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S1: Experimental Method and Computational Details

EXPERIMENTAL METHOD

The experiment was performed at the second branch of the plane grating monochromator

beamline PG2[1, 2] of the free-electron laser facility FLASH located at Deutsches Elektronen-

Synchrotron (DESY) in Hamburg, Germany[3, 4]. To measure core level XP spectra FLASH

was operated with a fundamental wavelength of 5.74 nm (216 eV) and an average pulse

energy of 30 - 40 µJ. By tuning the monochromator the 3rd harmonic of FLASH, radiation

of 1.91 nm (647.9 eV), could be used for the experiment. The FEL provided a pulse pattern

of bursts with 10 Hz repetition rate. Each burst consists of 400 single soft X-ray pulses

separated by 1 µs (a repetition rate of 1 MHz) giving an effective pulse rate of 4000 pulses/s.

Each FEL pulse had a pulse length < 150 fs including monochromator dispersion. An optical

laser of 770 nm (1.6 eV) providing the same pulse pattern as the FEL was used to pump the

photocatalytic reaction via two-photon excitation. With a pulse energy of 20 µJ and a spot

size of ca. 300 µm the laser fluence on the sample was 22 mJ/cm2. The pulses of the optical

laser had a duration less than 120 fs and were synchronized to the FEL pulses with a jitter in

the range of 150 fs FWHM. The timing offset of the optical pulses with respect to the FEL

pulses was controlled by a mechanical delay stage. Two-photon excitation was employed

to maximise comparability to previous studies[5]. Watanabe and Hayashi utilized time-

resolved spectroscopy to monitor the time response of the self-trapped exciton luminescence

in anatase and compared the charge carrier dynamics for excitons produced via single-

photon and double photon ionization.[6] Observing a similar behavior for both systems,

it was concluded that the carrier separation is ascribed to intrinsic dynamical properties

of photocarriers in anatase. As such, utilizing two-photon absorption as opposed to single

photon absorption to generate the electrons/holes should not influence the subsequent photo-

dynamics and therefore the understanding of the photocatalytic process. Neither X-ray nor

optical induced beam damage was observed, confirmed by the absence of any long-term

shift in the position of the lattice oxide peak throughout the experiments, as shown below

recorded over the period of around an hour during exposure to both pump and probe lasers

(hνFEL = 645 eV, hνopt = 1.6 eV, T = 295 K). No peak shifts or other changes are observed

that might be expected following the formation of defects that could be induced by the laser,
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as has been previously reported in similar experiments.[7] The right plot shows two parts

of the XP map displayed as 2D core-level spectra from the O 1s core level taken from the

beginning and the end of the time window. No discernible changes are present. Furthermore,

static Ti 2p spectra recorded at regular intervals reiterated that no additional Ti3+ species

formed.

The experimental (ultra-high vacuum) high efficient wide-angle electron spectrometer

WESPE chamber[8] was equipped with a heating stage and an ion gun for sample prepa-

ration, low energy electron diffraction (LEED) optics and a Themis 1000 high-resolution

time of flight spectrometer equipped with a three-dimensional delay line detector (Surface

Concept 3D-DLD4040-4Q). The manipulator contained a cryostat, allowing the sample to

be cooled with liquid He. There were two gas lines containing Ar (purity 99.999%) and O2

(purity 99.999%) for sample preparation and a glass vial mounted on the chamber contain-

ing H2O which was thoroughly freeze-pump-thawed prior to surface exposure. The anatase

TiO2(101) single crystal (8 mm x 8 mm x 2 mm) was prepared by repeated 1 keV Ar+ ion

bombardment and 850 K anneal cycles, in a backpressure of 1 x 10−8 mbar O2, until X-ray

photoelectron spectra showed the surface to be free of contamination and a sharp (1x1)

LEED pattern was obtained. For the final annealing step, the sample was left to cool in

the back pressure of O2 before being exposed to H2O (5 x 10−8 mbar); this treatment pro-

duced the stoichiometric surface as evidenced by the absence of any Ti3+ species in the Ti

2p spectrum, which can usually be inferred from a low BE shoulder to the Ti4+ doublet[9],

shown in the figure below.
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The figure showing the Ti 2p spectrum contains time averaged data (hνFEL = 645 eV,

hνopt = 1.6 eV, T = 295 K) following sample preparation, highlighting the absence of Ti3+

species.

This surface was chosen since anatase is the majority polymorph in Degussa P25 TiO2

powder and has a higher photocatalytic activity when compared to rutile[9]. The (101)

surface termination is the most stable, constituting a significant portion of the exposed

surface area in nanostructured materials[10], making it the most appropriate surface to

study when modelling photocatalytic systems. All spectra, unless otherwise stated, were

recorded at normal emission, at 160 K and with a 20 eV pass energy. Fitting of the XP

spectra was carried out using CasaXPS, either with a shirley or a linear background in

conjunction with Gaussian:Lorentzian(G:L) curves (0.7:0.3) to simulate the line shapes. To

align the data on the BE scale the work function of the analyzer was calculated by aligning

the Ti 2p peak to 459.1 eV, which was subsequently used to calculate the binding energies

of the O 1s core level peaks.

COMPUTATIONAL DETAILS

For the correct description of the electronic structure, adsorption properties on the TiO2

anatase surface, and for the study of the evolution of the density matrix using real time

propagation to compute absorption spectra and Ehrenfest dynamics, the DFTB+ code is
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used[11].

The present study is performed in periodic conditions with 108 atoms and lattice pa-

rameters: a = 11.3313 Å, b = 10.1715 Å and c = 30.0000 Å for the unit cell of the TiO2

anatase(101) surface. For the choice of k-points, sampling of a (4x4x1) Monkhorst-Pack set

is employed. To increase the accuracy of the description of the Hydrogen bonds, the matorg

parameter set as referred to by Di Valenti et al.[12] and a hydrogen bonding damping (HBD)

function equal to 4 are used. To model the dissociative adsorption an OH group is placed

above a Ti5c site and a proton H at a O2c site.

The adsorption energies, Eads were calculated by:

Eads=
1
n
(Ecomplex- ET iO2 -EH2O)

where Ecomplex, ET iO2 , EH2O are the total energies of the water-TiO2 complex formed by

the water-TiO2 anatase(101) surface, the TiO2 anatase(101) surface and the water molecule

respectively and n is the number of water molecules. Within this definition for adsorption

energy, a negative value indicates an exothermic process.

To obtain the absorption spectra, an initial perturbation to the initial ground-state matrix

is introduced. This perturbation has the shape of a Dirac delta pulse, and the density matrix

evolves in time, and its evolution can be resolved by time integration of the Liouville-von

Newmann equation of motion. An initial electric field value of 0.001 V/Å is used. In order to

model the dynamics of an electromagnetic wave, a sin2 shaped pulse is employed describing

the electron dynamics during the light absorption with an electric field of 0.1 V/Å and

an laser of wavelength 382 nm (3.245 eV). The total duration of the pulse is 20 fs in all

cases. For the nuclei evolution in the Ehrenfest dynamics based on the Verlet algorithm a

Temperature of 160 K is used. The employed method had been used with success in previous

studies[13, 14].

The VASP code[15–18] has been employed to calculate the expected binding energies for

species relevant to our system in the O 1s core level before and after light illumination.

Calculations were carried out at the Γ point and using PBE functional[19] with an energy

cutoff of 450 eV and the projected augmented-wave method[20, 21]. To calculate the core

level energies the Slater transition state approach was selected.
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S2: Figure S2(a) shows the Ti 2p core level XP spectra (hνFEL = 645 eV, hνopt = 1.6

eV, T = 295 K) as a function of delay time. The counts over the Ti 2p3/2 component were

integrated and plotted against delay time in (b). A noticeable reduction in intensity can be

seen at, our hereinafter defined value of, 0 ps. This is indicative of time zero[22] and occurs

due to the formation of sidebands resulting from the interaction of the intense optical field

from the laser with the emitted X-ray induced photoelectrons. Figure (c) shows the Ti 2p

spectra extracted in a 300 fs window corresponding to a time off time zero (black) and on

time zero (red). Side bands shifted by ± 1.6 eV, labeled (I), are clearly observed. Side-bands

of 2nd order, labeled (II), suggest that two-pump-photon absorption/emission occurs

These data allow the temporal overlap between the free-electron laser and optical laser

pulses to be determined by using the process of laser-assisted photoemission to monitor the

creation and decay of sidebands in the time-dependent photoelectron signal, as described in

[22]. Doing so determines the temporal resolution of the experiment and corresponds to the

time at which the FEL pulse and the optical laser pulse simultaneously arrive at the sample.

This was carried out on the as-prepared surface using a 22 mJ/cm2 770 nm laser. Fitting

a Gaussian curve to the integrated intensity of the Ti 2p3/2 peak as a function of time, (b),

yields a fit with a FWHM of 285 ± 9 fs.
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S3: Time resolved XP spectra for the as-prepared TiO2(101) system without H2O(hνFEL

= 645 eV, hνopt = 1.6 eV, T = 295 K). To study the photoinduced dynamics, the O 1s core

level was selected. Here both the substrate and adsorbate related peaks could be monitored

simultaneously with maximum surface sensitivity[23]; with an estimated sampling depth, 3λ

(where λ is the photoelectron mean free path), of less than 2 nm[24]. Figure (a) shows the

time-resolved O1s XPS map recorded during the pump probe experiment between -1.0 ps

and 6.0 ps following photoexcitation (with a temporal resolution of 285 fs), to the right is

an integrated intensity plot, as a function of delay time, in which the colours correspond to
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the regions marked on the XPS map. (b) O 1s core level spectra from (a) averaged over 1.2

ps windows with corresponding difference spectra taken from the pre-pumped region at -

1.2 ps to highlight any time induced changes. At 0 ps the formation of side bands is clearly

visible as expected. Following this change no additional changes are observed. The peak

position remains constant and no broadening takes place.

When electron-hole pairs are generated in a photocatalytic system one must consider the

effect of the surface photovoltage (SPV), which acts to restore the system back to a flat band

condition.[7] This can be defined as the illumination induced change in the surface potential

due to the redistribution of charge in the near surface region.[25] This will influence the extent

of band bending in the system as long as photogenerated charge carriers are present, i.e.

depending on the recombination time of the system.[7, 26] When a semiconductor is exposed

to light of sufficient energy, the absorbed photons will generate electron–hole pairs via band-

to-band transitions. These electron-hole pairs will then separate as the charge carriers move

in opposite directions due to the electric field that is induced in the bent band region. This

essentially neutralises built up charge and moves the system back to a flat band condition.

[25] This effect can be monitored using photoelectron spectroscopy by observing the decay

of the peak shift induced by band bending in the substrate related core level spectra. Ozawa

et al.[7] investigated the relaxation times of charge carriers photogenerated on anatase and

rutile TiO2 by monitoring this shift in a time-resolved pump probe photoemission study

(similarly utilising two-photon excitation) and reported that upon pump laser irradiation (12

mJ/cm2/pulse, 3.06 eV) of as-prepared TiO2 both the O 1s and the Ti 2p core level spectra

exhibit red shifts to lower binding energies of up to 0.2 eV. Since the SPV energy shift always

acts to diminish intrinsic band bending, this negative binding energy shift can be seen as a

movement from downwards-bent bands (typical for vacuum prepared anatase(101)[9, 27, 28])

to the flat band condition. Similarly, Zhang et al.[29] studied charge carrier dynamics on

hydroxylated single crystal rutile TiO2(110) by probing the relevant regions surrounding

the Fermi edge. They observed a redistribution of occupied states due to the movement of

photogenerated charge carriers and the subsequent ultrafast trapping thereof. Furthermore,

they observed a subtle binding energy shift of 10 meV to lower energies, which was attributed

to SPV induced effects leading to a relaxation of the intrinsic band bending. No such shift

is observed in our system. These data provide essential information, confirming the absence

of changes induced by the laser on the bare substrate and allows a direct comparison to
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irrefutably attribute any changes observed on the water-covered TiO2 surface to the presence

of water.
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S4: Time averaged data (hνFEL = 645 eV, hνopt = 1.6 eV, T = 160 K) of the O 1s

core level which shows a clearer representation of the water coverage during our experi-

ment (Figure 1, in the main text) by averaging over the entire temporal window. Three

contributions are present. The peaks at 530.5 eV and 531.8 eV correspond to TiO2 and

TiOH, respectively[30]. The contribution centred at 534.4 eV corresponds to H2O, with

deconvolution thereof discussed in the main text.
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S5: Core level O1s spectra displaying the changes induced following the adsorption of

water on the TiO2 anatase(101) surface. The experiment was carried out using a lab based

SPECS XPS instrument at the DESY NanoLab[31] consisting of a monochromatic Al X-ray

source (hν = 1486.6 eV; anode operating at 14 kV) with a high-resolution two-dimensional

delay line detector. XP spectra were recorded in fixed transmission mode, with a pass energy

of 30 eV, at normal emission within a temperature of 110 K. The data demonstrates that

upon water adsorption we observe a positive binding energy shift due to downward band

bending with the corresponding formation of TiOH species, as reported in literature. The

effect appears to saturate with, or before, monolayer water coverage with no additional shift

observed in the upper spectra, in agreement with previous reports.[32–34]
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S6: Time averaged data (hνFEL = 645 eV, hνopt = 1.6 eV, T = 110 K (top) and 160 K

(bottom)) for the O 1s core level comparing different water coverages. In each case, three

contributions are present. The peak located at 530.5 eV corresponds to TiO2 with a small

shoulder at 531.8 eV, corresponding to TiOH. The third peak, though present in both and

similarly attributed to molecular water, exhibits a coverage dependent peak shift.[30, 35] At

the low coverages present during out experiment the H2O peak exists at 534.4 eV, as the

coverage increases, and ice grows, the peak shifts to 533.8 eV (∆ E = 0.6 eV).

It is widely reported, and similarly shown here, which displays the O 1s core level acquired

with different surface coverages of water, that the core level photoemission peak correspond-

ing to molecularly adsorbed water exhibits significant coverage dependent binding energy

shifts. For sub-monolayer coverages up until completion of the first (water bound to 5-fold

Ti sites) and second (water bound to 2 fold O sites) monolayers a binding energy decrease of

1 eV is reported, both experimentally and theoretically[35, 36]. The precise reason for this

shift is not irrefutably known, but a number of possibilities have been proposed including

initial state chemical shifts due to a change in the nature of the surface water bonding, final

state effects due to changes in the screening caused by either other molecules or the surface

and finally due to increases in the hydrogen-oxygen bond length caused by hydrogen bond-
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ing with a neighbouring water molecule. The majority of this shift takes place within these

first two monolayers and, to a rough approximation, is linear[35]. Using this information in

conjunction with Figure S5 we can approximate our water coverage by assuming that the

multilayer peak experiences the maximum shift of 1 eV. Thus from the binding energy of the

water peak during our experiment (∆E = 0.6 eV) we can estimate a coverage of around 80%

of the first monolayer, i.e. water only bound to 5-fold Ti sites. Since at higher coverages

the water peak begins to shift slightly back towards the high binding energy direction, this

is likely a small overestimate but is to a good approximation accurate.
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S7: To illustrate the changes that are expected in the differential data due to a rigid band

bending induced shift, the model line profile (shown by a dotted line) which was used to fit

the time averaged data (Gaussian:Lorentzian;70:30), has been arbitrarily shifted by three

different values of 30 meV, 50 meV and 70 meV (displayed as a solid line). The corresponding

differential spectra is shown in red and compared to the experimentally observed spectrum in

blue. A shift of 50 meV yields an excellent match to our data and is thus our quoted value

of the shift. Additionally, this shows that there is no evidence of broadening/changes in

peak symmetry in our differential spectra and the main contributing factor to the observed

change is a rigid peak shift.
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S8: fitting results for the time-resolved O 1s spectra in Figure 1 b in the main text. A

consistent shift on the order of 50 meV is observed following laser illumination of water

adsorbed TiO2. No discernible change in the FWHM is observed and the data can be

reliably fit with the same line profile. A rigid shift (with no evidence of broadening, or

changes in the asymmetry/line profile) of the entire substrate related atomic core level in

such a way is indicative of changes in surface band bending. Band bending, which reflects

the influence of surface charge on the binding energy of atomic core levels at the interface,

is a relatively common phenomena in semiconductors[25]. The depth that is affected by

such a phenomenon is typically of the order of 10−6 - 10−8 m for semiconductors and as

such, due to the high surface sensitivity, XPS measures only the affected species and the

phenomenon manifests itself as a binding energy shift of the entire core level peak[27]. In

our case, based on the observed direction of the O 1s core level shift, it can be inferred

that there is an increase in downward band bending. This shift was not observed in the

pre-pumped region (< 0 ps) suggesting that it can be attributed to hole transfer from the

valence band of TiO2 to surface adsorbates, immediately following the generation of electron

hole pairs induced by the laser. For the sake of a comprehensive discussion, it is also possible

that observed shift could be related to the fact that only some surface oxygen atoms change

their structural/chemical environment throughout the photoinduced processes. If this is the

case, one might not expect a rigid shift of the entire peak but indeed an effective shift,

resulting in non-negligible changes in the peak FWHM and symmetry profile. We do not

observe this, at least not to a great enough extent to induce the observed core level shift.

Thus we believe that we can confidently attribute the changes for the most part to band

bending induced shifts. Furthermore, no structural changes of the TiO2 lattice were seen

during the calculations supporting our hypothesis. However, it is nevertheless possible that
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such potential changes could contribute to this shift and we are unable to unambiguously

rule out a minor role from our experimental data.
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S9: An overlay of two integrated intensity plots to further highlight the fact that the

observed shift on the water dosed surface (solid lines) is a real water induced effect and not

present on the clean surface (dashed lines). Similarly to the main text, the red and blue lines

correspond to intensity integrated over the high and low binding energy sides of the lattice

oxide peak, respectively, and the green line is integrated over the peak maximum. The data

is extracted over equivalent binding energy windows and averaged over equivalent temporal

windows to ensure reliable comparability. Of note is that on the clean surface the laser power

was stronger, as evidenced by enhanced sideband formation, so as such it is clear that the

change observed on the water dose surface is a consequence of the presence of water since any

changes induced by the laser, for example the SPV effect,[7] should be more prominent on

the as-prepared surface. In order to ensure the absence of water on the as-prepared surface,

spectra were recorded at room temperature. Cooling the system led to the unavoidable

adsorption of small amounts of water from the residual vacuum which would skew the data.

To shortly address potential concerns surrounding the difference in temperature between

the two systems please refer to our previous study in which the photooxidation of CO on

TiO2 was investigated at 60 K using the same experimental setup. The as-prepared surface

was also investigated with a higher laser power to ensure the absence of water during the
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measurement[5]. Similarly to our system here at room temperature, no core level shifts

were observed for the as-prepared surface at colder temperatures allowing us to rule out the

change in temperature for any observed differences.
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S10: To obtain an accurate understanding of the laser-induced properties of H2O adsorbed

on TiO2 anatase(101) it is necessary to study several adsorption configurations and the

corresponding effect that the geometry has on the photochemistry.

A
B

C D

The above Figure includes the molecular representation of a unit cell for the optimized

geometry obtained for (A) molecular adsorption (undissociated) of H2O molecules on TiO2

anatase(101) surface (B) dissociative adsorption of H2O molecules on TiO2 anatase(101)

surface (C) a mixture of molecular and dissociative adsorption of H2O molecules on TiO2

anatase(101) surface (D) molecular adsorption of H2O molecules on the hydroxylated TiO2

anatase(101) surface. Bond lengths are given in angstroms (Å).

System Eads / eV

molecular adsorption -0.85

dissociative adsorption -0.57

molecular and dissociative adsorption -0.68

molecular adsorption on a hydroxylated surface -0.44

TABLE I. Energetic values for the adsorption energies in eV per H2O adsorbed molecule.
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Results obtained for the adsorption energy of water molecules adsorbed over the most

stable active site Ti5c (the structural geometry shown) , Eads = -0.85 eV, were found to be

in good agreement with theoretical and experimental data for the adsorption of water on

TiO2 anatase (101).[12, 37, 38] The system with both molecular and dissociative adsorp-

tion, Eads = -0.68 eV, is a more stable configuration when compared to the dissociatively

adsorbed system and molecular adsorption over a fully hydroxylated surface, in agreement

with previous reports[39]. This is the system we experimentally observed, see S4. For the

hydroxylated systems the Ti5c-OH bond distance is 1.90 Å and there is a bond distance

expansion for Ti5c-O2c in accordance with literature.[14]
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S11: Here, the density of States (DOS) and Partial Density of States (PDOS) for the

corresponding systems are displayed. (a) represents the clean TiO2 anatase 101 surface.

(b) represents the undissociated water adsorbed system. (c) corresponds to the dissociated

water adsorbed system. (d) corresponds to undissociated water adsorbed over Ti5c sites and

partially hydroxylated surface. (e) corresponds to undissociated water adsorbed over a fully

hydroxylated surface.

In the DOS of the TiO2 anatase(101) surface the valence band is predominantly O 2p

character with a minor presence of hybridized Ti 3d states. The conduction band is pre-

dominantly Ti 3d character with a minor presence of hybridized O 2p states. No significant

changes appear when H2O molecules adsorb molecularly (undissociated). Importantly, the

dissociatively adsorbed molecules present significant hybridization of the OH terminal group

with the O 2p states of the surface at the top of the valence band.
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H2O TiOH TiO2

Mixed 545.0 542.1 541.4

Undissociated
544.3

544.4
- 541.4

Exp. 534.4 531.8 530.5

S12: Calculated O 1s core level XPS binding energies pertaining to H2O adsorbed on

anatase TiO2(101). The VASP code[15–18] was employed. Calculations were carried out at

the Γ point and using PBE functional[19] with an energy cutoff of 450 eV and the projected

augmented-wave method[20, 21]. To calculate the core level energies the Slater transition

state approach was selected.

Note that the absolute values of the binding energies cannot be accurately predicted

within the VASP implementation of the projector augmented wave method[40], but the rel-

ative shifts can provide meaningful information. The theoretical results are similar to the

findings in the experimental XPS. A shift relative to the substrate TiO2 component of the

O1s core level is found for the peaks corresponding to TiOH and molecularly adsorbed H2O.

This is shown below for two configurations; mixed molecular and dissociative adsorption of

H2O molecules on TiO2 anatase(101) (left) and molecular adsorption (undissociated) of H2O

molecules on TiO2 anatase(101) surface (right). Oa, Ob,Oc atom types are referred in the Ta-

ble as TiO2, Ti-OH, and molecular H2O, respectively. Also included are the experimentally

observed values for comparison.
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S13: The initial dynamics ruling this charge-transfer process are studied in an Ehrenfest

dynamics simulation using the energy value for a laser pulse of 382 nm (3.245 eV) with a

total pulse duration of 20 fs. The figure displays the changes in the Mulliken charges with

respect to their ground-state values as a function of time for the systems under study. (a)

represents the undissociated water adsorbed system. (b) represents the dissociative water

adsorbed system. (c) corresponds with undissociated water adsorbed over Ti5c site and

partially hydroxylated surface. (d) corresponds with undissociated water adsorbed over a

fully hydroxylated surface. The black and red lines correspond to the instantaneous charge of

the surface and the H2O molecules respectively, with the green and blue lines representing

an average value of the charge for the surface and the H2O molecules respectively. The

adsorption configuration of H2O has a significant effect on the photo-induced charge transfer

processes on the TiO2 anatase(101) surface.

For the systems with complete dissociative adsorption and molecular adsorption on a

24



complete hydroxylated surface, the charge transfer is displayed from the surface to the H2O

molecules. These configurations are the two least stable ones from a thermodynamics point

of view, shown in Table 1. The charge-transfer evolution in these two cases underlines the

presence of an excess of electrons at the surface favouring reduction processes. A similar

conclusion was discussed by A. Selloni et al.[41] For the two most stable configurations, the

molecular adsorption and a mixed molecular and dissociated adsorption, a net charge transfer

from water molecules to the TiO2 surface is observed immediately during the simulation.
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BET iO2 / eV BEH2O / eV

t<t0 t>t0 ∆ t<t0 t>t0 ∆

experiment 530.45 530.50 0.05 534.61 534.0 -0.61

theory 541.4 541.5 0.1 545.0 544.1 -0.9

S14: Calculated and experimental binding energies for the O 1s photoelectron before

(geometry configuration (a) in Figure 3 in the main text) and after (geometry configura-

tion (d) in Figure 3 in the main text) illumination. Calculations were done for the mixed

configuration using the VASP code[15–18] and the Kohn Sham half occupied core state

energies
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S15: Core level O1s spectra displaying the time averaged data averaged over the entire

temporal window (hνFEL = 645 eV, hνopt = 1.6 eV, T = 150 K) which shows a higher water

coverage during our experiment to allow a preliminary investigation into the effect of water

coverage on the surface photochemistry. Data was recorded at a slightly lower temperature of

150 K (to allow coverage to be controlled) with otherwise equivalent experimental conditions

and laser parameters. The lattice oxide peak is located at 530.5 eV with the H2O component

at 533.8 eV. As discussed in S5 it is known that that the core level photoemission peak

associated with molecularly adsorbed water exhibits significant coverage dependent binding

energy shifts for sub-monolayer coverages up until completion of the first (water bound to

5-fold Ti sites) and second (water bound to 2 fold O sites) monolayers[35, 36]. In this case

we observe the maximum shift and so can clarify that here we have >ML coverage. This is

nevertheless clear from a comparison of relative intensities to Figure S4.

Similarly to previous spectra, the temporal changes of the O 1s core level that are induced

following laser illumination are shown to the right. For direct comparison the data at lower

coverages from the main text is included as dashed lines. Similarly to the main text, the red

and blue lines correspond to intensity integrated over the high and low binding energy sides

of the lattice oxide peak, respectively, as a function of delay time. The data is extracted

over equivalent binding energy windows but the higher coverage data is averaged over a

larger temporal window (0.6 ps) to ensure a comparable signal-to-noise ratio due to reduced

data acquisition times. Unlike at lower coverages, no discernible changes are observed. At
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higher water coverages the peak position remains constant upon laser illumination and no

broadening takes place suggesting that at higher coverages the photochemistry at the surface

differs. This is discussed in the main text.
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