 Since metal oxides are closely related to metal
chalcogenides, recombination via surface states is often
thought to limit their photovoltaic and photocatalytic func-
tion in a similar way, although the correlation between sur-
face area and recombination rate has not directly been inves-
tigated for these systems. To elucidate the relevance of sur-
face-enhanced recombination losses in metal oxides, we
herein directly compare the ultrafast recombination kinetics
of photogenerated charge carriers in nanocrystalline and
dense TiO; films.

TiO, is a widely used transition metal oxide and has been
subject to a wealth of studies, often serving as a model sys-
tem. For instance, nanostructured TiO, films have been used
as electron transport layer and sensitizer scaffold in dye-
sensitized solar cells for decades.®7 Recently, the material has
been used for both of those functions in perovskite solar
cells,® and has also become a common photocatalyst for
sunlight-driven water splitting and CO, reduction.9* TiO,
occurs in the three polymorphs anatase, rutile, and
brookite,” among which anatase and rutile are typically used
in photocatalytic applications. While the electronic structure
of anatase and rutile is similar, anatase exhibits a band gap of
3.2 eV which is slightly larger than the 3.0 eV band gap found
for rutile.> Anatase is generally considered the most photo-
catalytically active polymorph,s however, the performance of
rutile was found to be superior for certain slow oxidation
reactions, such as water oxidation.'4 The extensive research
on TiO, has led to a profound understanding of its material
properties. Nevertheless, fundamental issues such as its
charge recombination behavior have received relatively little
attention to date despite being fundamental to its photo-
chemistry.’s Elucidating the origins of charge carrier recom-
bination is therefore a crucial step on the way to improved
efficiencies of metal oxide based devices.
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Charge carrier recombination may be enhanced where the
chemical bonding of the periodic crystal lattice is altered,
which predominantly is the case at crystal defects or at the
surface of the material. The weaker bonding at such sites
reduces splitting between bonding and antibonding orbitals
compared to valence and conduction band states and thus
gives rise to electronic states within the semiconductor band
gap.’® Such intra-band gap states can influence charge carrier
dynamics since they offer pathways for the energetic relaxa-
tion of photogenerated charge carriers in the valence or
conduction band. These states are therefore generally re-
ferred to as “trap states”, or as “surface states” if they origi-
nate from surface sites. Surface states are particularly rele-
vant for photocatalytic applications since they are due to
species that are situated directly at the catalytic interface.
However, their exact role in photocatalysis has so far re-
mained controversial. On one hand, surface states have been
claimed to facilitate charge separation” and help to localize
charges close to the semiconductor interface, thereby poten-
tially enhancing reactivity. On the other hand, they have
been deemed to enhance recombination losses,’8-2 thus
being detrimental to device performance.

In this study, we aim to address this issue by investigating
the correlation between surface area and charge recombina-
tion in TiO.,. In the experiments shown herein, we use transi-
ent absorption spectroscopy on ultrafast timescales to gain
insight into the kinetics of photogenerated carriers by moni-
toring the evolution of their optical absorption following
pulsed photoexcitation. We compare carrier kinetics in
nanocrystalline TiO, films to those in dense ones in order to
investigate the impact of morphology. The principal differ-
ence between these two morphologies is the larger surface-
area-to-volume ratio of nanostructured films, which facili-
tates the access of photogenerated charge carriers to the
TiO,/electrolyte interface.’® However, it is unclear whether
this improved access to the surface also promotes their re-
combination and thus leads to an increased loss of photo-
generated charges before reactions can take place. The possi-
bility of modulating the ratio of surface charges to bulk
charges in TiO, by tuning the film morphology makes this
material an ideal model system to study the role of surface
states in the process of charge recombination. To elucidate
this correlation, we compare charge carrier dynamics in both
dense and nanostructured thin films for the two most com-
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Figure 1. Scanning electron micrographs of dense (left) and
mesoporous (right) TiO, anatase thin films on quartz glass
substrates.

monly used TiO, crystal phases, i.e. anatase and rutile.

Detailed methods of how samples were prepared are de-
scribed in the ESI. The crystal structures of the anatase and
rutile TiO, samples investigated in this study were verified by
X-ray diffraction and showed no evidence of mixed phases,
reflecting the phase-purity of our anatase and rutile films
(Figure S2). Figure 1 shows scanning electron microscopy
(SEM) images of the dense and mesoporous anatase films.
The dense anatase films are compact layers composed of
irregularly shaped domains with sizes ranging from ca. 50 to
200 nm. In contrast, the mesoporous anatase films consist of
an extended interpenetrating network of spherical particles
with ca. 20 nm diameter. Analogous data for dense and mes-
oporous rutile films are shown in Figure S3. These SEM im-
ages are consistent with our previous studies, which show a
100-fold increase in specific surface area for mesoporous
versus dense films.?> In these previous studies, a range of
assays of photocatalytic activity demonstrated a 30-fold en-
hancement of interfacial charge transfer and photocatalytic
activity for the mesoporous anatase films compared to the
dense films. As such we expect that for both the anatase and
rutile films studied herein, charge carriers photogenerated in
mesoporous films readily access the TiO, surface. In contrast,
charge carriers generated in the dense films do not easily
reach the surface, but rather remain in the TiO, bulk. Due to
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Figure 2. Normalized transient absorption decay kinetics probed at 1200 nm following 355 nm excitation under argon as a func-
tion of excitation intensity for (a) dense TiO2 anatase and (b) mesoporous TiOz anatase, normalized at 1 ps.
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Figure 3. Normalized transient absorption decay kinetics probed at 1200 nm following 355 nm excitation under argon as a func-
tion of excitation intensity for (a) dense TiO, rutile and (b) mesoporous TiO, rutile, normalized at 1 ps.

this difference in surface accessibility of photogenerated
charges, our films are particularly suitable to investigate the
impact of surface states on charge recombination.

In this study, we use ultrafast transient absorption spec-
troscopy (TAS) to investigate the impact of charge access to
the metal oxide surface on the recombination behavior of
photogenerated charges. This technique allows us to monitor
the population of photogenerated charges and track their
kinetics on the relevant timescales. TAS has been extensively
employed to investigate TiO, materials.>»9 Previous studies
have shown that photogenerated electrons in TiO, give rise
to transient absorption signals in the near-infrared to infra-
red region, whereas photogenerated holes can be monitored
in the visible region (around 500 nm).2 Since signals from
electrons and holes overlap more strongly in the visible re-
gion, herein we use the electron signal in the near infrared
region to track the recombination process. Our transient
studies are conducted at an excitation wavelength of 355 nm
near the TiO, band gap under argon atmosphere. Upon exci-
tation we observe a broad photoinduced absorption feature
in the near infrared region for all samples studied (Fig-
ure S4).

To gain insight into the electron decay kinetics, we moni-
tor the change in absorption at 1200 nm as a function of
excitation intensity, as shown in Figure 2a for the dense
anatase film. At all excitation intensities studied, we find a
fast decay within the first 0.6 ps after excitation. This early
feature is intensity-independent and has previously been
observed for TiO, anatase and rutile following excitation at
wavelengths close to the band gap.3° Under these excitation
conditions, electron-hole pairs (excitons) are photogenerated
with little excess energy relative to the band edges and thus
lack additional driving force to aid their separation. There-
fore, we tentatively assign this intensity-independent decay
to geminate recombination of electron-hole pairs. Following
this initial fast decay, an intensity-dependent component
evolves (e.g. from ca. 10 ps for the highest intensity used).
We find that the decay kinetics of this component decelerate
with decreasing light intensity. Such behavior is characteris-
tic of the bimolecular recombination of separated charges,
which is characterized by power law decay kinetics and a
decay half time inversely proportional to the excitation den-

sity (Figure Ss). Figure 2b shows the decay kinetics at
1200 nm for the mesoporous anatase film. Strikingly, we
observe very similar decay kinetics to dense anatase, alt-
hough charge carriers in the mesoporous films readily access
the TiO, surface. This similarity suggests that surface state
mediated recombination may not be a dominant loss path-
way for these films.

The decay kinetics for dense and mesoporous rutile films
are shown in Figure 3. As expected for the smaller rutile band
gap, we do not observe geminate recombination below 1 ps
upon excitation with 355 nm light because the higher excess
energy facilitates the dissociation of electron-hole pairs.
Dense rutile (Figure 3a) exhibits an exponential decay be-
tween ca. 3 ps and 100 ps with little intensity dependence.
The mesoporous rutile film (Figure 3b) exhibits remarkably
similar decay kinetics to the dense one. As for anatase, this
similarity suggests that surface state recombination is not a
key cause of charge carrier recombination. More detailed
inspection shows that the kinetics of electron decay in meso-
porous rutile exhibit a weak dependence on light intensity,
and are actually slower than dense rutile. This slower decay
further emphasizes that access to surface states does not
accelerate charge carrier recombination but may, if anything,
retard it. We note that for both polymorphs, we observe
small residual, long lived TAS signals, assigned to photogen-
erated charge carriers trapped in intra-band defect
states.»2v28

Our TA measurements demonstrate that, under the same
illumination conditions, the decay kinetics of photogenerat-
ed carriers in dense and mesoporous TiO, follow a qualita-
tively similar recombination behavior without any evidence
for enhanced recombination due to different surface-area-to-
volume ratios. These findings reveal that ultrafast recombi-
nation is not enhanced when more photogenerated charge
carriers are able to access surface sites. Consequently, our
data suggest that the benefits of nanostructuring in photo-
catalytic and photovoltaic devices are not attained at the
expense of surface-enhanced recombination losses. Interest-
ingly, our transient data also suggest that differences in crys-
tal phase play a more dominant role in controlling recombi-
nation kinetics than differences in film morphology.
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As shown in Figures 2-3, we observe faster, first-order re-
combination kinetics in rutile in contrast to slower, near-
bimolecular recombination in anatase. These differences in
decay kinetics may be indicative of different concentrations
of intrinsic charge carriers in the material. In films with low
intrinsic charge carrier densities, photogenerated electrons
mostly recombine with photogenerated holes following a
bimolecular recombination process, as observed for anatase
herein. However, when one type of intrinsic charge carrier is
present in higher densities (e.g. n-type doping due to oxygen
vacancies), photogenerated carriers can readily recombine
with these intrinsic carriers, leading to intensity-independent
pseudo-first order kinetics, as shown for rutile herein. The
faster decay kinetics observed in rutile compared to anatase
TiO, is also consistent with the doping density in rutile being
higher than in anatase. This observation is in good agree-
ment with doping densities reported in the literature for
anatase (ranging from 10 c¢cm3 to 10 cm3) anatase and
rutile (from 10" cm3 to 102° cm3).25 For the number of charge
carriers generated upon excitation in this study (from
103 cm3 to 10’5 cm3 for the different intensities), the decay
kinetics are expected to be more strongly dominated by the
intrinsic carriers in rutile than they are in anatase.

In conclusion, we have compared the charge carrier dy-
namics in TiO, films as a function of surface area in order to
elucidate the impact of morphology on the recombination
dynamics of photogenerated charges. This comparison was
done separately for the two most commonly used TiO, crys-
tal phases, i.e. anatase and rutile. We find that an increase in
surface area as a result of nanostructuring does not lead to
enhanced recombination rates of photogenerated charges.
Instead, our results suggest that recombination is more de-
pendent on the crystal phase, with faster recombination
found in rutile than in anatase over the timescales examined.
We tentatively assign this faster recombination in rutile to its
higher doping level. Our results highlight that enhanced
catalytic performance through the high surface-area-to-
volume ratio of nanostructured TiO, films can be achieved
without detriment to the rates of charge carrier recombina-
tion in the device, even without the presence of surface pas-
sivation layers.

Given the surface-enhanced recombination rates observed
for certain metal chalcogenides such as cadmium selenides
or tellurides, it is striking that TiO, does not exhibit such
behavior. It appears likely that this absence of surface state
mediated charge recombination may be a key factor behind
the remarkably high photocatalytic efficiencies reported for
TiO,, and potentially may be relevant to the promising pho-
toelectrochemical performance reported for TiO, and other
metal oxide photoelectrodes.
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Scanning electron micrographs of dense (left) and mesoporous (right) TiO, anatase thin films on quartz
glass substrates.
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