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Correlated electron–nuclear dynamics  
of photoinduced water dissociation on  
rutile TiO2

Peiwei You    1,2, Daqiang Chen    1,2, Xinbao Liu1,2, Cui Zhang    1,3  , 
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Elucidating the mechanism of photoinduced water splitting on TiO2 is 
important for advancing the understanding of photocatalysis and the 
ability to control photocatalytic surface reactions. However, incomplete 
experimental information and complex coupled electron–nuclear motion 
make the microscopic understanding challenging. Here we analyse the 
atomic-scale pathways of photogenerated charge carrier transport 
and photoinduced water dissociation at the prototypical water–rutile 
TiO2(110) interface using first-principles dynamics simulations. Two 
distinct mechanisms are observed. Field-initiated electron migration 
leads to adsorbed water dissociation via proton transfer to a surface 
bridging oxygen. In the other pathway, adsorbed water dissociation 
occurs via proton donation to a second-layer water molecule coupled 
to photoexcited-hole transfer promoted by in-plane surface lattice 
distortions. Two stages of non-adiabatic in-plane lattice motion—expansion 
and recovery—are observed, which are closely associated with population 
changes in Ti3d orbitals. Controlling such highly correlated electron–
nuclear dynamics may provide opportunities for boosting the performance 
of photocatalytic materials.

Since its ability to photoelectrochemically decompose water was first 
reported fifty years ago1, titanium dioxide (TiO2) has long inspired 
extensive research and stimulated numerous applications that exploit 
its excellent catalytic activity, long lifetime of electron–hole pairs and 
good stability against photocorrosion2–5. The facts that TiO2 catalyses 
the splitting of water into H2 and O2 under ultraviolet light and doping 
strategies can extend its photoactivity to the visible range6 make TiO2 
one of the key materials in the development of photoelectrochemical 
cells for solar energy conversion. Understanding the behaviour of 
photogenerated carriers and the charge transfer pathways at the TiO2/
water interface is, thus, of great relevance and can help improve the 
performance of TiO2 in energy-related and environmental applications. 

In particular, numerous studies have focused on the water interface 
with the prototypical rutile TiO2(110) surface7–10. For example, scan-
ning tunnelling microscopy measurements on TiO2(110) have provided 
atomic-scale images of water dissociation at defects11,12 and proton 
transfer to a surface bridging oxygen during processes involving one 
or few water molecules13–15. Fourier transform infrared spectroscopy 
experiments detected the stretching frequencies of Ti–O–O–Ti and 
Ti–O–O–H photo-oxidation intermediates at the TiO2(110)/water inter-
face, based on which a water nucleophilic attack mechanism for O–O 
coupling was suggested16. However, experimental studies can only 
characterize part of the photocatalytic process, and even the prereq-
uisite reaction of water photodissociation is not fully understood. 
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Our finding that dynamic polarons participate in hole-driven water dis-
sociation emphasizes the importance of correlated electron–nuclear 
motion in photocatalysis, a feature that could play a significant role in the 
photocatalytic properties of other materials, such as perovskites, too.

Field-initiated water dissociation
Although it is well established that water dissociates at the oxygen 
vacancies of reduced rutile TiO2(110) (ref. 11), water dissociation on the 
defect-free rutile surface has been fairly controversial33,34. In our simula-
tions, no water dissociation is observed on a four-layer defect-free rutile 
slab model during a 2 ps constant-temperature Born–Oppenheimer MD 
simulation, in agreement with previous studies25,34. However, statistical 
analysis shows that some OH bonds of the water molecules adsorbed at 
the Ti5c sites are elongated due to the interaction of their hydrogen atoms 
either with the adjacent two-fold coordinated bridging oxygen or with 
the oxygen atoms of nearby water molecules (Supplementary Fig. 1).

We probed the photoexcited dynamics using rt-TDDFT MD to 
reveal the entangled photocarrier and bond evolution dynamics. A laser 
pulse with photon energy Ephoton = 3.1 eV was applied to the TiO2/water 
interface, using the velocity-gauge electric field to properly deal with 
periodic boundary conditions (Methods and Supplementary Note 1). 
Since one photon can excite only one electron–hole pair in this regime, 
the light field can be considered as a collection of photons acting over a 
short period of time. Several independent trajectories were simulated 
to confirm the main findings, and tests with photon energies of 1.6 and 
2.3 eV were performed (Supplementary Fig. 2). In addition, the effects 
of on-site Hubbard U repulsion on Ti3d electrons (Perdew–Burke– 
Ernzerhof (PBE)+U) were examined. As shown in Fig. 2a,b, photoexcited 
electrons migrated from oxygen to titanium atoms when the light field 
was turned on. After laser illumination ended at 20 fs, photogenerated 
electrons were mainly located at the five- and six-fold coordinated 
titanium atoms (Ti5c and Ti6c, respectively), whereas photogenerated 
holes were located on the two- and three-fold coordinated oxygen 
atoms (Obr and O3c, respectively) of the TiO2 surface.

The dissociation dynamics of an adsorbed water molecule forming 
a hydrogen bond with an adjacent Obr site is displayed in Fig. 2c–e. The 
water molecule dissociates by transferring one proton to the Obr atom; 
therefore, two hydroxyl groups are produced: a terminal hydroxyl on 
Ti5c and a bridging hydroxyl, ObrH, both of which remained stable for the 
rest of our simulations. The bond breaking and reforming are reflected 
in the time evolution of bond lengths (Fig. 2c). Similar bond-breaking/
bond-reforming mechanisms were reported in recent scanning tunnel-
ling microscopy15 and molecular-beam35 experiments, although with 
different estimated reaction energy barriers of 70–120 and 360 meV, 

Thus, important challenges remain, most notably characterizing the 
detailed dynamics of photogenerated electrons and holes at the water/
solid interface.

In addition to experimental observations, first-principles calcula-
tions have also proven capable to provide atomic-scale insights into 
water photo-oxidation mechanisms17,18. For example, calculations 
have revealed that excited carriers in TiO2 form polarons19,20, which 
have reduced mobility but still tend to migrate to the surface, thus 
providing more reaction centres and facilitating photocatalytic reac-
tions21–23. Molecular dynamics (MD) simulations can further reveal 
energetic and dynamical details of water dissociation24,25, which is the 
first and, in some cases, the rate-determining step of the oxidation 
reaction. So far, however, simulations have generally used the adiaba-
tic Born–Oppenheimer approximation on the ground-state potential 
energy surface without explicitly including the light field and could 
not provide a complete microscopic picture of how electron–hole 
pairs were generated and their role in the processes of bond breaking/
reforming. These non-adiabatic excited-state processes indeed require 
a description of excited electronic states and non-adiabatic nuclear 
motion. The correlated electron–nuclear motion, not included in previ-
ous attempts26,27, often leads to phenomena that cannot be described 
within the Born–Oppenheimer approximation28,29. Moreover, when 
considering the entangled electron–nuclear dynamics, it is often neces-
sary to model a large number of atoms at a realistic surface or interface, 
which results in very high computational costs.

Here we investigate the atomistic steps of photoinduced water dis-
sociation at the interface between liquid water and the rutile TiO2(110) 
surface using real-time time-dependent density functional theory 
(rt-TDDFT) MD simulations30,31 (Fig. 1a–c). Through first-principles 
non-adiabatic photoexcitation dynamics, we reveal the microscopic 
pathways of photogenerated carriers and how the entangled electron–
nuclear motion plays a key role in water dissociation. We find that the 
interplay between electrons and nuclei leads to two distinct water dis-
sociation pathways. Hydrogen bonding of water with surface oxygen 
atoms introduces a propensity for a field-initiated proton transfer 
(Fig. 1c). Alternatively, photohole transfer can occur when the adsorbed 
water is hydrogen bonded to a second-layer water molecule (Fig. 1a). 
This process is boosted by the formation of a localized exciton on a  
surface five-coordinated Ti (Ti5c) ion and its four nearest oxygen neigh-
bours (electron–hole polaron or simply polaron hereafter)19,32. The 
atomic motion with excited phonon modes, correlated with the popu-
lation change in the photoexcited Ti3d orbitals, can directly drive hole 
transfer to adsorbed water, accompanied by proton transfer from the 
latter to the hydrogen-bonded water molecule in the second layer.  

h+

a b c

Fig. 1 | Atomic configuration and reaction mechanisms at the TiO2/water 
interface. a, Schematic of the charge flow in hole-induced splitting dynamics. 
The blue and dashed arrows indicate the direction of hole current and hole 
transfer, respectively. b, Atomic structure of the TiO2/water interface, containing 

a four-layer TiO2 slab and 30 water molecules. c, Schematic of the field-initiated 
splitting dynamics. The dashed arrow indicates the direction of proton transfer. 
The white, red and blue balls denote hydrogen, oxygen and titanium atoms, 
respectively.
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respectively, possibly due to a field-induced lowering of the barrier in 
the former experiment15. In our simulations, bond breaking is asso-
ciated with a field-promoted electron transfer process from Obr to 
the water oxygen (Ow) in the initial ~0–15 fs during laser irradiation, 
whereas no electron redistribution takes place in the absence of the 
field (Fig. 2d). Such a field-initiated process is observed with both PBE 
and PBE+U functionals. We find that in the initial state, the undercoor-
dinated Obr is more electron rich than Ow. This results in an attraction of 
the proton to Obr that promotes electron tunnelling from Obr to Ow and 
thus a weakening of the OwH bond, which initiates water dissociation. 
The increase in the time-dependent projected density of states (PDOS) 
of Ow along with the concomitant decrease in the PDOS of Obr below 
the Fermi level (Supplementary Fig. 2b) also supports the occurrence 
of an electron redistribution between Obr and Ow. Our simulations 
show that such a reaction can be triggered if the light-pulse intensity 
is strong enough, independent of the photon energy (for example, 
Ephoton = 1.6, 2.3 and 3.1 eV; Supplementary Fig. 2c). The underlying 
mechanism is, thus, identified as a field-assisted proton transfer from 
the adsorbed water at Ti5c to Obr, where the energy barrier for proton 

transfer is lowered by the field and can be easily overcome by thermal 
fluctuations at T >100 K (ref. 15).

Photohole-driven water dissociation
In addition to the field-initiated water dissociation mechanism 
described above, our simulations reveal a photohole-driven water 
decomposition process upon light irradiation where it is the hydrogen 
bond between adsorbed water and a second-layer water molecule that 
provides a low barrier for water dissociation. Figure 2f–h shows a H2O 
molecule initially adsorbed at a Ti5c site and hydrogen bonded to a 
neighbouring second-layer H2O. After ~40 fs, the molecule undergoes 
a splitting reaction (Fig. 2f), producing an OH radical adsorbed on a 
Ti5c site and hydronium (H3O+) in water. This proton-coupled electron 
transfer process was only observed with Ephoton = 3.1 eV as the water 
molecule did not dissociate with Ephoton = 1.6 and 2.3 eV, and essentially 
corresponds to the first step of water photo-oxidation17,18,22,36.

To characterize the transfer process, we investigated the time 
evolution of the electron population in the adsorbed H2O, the 
hydrogen-bonded second-layer H2O(neighbour) and the in-plane 
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Fig. 2 | Photoinduced water dissociation processes. a,b, Time evolution of 
Hirshfeld electrons for surface three-coordinated (O3c) and two-coordinated 
(Obr) oxygen atoms (a) and surface five-coordinated (Ti5c) and six-coordinated 
(Ti6c) titanium atoms (b) in the presence of a laser pulse. The curve at the bottom 
of these panels is the envelope of the electric field in the pulse. c–e, Field-initiated 
pathway (left). c, Time evolution of adsorbed H2O bond lengths (dOw−Ha, dOw−Hb) 
and Obr–Hb distance, with the electron transfer reaction time of 20 fs highlighted 
in yellow. d, Time evolution of Hirshfeld electrons of water oxygen (Ow) and Obr 
during the electron redistribution process. e, Atomic configurations at 0, 10 and 

20 fs, showing that the adsorbed water molecule initially forms a hydrogen bond 
with an adjacent Obr. f–h, Hole-induced pathway (right). f, Time evolution of H2O 
bond lengths and hydrogen-bonded Oneighbour–Hb distance, with the hole transfer 
period of ~35–42 fs highlighted in red. g, Time evolution of Hirshfeld electrons of 
in-plane group, H2O and H2O(neighbour) between ~35 and ~42 fs. h, Atomic 
configurations along the hole-driven pathway at 0, 40 and 50 fs, showing that the 
adsorbed water molecule is hydrogen bonded with a neighbouring H2O in the 
second layer before dissociating. The in-plane group is composed of one Ti5c and 
four neighbouring O3c oxygen atoms.
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photoexcited electron–hole polaron (Fig. 2g). The latter, represent-
ing the field-induced charge redistribution (electron–hole pair) with 
its accompanying lattice distortion32, is localized on the surface 
Ti5c and its four nearest oxygen atoms (Fig. 2h). Based on the time 
evolution of the oxygen–hydrogen bond distances (Fig. 2f) and the 
charge distribution at the reaction site, most of the hole transfer 
occurs during the time interval of ~35–42 fs, when the water molecule 
is stretched but still undissociated, before dissociating in the time 
interval of ~45–50 fs. The decrease in electrons in the adsorbed H2O 
and its neighbouring H2O indicates hole transfer from TiO2, which is 
mainly contributed by the in-plane group (Fig. 2g; also confirmed by 
the Bader charge analysis shown in Supplementary Fig. 3). This hole 
transfer process results in a weakening of the interaction between 
hydrogen and oxygen atoms in the adsorbed H2O, leading to the 
subsequent deprotonation reaction. A comparison of the reactive 
trajectories (where water dissociation occurred) with non-reactive 
ones (without dissociation) highlights the important role of hydrogen 
bonding and hole transfer (Supplementary Fig. 4). Our results sug-
gest an apparent quantum efficiency of 1% (Supplementary Note 5). 

This is higher than the value of 0.25% found experimentally13, which 
may in part be attributed to the higher water coverage in our simula-
tions. Complementing existing experimental and computational 
studies of the intermediates and barriers of water photo-oxidation 
on TiO2(110) (refs. 16,22,36), these non-adiabatic dynamics simula-
tions, thus, reveal the key role of surface electron–hole polarons in 
the hole-driven water dissociation.

Correlated electron–nuclear dynamics
To characterize the correlated electron–nuclear dynamics of the dis-
sociating H2O and the in-plane group during the hole transfer process, 
we define the photoinduced expansion coefficient of a Ti–O bond as 
αTi–O = [dE(t) – d0(t)]/d0(t), where dE(t) is the Ti–O bond distance under 
a light field strength of E. We average αTi–O over the four Ti–O bonds of 
the in-plane group (Fig. 3a) and compare the αaverage

Ti−O  value obtained  
at E = 0.14 and 0.18 V Å–1 with the case without photoexcitation 
(E = 0 V Å–1) (Fig. 3b). During the period of ~0–30 fs, the average pho-
toinduced expansion coefficient αaverage

Ti−O  is positive and increasing 
relative to the case without light, indicating that the Ti–O lattice 
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Fig. 3 | Photoexcited-polaron-assisted dynamics. a, Atomic structure of the 
adsorbed H2O and the Ti and O atoms of the in-plane group, extracted from our 
simulation of the hole transfer process. The oxygen atoms of water and the 
in-plane group are labelled as Owater and O(1), O(2), O(3) and O(4), respectively. 
b, Time evolution of the photoinduced expansion coefficient averaged over the 
four Ti–O bonds of the in-plane group. c, Difference in the Hirshfeld electron 

number from 35 to 42 fs for O(1–4) and Ti under light fields of different 
intensities. d, Net population of Ti3dxy (top) and 3dx2−y2 (bottom) orbitals as a 
function of time, obtained from the Mulliken charge analysis. e, Schematic of 
the charge flow and water dissociation mechanism assisted by the 
photoinduced polaron.
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distortion undergoes in-plane expansion during irradiation (charge 
transfers are shown in Supplementary Fig. 5).

For the photoexcited electron, we consider the population of 
localized 3d orbitals on the Ti atom. We divide the Mulliken charge 
populations of 3d electrons into two parts: the net population localized 
on a certain orbital and the population overlapping with other orbitals 
(Methods and Supplementary Note 4). Figure 3d compares the net 
population of the 3dxy and 3dx2−y2 orbitals (which contribute the most; 
Supplementary Fig. 6) under field strengths of E = 0.14 and 0.18 V Å–1 
with respect to the light-free case. In the first 15 fs of electronic excita-
tion, the increase in photoexcited net populations of 3dxy and 3dx2−y2 
leads to repulsive forces along the Ti–O bonds (Supplementary Fig. 7), 
resulting in a continuous expansion of the in-plane group until 30 fs.

In the subsequent period of ~30–60 fs, the decrease in αaverage
Ti−O  

indicates the recovery of the Ti–O lattice distortion after photoexcita-
tion, accompanied by hole transfer during ~35–42 fs. Owing to the 
relaxation and charge population redistribution in the Ti3d orbitals, 
the repulsion forces along the Ti–O bonds decrease after 15 fs, so that 
at about 30 fs, the lattice expansion starts to decline. This process 
changes the electrostatic potential, inducing electrons to flow from 
the adsorbed water to the surface Ti–O bonds. At a field strength of 
0.18 V Å–1, Hirshfeld electrons on the oxygens and titanium of the 
in-plane group increase significantly during the period of ~35–42 fs 
(Fig. 3c), indicating hole transfer from the in-plane group to the 
adsorbed water molecule through the titanium atom. The photogen-
erated electron stays on Ti5c in our simulation; it may actually relax via 
long-term non-thermal/thermal effects or contribute to hydrogen 
production in the physical system. Further reaction steps are required 
to complete the production of H2 and O2 (Supplementary Fig. 8). The 
water molecule dissociates when the field strength is large enough to 
trigger the hole transfer, and water adsorption is enhanced (Supple-
mentary Figs. 9 and 10).

Altogether, our results suggest a two-stage polaron-assisted 
mechanism for photohole-driven water dissociation: (I) excitation 
and expansion followed by (II) recovery and dissociation (Fig. 3e). In 
the first stage (~0–30 fs), photoexcited electron transfer takes place 
from the oxygens to the titanium atom in the in-plane group, inducing 
a dynamic expansion of the lattice. In the second stage (~30–60 fs), 
the recovery process occurs. This is ascribed to the redistribution/
relaxation of the localized 3d electrons at the titanium site, which 
promotes the flow of electrons from the water molecule to the TiO2 
surface. In Supplementary Fig. 11, the PDOS of the water molecule and 
in-plane group shifts towards the energy levels of photoholes. This shift 
and broadening of the bands of adsorbed water suggest the opening 

of a hole transfer channel. In addition, the dominant photoexcited  
phonon modes in this process are calculated (Supplementary Note 6 and  
Supplementary Fig. 12). The projected phonon intensities exhibit 
changes in the presence of the light field, indicating that the Eu and A1g 
modes are excited. Such analysis, thus, confirms that the photoinduced 
expansion–recovery changes characterize the coupling between pho-
toexcited phonons and photogenerated electron–hole pairs.

The expansion and recovery mechanism discussed above can also 
be considered as a ‘real-time’ dynamic Jahn–Teller distortion37,38 in the 
photoexcited state. The fingerprint of such a process is the energy-level 
splitting or lowering of the 3dxy electrons, whereas the 3dyz or 3dxz 
orbitals are slightly shifted up. Figure 4 shows the time evolution of 
the PDOS for the Ti3dxy orbital. The results obtained with both PBE 
functional and Hubbard on-site energy correction show the typical 
energy-level shift in the dynamic Jahn–Teller distortion. With a light 
intensity of 0.18 V Å–1, the energy edge of the Ti3dxy PDOS moves from 
an initial 1.1 to 0.7 eV at 27 fs and then returns to 1.1 eV, correspond-
ing to the expansion–recovery process of the photoinduced lattice 
distortion. A similar behaviour of the PDOS energy edge is observed 
with the PBE+U approach (Fig. 4b). In contrast, the PDOS energy edge 
exhibits only weak oscillations at ~1 eV in the absence of illumination 
(Supplementary Fig. 13). Such an energy-level shift in the 3dxy orbital 
can be considered as the excited-state analogue of the defect state of 
excess electrons in reduced TiO2 (refs. 21,39).

Experimental validation of the mechanisms of hole-driven water 
dissociation and correlated electron–nuclear dynamics found in 
our simulations may be provided by measurements similar to those 
employed for the detection of excited defect states in reduced TiO2 
(ref. 40). Specifically, time-resolved absorption spectroscopy and 
two-photon photoemission spectroscopy could measure the enhance-
ment and attenuation of photoabsorption (Supplementary Fig. 14) to 
confirm the proposed polaron-assisted mechanism41–43. Furthermore, 
with the development of attosecond science, ultrafast electron diffrac-
tion and/or X-ray spectroscopy41,44 experiments (with a time resolution 
of <1 fs) are expected to enable the measurements of lattice motion and 
phonon fingerprints of the polarons (Supplementary Fig. 15). Alterna-
tively, the excited phonon modes at the aqueous oxide interface may 
be measured using Raman spectroscopy under ultraviolet irradiation 
to detect the polaron-assisted mechanism. Charge carrier dynamics 
and vibrational modes of product species could also be measured by 
appropriate experimental techniques (Supplementary Figs. 16 and 17).

In conclusion, non-adiabatic quantum dynamics simulations based 
on rt-TDDFT provide a direct view of how the photogenerated charge 
carriers couple with nuclear motion during water photodissociation 
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at the water/TiO2 interface. Water dissociation promoted by hydro-
gen bonding to a surface bridging oxygen is a field-initiated process 
that may be expected to occur on several metal oxide surfaces. The 
photoexcited-hole-transfer-driven mechanism shows that the water 
dissociation is strongly coupled with the dynamic lattice distortion 
(photoexcited phonons) on the TiO2 surface. The formation and expan-
sion of the in-plane group are dominated by the carrier flow in the Ti3d 
orbitals. In the recovery phase of the polaron, the contraction of tita-
nium–oxygen bonds promotes hole transfer from TiO2 to water, leading 
to water decomposition. Analysis of several independent non-adiabatic 
trajectories shows that the ratio of hole-induced and field-initiated 
water dissociation is ~1.25, suggesting that these two processes make 
similarly important contributions to water photodissociation reac-
tions at the interface. These results pave the way to a comprehensive 
understanding of photoinduced water dissociation on TiO2, revealing 
a polaron-assisted hole transfer mechanism that could be applied to 
interpret and control a wide range of photocatalytic reactions.
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Methods
The rt-TDDFT MD simulations were performed using the 
time-dependent ab initio package30,31. Born–Oppenheimer MD simula-
tions and ground-state calculations were carried out with the SIESTA 
code45. We used a four-layer-thick TiO2(110) slab with a 2 × 4 surface 
supercell in contact with a liquid layer of 30 water molecules at a den-
sity of ~1 g cm–2. The dimensions of the TiO2/water interface supercell 
were 13.14 Å × 11.98 Å × 30.00 Å, with a vacuum space of 13.00 Å above 
the water layer. Only the Γ point was used for the electron dynamics 
simulations. We considered a laser field polarized along the x direc-
tion with a photon energy of 3.1 eV and an intensity of 0.18 V Å–1. The 
full-width at half-maximum of the light pulse was 8 fs. The injected 
energy fluence during 20 fs was 3.1 mJ cm–2, which is much smaller 
than the total injected energy of 3.6 J cm–2 during 1 h light irradiation 
in experiments13. Given the ultrafast photon–surface interaction time 
in our simulations, the light field intensity used provides a reasonable 
approximation of that in solar irradiation. We employed the general-
ized gradient approximation of PBE46 for the exchange and correlation 
energy and a numerical atomic orbital basis set with an energy cutoff 
of 200 Ry for the plane-wave expansion of charge density. We consid-
ered the influence of on-site Hubbard U repulsion on 3d electrons of 
Ti using the corrected functional scheme of Dudarev (PBE+U)47 and 
chose a U value of 4.2 eV, as suggested elsewhere10. The energy gap 
calculated with the PBE+U functional is 0.5 eV larger than that given 
by PBE, which can be fully covered by the frequency spectrum of the 
light pulse. The excited-band structure of TiO2 obtained from the 
PBE functional and the PBE+U method exhibits very similar photo-
excitation behaviours and features near the Γ point on irradiation 
(Supplementary Fig. 18).

We first equilibrated the TiO2/water interface system within the 
canonical ensemble (NVT) at 300 K for 2 ps. To capture the quan-
tum dynamics of photocatalytic water splitting in the light field, the 
time-dependent Kohn–Sham wavefunctions of the interface were 
evolved for up to 2,000 steps in the microcanonical ensemble (NVE) 
with a time step of 30 as. The first-order Crank–Nicholson scheme was 
used for time propagation in the Ehrenfest scheme. We applied the 
climbing-image nudged elastic band method48 as implemented in the 
Vienna ab initio simulation package49 to evaluate the energy barrier 
of hydrogen diffusion and production on the rutile surface. The force 
thresholds of the transition state and structure relaxation were set to 
0.06 and 0.01 eV Å–1, respectively.

Hirshfeld electron analysis is used to specify the real-space charge 
distribution in the charge transfer process (Supplementary Note 3). 
Note that the calculated charge is scaled by a factor 10 to emphasize the 
changes. Such excited (hot) electrons or holes are effective in chang-
ing the potential energy surface and initiate the structural response. 
Although Mulliken charge assumes ‘half-and-half division’ of the over-
lap population, Hirshfeld or Bader charge analysis divides the system 
into well-defined atomic fragments, which concisely describe the 
molecular charge reorganization. We separate Mulliken charge into 
two parts: the net population localized on a certain orbital and the 
population overlapping with other orbitals (Supplementary Note 4). 
Therefore, we use the net populations in the Mulliken charge analysis 
to display the time-resolved charge exchange on different orbitals, and 
Hirshfeld charge analysis to quantitatively reveal the charge transfer 
process in the reaction.

Data availability
The data that support the findings of this study are available via GitLab 
at https://gitlab.com/tddft/water-on-rutile-tio2.

Code availability
The code that was used to simulate the findings of this study is available 
from the corresponding authors upon reasonable request.
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