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Photoinduced Dynamics at the Water/TiO,(101) Interface
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We present a femtosecond time-resolved optical pump-soft x-ray probe photoemission study in which
we follow the dynamics of charge transfer at the interface of water and anatase TiO,(101). By combining
our observation of transient oxygen O 1s core level peak shifts at submonolayer water coverages with
Ehrenfest molecular dynamics simulations we find that ultrafast interfacial hole transfer from TiO, to
molecularly adsorbed water is completed within the 285 fs time resolution of the experiment. This is
facilitated by the formation of a new hydrogen bond between an O,,. site at the surface and a physisorbed
water molecule. The calculations fully corroborate our experimental observations and further suggest
that this process is preceded by the efficient trapping of the hole at the surface of TiO, by hydroxyl species
(-OH), that form following the dissociative adsorption of water. At a water coverage exceeding a
monolayer, interfacial charge transfer is suppressed. Our findings are directly applicable to a wide range of
photocatalytic systems in which water plays a critical role.

DOI: 10.1103/PhysRevLett.130.108001

Water is ubiquitous in nature and can heavily influence
the surface chemistry at environmental interfaces; it can
modify reaction pathways, hydrolyze reactants, alter the
stability of adsorbed species and either enhance or inhibit
surface reactivity [1]. Electron-hole pairs generated at the
surface of TiO, are responsible for reactions used in
technologies for air and water purification, self cleaning
surfaces and hydrogen production [2-9]. The photochemi-
cal splitting of water [6], in particular, is an environmen-
tally benign strategy for carbon-free fuel production
important for our future hydrogen based economy.
Despite the many studies dedicated to understanding the
underlying photochemistry, the reaction sequence remains
unclear. This is partly due to a lack of direct experimental
evidence in unraveling the ultrafast dynamics during the
initial stages of these complex multielectron processes.

While it is generally accepted that water adsorbs on
anatase (101) to form a mixture of physisorbed H,O and
chemisorbed OH species [10,11], the precise nature of
charge trapping, interfacial charge transfer, the relative
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importance of the different intermediate species that form
along competing reaction channels during photocatalysis
and the interplay thereof with charge carrier recombination
(ranging from picoseconds to microseconds [4]) remain
widely debated [12]. Theoretical studies highlight the
importance of ultrafast hole trapping at surface active sites
in facilitating water splitting [8,13—-16], but often conflict-
ingly suggest that holes are trapped at either Ti interstitials
[15], bridging O atoms [8,16], or at surface hydroxyl
species [8,13]. The relative competition of the H,O-H,O
and H,O-TiO, interactions influences the dynamics of
water dissociation, raising questions about the importance
of hydrogen bonding at the interface on the efficiency of
interfacial charge transfer [17-19]. Geng et al.[18] inves-
tigated photoinduced water dissociation on anatase
TiO,(101), initiated by a 266 nm femtosecond laser pulse
(70 mW/cm?). Contrary to rutile [20], on which water
dissociation is suppressed at higher water coverages, the
dissociation probability appeared independent of coverage.
This is thought to be a consequence of the weaker interactions

© 2023 American Physical Society
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between surface water molecules due to the larger distance
between neighboring Tis,. sites on anatase (101), meaning
that at submonolayer coverages no hydrogen bonds between
water molecules are present [21]. This suggests that strong
hydrogen bonding networks can be detrimental to efficient
water splitting. In contrast, on anatase-TiO,(001) the for-
mation of a hydrogen-bond network above one monolayer
promoted water splitting by providing a cascaded channel for
hole transfer to water [19].

Various time resolved studies on TiO, are reported, in
which focus is often placed on electron-hole trapping and
recombination dynamics, using techniques such as tran-
sient absorption spectroscopy [22-24] and x-ray absorption
spectroscopy [25,26]. Though these studies have provided
valuable insight down to the femtosecond regime, they
typically lack high chemical and surface sensitivity that is
necessary for a comprehensive understanding of the early
stage photoinduced dynamics. Here, we probe the photo-
induced dynamics taking place within the initial several
picoseconds following photoexcitation at the interface of
H,O and anatase TiO,(101) with high chemical and
surface sensitivity using ultrafast optical pump-soft
x-ray probe photoemission spectroscopy combined with
Ehrenfest molecular dynamics simulations. Our study
highlights the role of surface hydroxide species and the
influence of hydrogen bonding in potential charge transfer
pathways, revealing that strong hydrogen bond formation
between the anatase (101) surface and H,O molecules is
conducive to efficient charge separation.

The experiment was carried out at the plane grating
monochromator beam line PG2 [27,28] of the free-electron
laser in Hamburg (FLASH) at the Deutsches Elektronen-
Synchrotron (DESY) [29,30]. X-ray free-electron lasers
(FELSs) are instrumental for understanding reaction dynam-
ics on their natural timescales [31-36]. FLASH provided a
pulse pattern of bursts with 10 Hz repetition rate, each
burst consisting of 400 single soft x-ray pulses with a
1 MHz repetition rate and fundamental pulse energies of
30-40 pJ. The third harmonic (hvgg, = 645 eV) was
synchronized with an optical laser (hyy, = 1.6 €V)
to pump the photocatalytic reaction via two-photon exci-
tation (TPE). The TiO,(101) surface was prepared by
cycles of Ar' ion sputtering and annealing in oxygen to
create a clean and well-ordered surface. Annealing in
oxygen establishes a nearly defect-free surface. This
minimizes the presence of intragap states arising due to
oxygen vacancy-induced bulk Ti polarons [37], resulting
in mainly TPE at this energy. For more details refer to
Supplemental Material S1 [38] for the experimental
section [5,27-32,39-52]. The experimental temporal res-
olution of 285 4+ 9 fs was determined by measuring the
transient formation and decay of sidebands that are present
when the pump and probe pulses overlap. This is described
in [53] and discussed in Fig. S2 of the Supplemental
Material [38].

Figure 1 shows the laser induced dynamics of the O 1s
core level for the TiO, surface before and during water
exposure, (a) and (b), respectively. In each case (i) corre-
sponds to the time-resolved XPS map of the O 1s core
level recorded during the experiment with (iii) displaying
it as a series of 2D core level spectra averaged over 1.2 ps
windows. In both cases, (ii) displays a pair of integrated
intensity plots as a function of delay time taken from the
high (red) and low (blue) binding energy (BE) side of the
O 1s peak of lattice oxygen in (i) (with corresponding
areas highlighted atop the core level map). Similarly,
difference spectra in (iv) taken from the pre-pumped
region highlight any transient changes, sacrificing tem-
poral resolution for improved energy resolution. For the
clean surface recorded in ultrahigh vacuum at 295 K, (a),
the O 1s spectra comprise of a single peak at 530.4 eV,
assigned to lattice oxygen in TiO,. Other than the
expected sidebands at time zero, no laser-induced changes
are observed. Previous time-resolved pump-probe photo-
emission studies [32,54] demonstrated that following
charge carrier generation the O 1s and the Ti 2p core
levels can experience BE shifts of up to —0.2 eV. This is a
result of the surface photovoltage (SPV) effect, which
causes transient shifts of the substrate related core levels as
the photogenerated charge carriers move to reduce the
intrinsic band bending [5,55,56] and bring the system back
to a flat band condition [4,5,32,54-59]. This is discussed
further in S3 [38]. The negative BE shift reflects a
movement away from downward bent bands, typical for
vacuum prepared TiO, [5]. The absence of any SPV
induced shifts on our clean surface is likely a result of
preparation in oxygen. This was intended to minimize the
intrinsic band bending by ensuring a negligible defect
concentration in the near surface region. These data
highlight the absence of any resolvable changes induced
by the laser on the bare substrate, acting as a control
experiment prior to the introduction of water.

Next, the clean TiO,(101) surface was studied under a
constant back pressure of H,O (3.10~% mbar) to investigate
the water mediated dynamics in sifu. A submonolayer
coverage of water was maintained to maximize probing
of the water-oxide interface and to minimize water-water
interactions [21]. This was achieved by tailoring the laser
power and temperature to 6.6 mJ/cm? and 160 K, respec-
tively, which gave an estimated coverage of <80% of the
first monolayer, i.e., water only bound to fivefold Ti
sites [60,61]. Figure S4 [38], displays the data in Fig. 1(a)
averaged over the entire temporal window and demonstrates
that exposure of anatase TiO,(101) to water results in mixed
molecular and dissociative adsorption, forming surface
hydroxyl species, in line with previous reports [10,11].
This leads to an increase in downwards band bending and a
positive BE shift of the core level peaks [10,55,62-64], as
highlighted in Fig. S5 [38]. For a discussion of how the
coverage was estimated [11,60,61], see Fig. S6 [38].
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FIG. 1. Time-resolved XP spectra of (a) TiO,(101) (T = 295 K) and (b) H,O/TiO,(101) (T = 160 K). (i) Ols XPS map recorded
during the pump probe experiment between —3.0 and 8.0 ps (a) clean (b) H,O covered surface (ii) integrated intensity, as a function of
delay time, in which the colors correspond to the regions marked in the header of the XPS map. The associated error bars were
determined by monitoring variations of the intensities in the pre-pumped region before time zero, during which no change is expected.
(iii) O 1s core level spectra from (i), (iv) corresponding difference spectra, taken from the pre-pumped region at—1.2 ps in (a) and at

—2.4 ps in (b).

In Fig. 1(b) a 50 meV positive BE shift of the lattice
oxide component at 530.5 eV is evident instantaneously
after photoexcitation of water covered TiO,. This shift is
seen in the integrated intensity plot, Fig. 1(b)(ii), via an
intensity increase at the higher BE side of the lattice oxide
peak (red line) with a corresponding decrease at the
lower BE side (blue line). The absolute value of the
shift was obtained by considering the amplitude of
the difference signals displayed in 1(b)(iv), shown in S7
of the Supplemental Material [38]. The fitting results for
the lattice oxide component are included in S8 [38], which
highlights that no change in the FWHM of the peak is
observed during the measurement [55,57]. Figure S9 [38]
overlays the two integrated intensity plots to further high-
light the differences in the photoinduced dynamics on the
clean surface and water covered TiO, [31,32]. Figure 2
displays the transient change of the O 1s peak associated
with physisorbed water at 534.6 eV. Because of the low
coverage, extracting reliable information with both a high
energy and high temporal resolution is not possible. To
account for this, the signals before and after time zero were
averaged over 2.4 and 7.2 ps windows, respectively. The

resultant spectra are shown in Fig. 2(a). By doing this, we
assume that all changes occur within the first 285 fs, which,
based on the behavior of the lattice oxide component, is
reasonable. Following illumination, the peak experiences
broadening to lower BE, with an overall increase in the
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FIG. 2. (a) Time resolved O 1s XP spectra of the
H,0/TiO,(101) system before (blue) and after (red) laser
excitation (7 = 160 K) averaged over 2.4 and 7.2 ps windows,
respectively. In (b) are the fits of the H,O component.
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FWHM of the envelope of 20%. As shown in Fig. 2(b), for
a satisfactory fit this necessitates a second component at
534.0 eV, AE = —0.6 eV, the origin of which is discussed
later. The overall intensity in the H,O region remains
constant with respect to the lattice oxide component. This
allows us to rule out desorption related effects as the reason
for the observed core-level peak shifts.

These transient changes are indicative of a photoinduced
redistribution of charge at the interface which leads to
changes in the degree of band bending [57]. This manifests
itself as a transient BE shift of the substrate related O 1s
core level peak [55-57,65—67]. A change in surface band
bending is already observed upon H,O adsorption (Fig. S5
in the Supplemental Material [38]), as electron transfer
equilibrium was established and the molecule and substrate
bands aligned. Here, a transient positive BE shift of the
lattice oxide component allows us to infer that there is an
increase in downward band bending. The direction of the
shift allows us to rule out the SPV effect [32,54]. Since this
shift was not observed in the prepumped region (< 0 ps),
nor on the bare substrate, it can only be assigned to
photoinduced hole transfer from the valence band of
TiO, to water, immediately following the generation of
electron hole pairs. The persistent core level shift allows us
to further clarify that rapid back transfer of an electron from
TiO, to water (typically considered detrimental to solar
light harvesting [9]) does not take place for at least 8 ps,
with the hole remaining trapped in H,O. Subtle lattice
distortions that might take place upon bond formation or
charge transfer have also been shown to contribute to a so-
called effective shift in binding energy of the atomic core
levels at the surface [68]. However, any structural changes
that could lead to a shift induced by the laser and
subsequent electron hole pair generation have already been
excluded by investigating the clean surface [Fig. 1(a)] and
our theoretical simulations, discussed in the following
section, show no evidence of any structural changes to
the TiO, lattice throughout the experiment. Further, the
consistent line profile and FWHM of the lattice oxide O 1s
component before and after illumination suggests that band
bending induced shifts are at least for the most part
responsible for the observed peak shift. This is discussed
further in Supplemental Material S8 [38].

To support our experimental observation and to describe
the behavior of the charge carriers in the early stages, we
turn to our density-functional-tight binding (DFTB) cal-
culations. We studied many adsorption configurations and
their effects on the photochemistry of H,O/TiO,(101)
[43,45,69-71]. Upon adsorption no intragap states appear
and thus no new bands are expected in the absorption
spectrum. For a full discussion of the adsorption geometries
and energies and their corresponding density of states see
S10 and S11. The calculated O 1s core level XPS binding
energies for molecular and mixed adsorption [46-52,72]
are included in Table S12 [38]. Pertinent to our case, the

FIG. 3. Dynamic evolution for H,O adsorbed over TiSc and a
partially hydroxylated surface. (a) 0; (b) 101.6; (c) 152.4;
(d) 1994 fs.

density of states results show that no significant changes
appear when water adsorbs molecularly on TiO,(101),
similar to a previous report [15]. The dissociated mole-
cules, however, present significant hybridization of the OH
terminal group with the O 2p states of the surface at the top
of the valence band. This could facilitate efficient charge
separation and trapping of the photogenerated holes at
OH sites, leading to the formation of a hydroxyl radical
("OH) [73-75] and inhibiting charge carrier recombination.

The dynamics taking place during the first 200 fs after
illumination were studied in an Ehrenfest simulation using
a3.245 eV laser pulse (corresponding to TPE) with a pulse
duration of 20 fs [76], shown in Fig. S13 in the
Supplemental Material [38]. For mixed molecular and
dissociative adsorption a net charge transfer from water
to TiO, is observed during the simulation. Figure 3 presents
the evolution of the dynamics for a H,O molecule adsorbed
over a Tis, site and a hydroxylated surface. Following
irradiation a new hydrogen bond forms between a hydrogen
atom in physisorbed water and an O, site, reducing the
initial O---H bond distance of 3.72 to 1.72 A, after
199.4 fs, see movie S1 in the Supplemental Material
[38]. The formation of this new hydrogen bond at sub-
monolayer coverages between Ti-OH and H,O facilitates
efficient charge transfer to water, following the trapping
of a hole at the surface due to the presence of surface
hybridized states.

We calculated the O 1s binding energies before and after
light illumination and compared them to the experimental
peak positions [46-49] in Table S14 [38]. When consid-
ering the associated errors [72], we find very good agree-
ment in both the magnitude and direction of the core level
shifts. Our simulations show that laser illumination and the
subsequent geometrical rearrangement induces a positive
0.1 eV shift of the lattice oxide peak and a negative 0.9 eV
shift of the H,O peak. All substrate related surface oxygen
atoms experience an equivalent shift, further supporting the
interpretation that the measured shift is due to changes in
surface band bending rather than structural distortions of
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individual surface O atoms. The O 1s binding energies of
water have been theoretically shown to correlate with the
structural properties of the hydrogen-bonding network [61].
The increase in the intramolecular hydrogen-oxygen bond
length induced following the formation of new hydrogen
bonds with neighbouring molecules may lead to a consid-
erable reduction in the BE of the corresponding oxygen
species. Furthermore, previous calculations reveal a linear
correlation between the length of the O - - - H hydrogen bond
in water clusters and the core level BE. The formation of
new hydrogen bonds, and the resulting physisorbed H,O
species with a reduced O - - - H bond length, results in a shift
of the BE to lower values and is the origin of the new
component observed at 534.0 eV. The presence of two H,O
components in our experimental data suggests that not all
H,O molecules are involved in bond formation and hole
trapping. This can also explain the difference between the
experimentally observed 50 meV shift and the predicted
100 meV shift of the lattice oxide component. The simu-
lations consider a somewhat simplified case where all water
molecules are involved, leading to a rigid shift of the entire
H,O related component. The magnitude of the shift
attributed to changes in surface band bending is directly
linked to the extent of charge redistribution. Physisorbed
water molecules that do not interact with a hole trapped at
surface sites will not be involved in a charge transfer process
and thus not contribute to a band bending induced shift. This
leads to a comparatively smaller shift, as we experimentally
observe. A preliminary investigation at higher water cover-
ages revealed that at coverages exceeding a monolayer, no
laser-induced changes are observed. This is displayed in
Fig. S15 of the Supplemental Material [38] and shows
that at higher coverages the charge transfer process is
suppressed [60,61]. This is likely due to the stronger
water-water interactions, supporting that strong interwater
hydrogen bonding networks over the TiO, surface can
suppress interfacial charge transfer and inhibit the photo-
catalytic process [21].

Our results provide new insight into the important role of
the adsorption state of water molecules at the surface of TiO,
and the influence of hydrogen bonding in potential charge-
transfer pathways for the rate-limiting steps taking place
within the first several hundred femtoseconds during photo-
catalysis. Upon photoexcitation, water molecules in the first
layer strongly interact with the titania surface to form
hydrogen bonds which facilitate the interfacial transfer
photogenerated holes within 285 fs, effectively competing
with timescales expected for electron-hole recombination.
This is preceded by the efficient localization of holes at
hydroxide species at the surface, formed following the
dissociative adsorption of water. As coverage increases
the probability of interfacial charge transfer is suppressed,
likely owing to water molecules in the first layer interacting
with those in the multilayer, thereby weakening the inter-
action of the former with the surface and reducing the hole

trapping capability. Unraveling these ultrafast dynamics and
identifying the timescale and mechanism of the individual
reaction steps is a prerequisite for the development of
tailored systems for water splitting (and catalysts in general)
with improved activity and selectivity. We obtain unique
insight into the photoinduced dynamics taking place at the
interface of H,O and TiO,(101) during the initial, rate-
determining, steps relevant to a range of photocatalytic
systems. In doing so we highlight the possibilities of soft
x-ray FELs to directly probe photoinduced dynamics.
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