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ABSTRACT: Polarons play a crucial role in energy conversion, but the
microscopic mechanism remains unclear since they are susceptible to local
atomic structures. Here, by employing ab initio nonadiabatic dynamic gy €
simulations, we investigate electron—hole (e-h) nonradiative recombination
at the rutile TiO,(110) surface with varied amounts of oxygen vacancies (V,).
The isolated V, facilitates e-h recombination through forming polarons
compared to that in the defect-free surface. However, aggregated V, forming
clusters induce an order-of-magnitude acceleration of polaron diffusion by
enhancing phonon excitations, which blocks the defect-mediated recombina-
tion and thus prolongs the photocarrier lifetime. We find that photoelectrons
are driven to migrate toward the top surface due to polaron formation. Our VBM
results show the many-body effects of defects and polaron effects on h*
determining the overall recombination rate, which has been ignored in the
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Shockley-Read-Hall model. The findings explain the controversial experimental observations and suggest that engineering V,
aggregation would instead improve photocatalysis efficiencies in polaronic materials.

olarons, i.e., the quasiparticles composed of excess carriers

dressed with virtual phonons, play a critical role in
multiple physicochemical properties of materials, including
superconductivity, ferroelectricity, and photocatalysis.l_8 Point
defects facilitate polaron formation by introducing unpaired
electrons/holes. Taking the most studied photocatalyst, the
rutile TiO,(110) surface, as an example,’ oxygen vacancies
(V,) introduce small polarons in their surroundings, which
lead to localized electronic states in the band gap, extending
surface photoactivity to the visible-light region.'’~"* Manipu-
lating characteristics of V, (e.g., concentrations and distribu-
tions) concurrently changes the polaron configurations, which
influence the adsorption strength and decomposition rate of
molecules,'”'* or drive surface reconstructions.'® The strong
correlation between defects and polarons provides unique
pathways for controlling the properties of quantum materials
by engineering defects.'”>° Although well studied in the
thermal equilibrium regime, polaron effects on nonequilibrium
carrier dynamics are underexplored since they are sensitive to
local atomic structures,”’ and thus the detection challenges the
state-of-the-art experimental techniques, requiring both ultra-
fast time resolution and atomic spatial resolution.

To achieve high efficiency in optoelectronic devices,
nonradiative e-h recombination, which converts electronic
energy into heat, should be greatly suppressed. Point defects
generally facilitate nonradiative recombination by capturing
electrons/holes. The Shockley-Read-Hall (SRH) statistic
model is widely used to estimate the rate of defect-mediated
recombination based on the density and energy level of defect
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states only.”” It predicts that defect states with energy levels
closer to the midbandgap (i.e., deeper defects) have a higher
recombination efficiency and assumes that the total recombi-
nation rate increases linearly with the defect density.

The presence of V, in metal oxides triggers various chemical
reactions”~*’ but may also damage photocarrier lifetime and
mobility. Therefore, unravelling the role of V, with different
characteristics in nonradiative recombination is critical for
improving photocatalytic efficiency. Previous first-principles
studies confirmed that single V, on the TiO,(110) surface
serves as an effective SRH recombination center by
introducing the deep polaronic in-gap states.”® However, the
structure model is too simple to capture realistic conditions.
Theoretical prediction contradicts the quantitative experimen-
tal measurements, which show that the photocarrier lifetime is
prolonged instead on the TiO,(110) surface with a higher
concentration of V,.*” Similarity, the anomalous increase in the
photocarrier lifetime as the V, density rises is found in
tungsten trioxide (WO;) as well, where the polaronic effects
are strong.’’ These experimental results suggest that in
polaronic materials, the dependence of e-h recombination
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Figure 1. Ground state properties and time dependent e-h recombination dynamics on the Ti0,(110) surface with different V, densities. (a—c)
Optimized atomic structures of the surface with py, = 0, 0.64 and 1.92 nm™?, respectively. The top surface is composed of the hexacoordinated Ti
(Tis.), pentacoordinated Ti (Tis.), in-plane oxygen (O, ) and bridge oxygen (O,). The dashed circle denotes the position of V,. The charge
density distributions of polarons are shown by purple areas with an isosurface of 0.03 e/A? and counted from low to high energy level. (d—f) Time
evolution of KS eigenvalues and electron population on frontier orbitals. The KS eigenvalues of the CBM, VBM, and in-gap states oscillate with
time due to electron—phonon scatterings. The gray dashed lines show the energy decay of the photoexcited electrons. The e-h recombination time
7 is labeled. (g—i) Schematics of different recombination pathways on the three surfaces with different py,. The pathways include direct
recombination (Rp,), polaron formation by photoelectron self-trapping (T, with time 7,), polaron diffusion between in-gap states (H, with time 7,),
and indirect recombination between polarons and holes (Ryp, with time 7;).

time on the defect density deviates from the prediction of the
SRH model, while the underlying mechanism at the molecular
scale remains elusive. Although the recombination efficiency of
single defect can be accurately estimated based on an extended
SRH model®' or first-principles techniques,z’z_% these
theoretical works rarely take the interactions of multiple
defects into consideration, which would show a great
importance on the overall recombination rate by affecting
correlated polaron dynamics.

Here, we investigate e-h recombination dynamics on the
rutile TiO,(110) surface with various V, distributions via time-
domain first-principles nonadiabatic molecular dynamics
(NAMD) simulations.””*®* We find that e-h recombination
time first decreases but then slightly increases with increasing
local V, density (py,), not fully obeying the SRH model but
consistent with experimental observations. When V|, dispers-
edly distributes on the surface with py, < 0.64 nm™> (an
estimated value corresponds to a single V, on the (4 X 2)
supercell), photoexcited electrons quickly recombine with
holes by forming polarons compared to that in the defect-free
region. However, when multiple V, assemble with py, > 0.64
nm™2, enhanced electron—phonon interactions (EPI) induce
an order-of-magnitude acceleration of polaron diffusion. As a
result, trapped photoelectrons tend to rapidly diffuse among
different polaron configurations instead of recombining until
they reach the most stable one, and the remaining
recombination pathway slows simultaneously, thus prolonging
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photocarrier lifetime. We find that polaron formation induces
photoelectrons to migrate toward the top surface before
recombination, and the migration rate is accelerated by
increasing py,. Our results reveal the high sensitivity of
nonequilibrium polaron dynamics to local atomic structures,
which modulates photocarrier recombination microscopically.
The large photocarrier lifetime and accelerated charge
migration promise improvements in photocatalytic efficiencies
when V, aggregates at the oxide surface.

Figure 1 depicts the atomic structures and e-h recombina-
tion dynamics on the rutile TiO,(110) surface with three
different V,, concentrations. The absence of a bridge oxygen
atom (V,) on the 4 X 2 slab of the TiO,(110) surface
introduces two small polarons, which are self-trapped at
neighboring Ti sites, inducing in-gap states at ~1.1 eV below
the conduction band minimum (CBM, see Supporting
Information Figure S1). There exist multiple polaron
configurations within the energy difference of ~0.3
eV.' 17193949 polarons mostly stay in the subsurface under
Tis. atoms and occasionally hop to the top surface, especially at
the Tis. atoms.'””” The dynamic behaviors of polarons are
prominent at room temperature. We confirm that different
polaron configurations with the same V,, concentration, which
are clearly observed or indicated in experiments, slightly
modify the position of in-gap states as well as the photoexcited
dynamics (Figure S2).
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When py, is increased from 0.64 nm~* (Figure 1b) to 1.92
nm ™2 (i.e., three V, on the surface slab, Figure 1c), the amount
of polarons in the nano-region of surface increases
simultaneously. Meanwhile, a higher proportion of polarons
is distributed at the top surface, and in-gap states have energy
levels closer to the CBM and a narrower band gap between
them (see Figure S1), which are the competition results of
many-body interactions among polarons, i.e., repulsive
interactions between polarons and attractive interactions
between polarons and V,."” Here we simulate the locally
high concentration of V, instead of the global behavior of the
Ti0,(110) surface.

Upon the above band gap excitation (both valence electrons
and V,-derived polarons are excited), e-h pairs are generated
and relax to the band edge in hundreds of femtoseconds with a
time scale comparable for the three cases (Figure S3).
Afterward, most of e-h pairs are nonradiatively recombined
due to electron—phonon scatterings by pathways including (i)
direct recombination (Rp), i.e, photoelectrons directly
transition from the CBM to the valence band maximum
(VBM); (ii) indirect pathways on the defective surfaces with
three subprocesses: photoelectrons are trapped by in-gap states
(T process) first and/or diffuse to other in-gap states (H
process), and then recombine with holes (R, process) (see
schematics in Figure 1(g—i)). The overall nonradiative e-h
recombination is the result of competition among these
pathways.

The time evolution of electron population on each frontier
orbital (including the CBM, VBM, and in-gap states) is shown
in Figure 1(d—f) for the three cases. A linear fit to the increase
in electron population on the VBM is used to estimate the e-h
recombination time (ie. photocarrier lifetime 7). When V,
exist, the photocarrier lifetime is reduced greatly in comparison
to that in the defect-free surface (7 = 56.8 ps for the defect-free
case where py, = 0 nm™2); however, it is counterintuitively
shorter on the surface with isolated V, (z = 7.4 ps for py, =
0.64 nm™> with configuration 1 and 7 6.0 ps with
configuration 2) than that with multiple V, (r = 8.3 ps for
Pvo = 1.92 nm™2). Besides, ~50% of photoelectrons are self-
trapped at the lowest in-gap state (IS1) at 3.4 ps on the surface
with dense V,, (Figure 1f), whereas that is always less than 10%
on the surface with sparse V, (Figure le), indicating that
polaron dynamics is strongly influenced by the local V,
concentration.

To explain the nonmonotonic dependence of photocarrier
lifetime on defect density, we divide the recombination process
into two substages, and the role of in-gap states at each stage is
revealed. In the initial stage of recombination (t = 0—50 fs),
direct e-h recombination (Rp,) and photoelectron self-trapping
(T) occur, contributing to an increase in the electron
population on the VBM and in-gap states, respectively. Taking
a moment at this stage, for example (e.g, t = 50 fs, see Figure
2(a)), the rate of Ry, is marginally influenced by varied py,,
while the T process is accelerated obviously as py, grows,
indicating that a larger percentage of photoelectrons form
polarons before recombination when more V, aggregates on
the surface. The dependence of polaron formation time (7, see
Figure S4) on V, density agrees well with previous
experimental findings,”' i.e., the retrapping of polarons upon
visible-light excitation occurs faster in the nano-region with
more V,, and our results additionally provide the microscopic
explanation.
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Figure 2. Influence of polaron diffusion on e-h recombination. (a, b)
Transient electron population on the VBM and in-gap states at t = S0
fs and t = 3.4 ps, respectively. In the second stage, the proportion of
indirect recombination is labeled. (c) Schematics of two different
recombination mechanisms. The energy barrier of polaron hopping is
labeled as Eyy. (d) The rate of polaron hopping on the surface with py;,
0.64, 1.28, and 1.92 nm™2 The vertical axis shows electron
population on the lower in-gap state when polarons hop between two
adjacent in-gap states. The multiple pathways for polaron diffusion on
the surface with py, = 1.92 nm™2 (1.28 nm™2) are represented by
different shades of blue (orange) lines. The polaron hopping time 7, is
labeled.

In the second stage (t > SO fs), polaron diffusion (H) and
indirect recombination (Ryp) occur, changing electron
population between the VBM and in-gap states. Using t =
3.4 ps for quantitative analysis (see Figure 2b), although the
number of relaxed photoelectrons is largest on the surface with
the highest py, (1.92 nm™), fewer of them are recombined in
comparison to those on the surface with low py, (0.64 nm™).
Instead, most of polarons diffuse to the lowest in-gap states
(IS1) on the highly reduced surface. As py, rises, the
recombination between polarons and holes slows anomalously,
which prolongs the photocarrier lifetime and reduces energy
dissipation from the electron to phonon subsystems.

The alteration of the e-h recombination mechanism with
increasing py, can be understood by the change of non-
adiabatic coupling (NAC), which controls interband transition
rate in the NAMD frameworks (see Methods). The NAC
element is defined as

HIV, Hip,
%=24#&ij2®
I &~ § (1)

where H is the Hamiltonian; %(5;) and ej(ek) are the wave
function and eigenvalue of the KS state j (k); R; is the
coordinate of the Ith atom. The NAC is proportional to
nucleus velocity R; and electron—phonon coupling (EPC)
strength <%’*|VR17—[|$;>! but is inversely proportional to the
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energy level difference ¢, — ¢;. The average NAC matrix along

the MD trajectory between frontier orbitals is shown in Figure
3(a—c). The negligible change in NAC between the CBM and
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Figure 3. (a—c) NAC matrix between frontier orbitals on the surface
with different py,. The red box highlights the NAC between in-gap
states. (d) Phonon modes coupled to polaron diffusion between
adjacent in-gap states. The intensities of phonon modes are
normalized on the two surfaces individually and shifted vertically
for clarity.

VBM explains the minor variation in the Ry rate as py,
increases (Figure 2a). The case is similar for the individual
T path, and thus the overall efficiency of polaron formation is
mainly determined by the density of empty in-gap states
(Figure S4). In contrast, NAC between adjacent in-gap states
is obviously enhanced with py, increasing from 0.64 to 1.92

nm™2

, which lowers the energy barrier of polaron hopping,*'
resulting in an order of magnitude acceleration of polaron
diffusion (Figure 2d). In addition, we find that NAC between
the IS1 and the VBM is weakened due to the enlarged energy

gap with increasing py, (Figure S6).

The analysis of NAC is rationalized by the phonon
excitations that contribute to the interband transition of
carriers (see Methods). As py, rises, more atomic vibrations
assist polaron diffusion, shown by the enhanced vibrational
intensity and broadened vibrational frequency (Figure 3d). It
indicates that varying V, density in nano-region influences
phonon excitation, which has a strong impact on the polaron
hopping rate. Meanwhile, phonon modes coupled to electron
transition from the CBM to the highest in-gap state are slightly
reduced with increasing py, (see Figure SS(a—b)), leading to
slower charge trapping along this pathway. These effects
cocontribute to the prolonged photocarrier lifetime when more
V, assemble on the surface.

Based on the above analysis, two recombination scenarios
are proposed and distinguished by the relative rate of polaron
diffusion (H) and polaron-mediated recombination (Ryp, see
schematics in Figure 2c). In general, Ry is achieved in several
picoseconds (Figure S6). The time scale of polaron hopping
under thermal equilibrium was estimated to be ~4.5 ps at 100
K and ~0.42 ps at 700 K.Y Upon photoexcitation, excess
electrons are pumped to the conduction bands within
femtoseconds, leaving polaronic lattice distortions that do
not relax back to the undistorted structures. Afterward,
photoelectrons rapidly diffuse between empty in-gap states
without the migration of lattice distortions, i.e., obeying the
nonadiabatic polaron hopping picture. Polaron transport under
nonequilibrium is slightly faster than that under thermal
equilibrium condition but still remains ~1 ps when py, = 0.64
nm 2 It is obviously accelerated to ~200 (300) fs when py,
increases to 1.92 (1.28) nm™> (Figure 2d).

When the rate of H and Ry is comparable (ie., “slow
hopping regime”), each polaron-mediated recombination
channel is feasible, and thus the overall recombination time
continuously reduces with increasing py,. However, when H
becomes an order of magnitude faster than Ry, (ie., “fast
hopping regime”), rapid polaron diffusion prevents e-h
recombination, until photoelectrons transfer to the most stable
configuration (IS1), which explains the prominent increase in
electron population on IS1 (Figure 1f). The recombination
between nonequilibrium polaron states and holes may occur,
but with a low probability. When photoelectrons occupy the
most stable polaron sites, they could hop to other possible
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Figure 4. (a) Time evolution of the average coordinate of photoelectrons projected along the [110] direction (z axis) during e-h recombination.
The error bars are added by sampling 100 MD trajectories. The right panels show the charge density distributions of photoelectrons at 3 ps. The
first, second, and third layer of the surface are labeled as L-a, L-b, and L-c, respectively. The isosurface charge density is 0.03 e/A3 (0.006 e/A%) on
defective (defect-free) surfaces. (b) The migration rate of photoelectrons along the z axis as a function of py,.
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sites, but recombination is more energetically favorable. a

Therefore, in this concentration range, Ry, through high

energy-level in-gap states (i.e., IS2 to IS6) are nearly blocked 50- o ?E:\Zgiel

because of the competition between fast polaron hopping and
slow recombination, and the remaining Ry, channel by IS1
slows down simultaneously (Figure S6), eventually leading to
an increase in photocarrier lifetime.

The influence of polaron diffusion on e-h recombination is
confirmed on the surface with moderate py, (1.28 nm™2),
where polaron diffusion also occurs in hundreds of femto-
seconds, blocking most of indirect recombination pathways
(Figure 2d and Figure S7). Furthermore, we confirm that the
space distributions of V, with the same density have a minor
effect on the polaron diffusion rate due to similar phonon
excitation (Figure S8), thus leading to the comparable
photocarrier lifetime.

Apart from the time evolution of nonequilibrium electron
population, we also monitor the real-space trajectory of
photoelectrons. The average coordinate of photoelectrons is
defined as r(t) = Y.,C(t) <@;(H)IFp,(t)> (2), where C(t)-
(@,(t)) is the time-evolved electron population (wave
function) of KS state i. The projection of electron coordinates
along the [110] direction (z axis) is shown in the left panel of
Figure 4a. Upon photoexcitation, e-h pairs are generated in the
deep layer of the TiO,(110) surface (i.e, L-c layer). Then,
photoelectrons are driven to migrate toward the upper layer of
surface due to carrier self-trapping around V,, while they
remain at the interior on the defect-free surface until
recombination. The right panels of Figure 4a show the charge
density distributions of photoexcited electrons at 3 ps. It is
clear that ~50% of photoelectrons are distributed at the first
layer (i.e., L-a layer) of the surface with the highest py, = 1.92
nm™2, while most of them remain at the second layer and the
third layer of the surface with py, = 0.64 and 0 nm™2 A
proportion of photoelectrons are trapped at in-gap states,
forming polarons on the surface and the subsurface, and the
rest occupy the CBM and delocalize at the deep sub-sub-
surfice when py, = 192 nm™> The migration rate of
photoelectrons along the z axis increases linearly with py,
(Figure 4b), indicating that increasing the V, density can
improve the efficiency of charge transfer (CT) to surface
adsorbates.

Figure Sa presents the phase diagram of photocarrier lifetime
as a function of py,, which is separated into two regions at a
critical density (p{,, = 0.64 nm™2). Below p{,, the photocarrier
lifetime decreases with increasing py,, due to the proportional
increase of recombination channels (left panel in Figure Sb).
Above the threshold, polaron diffusion within hundreds of
femtoseconds leads to the closure of indirect recombination
pathways and the anomalous increase in the photocarrier
lifetime, which deviates from the prediction of the SRH model,
i.e., photocarrier lifetime is inversely proportional to the defect
density (right panel in Figure Sb). Different from the global
increase in V, density to drive the surface reconstruction,"®
here we investigate atomic-scale distributions of defects in the
sub-nanometer region. The local aggregation of two or three
V, forming clusters does not induce global phase transition but
has a strong impact on the polaron diffusion rate.

Our findings are supported by available experimental results.
First, the estimated photocarrier lifetime is quantitatively
consistent with that measured by Ozawa et al,, which had
eliminated the influence of the surface band bending and
provided an intrinsic carrier lifetime on the slightly reduced
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Figure 5. (a) Phase diagram of photocarrier lifetime as a function of
Pvo- The red star, purple line, and orange squares show experiments
data of the photocarrier lifetime obtained in ref 43, ref 21, and ref 29.
Due to the temperature difference between experiments (T = 10 K)
and first-principles simulations (T = 100 K), the data in ref 21 is
uniformly scaled by 6 X 107¢, which corresponds to an energy barrier
E, = 11 meV as the recombination probability r o exp(%), where
kg is the Boltzmann constant.* Since the surface photovoltage effect
prolongs the detected photocarrier lifetime in experiments, the data in
ref 29 are uniformly scaled by 8.8 X 107%, which indicates the surface

energy barrier E, ~ 240 meV as r « exp(;—ETb). The gray dashed line
B

where R is the recombination efficiency of single defect. (b) Two
recombination mechanisms involving slow (left) and fast (right)
polaron diffusion. The time scales of photocarrier self-trapping (z,),
polaron hopping (7,), and indirect recombination (7;) are labeled.

shows the tendency predicted by the SRH mode

TiO,(110) surface.*” The consistency between simulations
and experiments demonstrates the accuracy of our theoretical
framework (see Methods). Second, in this concentration
region, the relation of photocarrier lifetime with py, shows
good agreement with that measured by Guo et al. after the
uniform data rescaling.”’ Third, Ozawa et al. reported that e-h
recombination is delayed on the (1 X 1) phase of TiO, (110)
as py, grows above the threshold, and attributed it to a
macroscopic effect, i.e, the enhancement of surface photo-
voltage,” while the underlying microscopic mechanism
remains elusive until the analyses in the present work.

At present, the determination of polaron configurations on
the rutile TiO,(110) is still an open question. The prevailing
views are that there are multiple polaron configurations with
similar energy scales, ' 111939,40:4% Among them, the most stable
one is two polarons located at the subsurface. The polaron
configuration of one at the subsurface and another at the
surface Tig, is more stable than the rest of the configurations.
The dynamic behaviors of polarons indicated in experiments
have been confirmed by ab initio MD simulations adopting
different set-ups.'"'”??*** We demonstrate that the e-h
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recombination time is slightly influenced by different polaron
configurations but is closely related with the polaron density
(Figures S2 and S7). Due to the polaronic nature, it is difficult
to detect polarons with high formation energy by scanning
tunneling microscopy (STM) at an ultralow temperature.

The temperature effect on e-h recombination at the
TiO,(110) surface with different py, values is also investigated.
It is demonstrated that elevating temperature (from 100 to 300
and 500 K) obviously reduces the photocarrier lifetime on the
defect-free surface, whereas it only slightly changes that on the
defective surfaces with V, (Figures S9—10). The suppressed
temperature effect is related to the reduced energy barrier (E,)
by introducing polaronic in-gap states. Meanwhile, e-h
recombination kinetics show that as the temperature increases,
all recombination channels are accelerated due to the
enhanced thermal phonon excitation, while the acceleration
of polaron diffusion is particularly dominant, resulting in more
frequent polaron diffusion before recombination on the
defective surfaces.

The important role of polaron dynamics in e-h recombina-
tion can be extended to other quantum materials and help us
to understand their exotic photoexcitation dynamics. For
example, the wavelength-dependent photoconversion effi-
ciency in hematite (a-Fe,O;) is inferred to be concerned
with the light-modulated polaron formation and hopping rate,
by fitting experimental data with empirical models.* Our
results give a clear microscopic explanation to their
speculation. Polaron hopping can be accelerated under certain
photoexcitation conditions by promoting specific lattice
vibrations, which prevents indirect e-h recombination and
improves the photocarrier lifetime and mobility. Besides, the
anomalous slowdown of photoelectron relaxation with
increasing V, in WO, films*® may provide an experimental
support for the present results. Due to the lack of evidence to
illuminate the underlying mechanism, the role of V, in
photocarrier recombination is still obscure. Here we propose a
rational microscopic picture considering the V,-derived
polaron effects under nonequilibrium based on the time-
domain NAMD simulations. We admit that other physi-
ochemical properties in WOj; (e.g., ferroelectricity or surface
polarization) related to polaron effects would complicate the
microscopic processes, which require high-resolution experi-
ments to decipher them in the future.

Our results explicitly reveal that in polaronic materials, the
interactions between multiple defects play a critical role in
determining the overall nonradiative recombination rate, which
has been ignored in the SRH model and previous first-
principles investigations, where only the recombination
efficiency of single defect is considered.*"**™*° Due to the
many-body effects of defects and related nonequilibrium
polaron dynamics, although the single defects serve as an
effective recombination center, forming V, clusters would
prolong the photocarrier lifetime and promote charge transfer.
Since polaron transfer is sensitive to phonon excitations, its
rate can be modulated by varying the defect concentration or
applying external fields. For example, the aggregation of
multiple V, can be observed and controlled by STM,'” which
provides a pathway for manipulating the photocarrier lifetime.
In contrast, photoelectrons captured by “deep” defects without
polaron effects are difficult to detrap and diffuse in the real
space, and thus the photocarrier lifetime always decreases with
increasing defect concentrations.®
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In conclusion, we demonstrate that due to the defect-derived
polaron effects, nonradiative electron—hole recombination
time depends non-monotonically on local V, density at the
rutile TiO,(110) surface, extending the SRH model by
considering interactions between defects. When V distribute
sparsely (py, < 0.64 nm™2), polaron formation facilitates e-h
recombination, leading to a continuous decrease in the
photocarrier lifetime with increasing py,. However, when V,
aggregate forming complexes (py, > 0.64 nm ), polaron
diffusion is accelerated by an order of magnitude due to
enhanced phonon excitation. When it becomes an order of
magnitude faster than e-h recombination, photoelectrons
diffuse between in-gap states before relaxing to the valence
bands. The many-body effects of polarons induce the reduction
of indirect recombination pathways as well as the recombina-
tion efficiency by a single polaron state, thus prolonging the
photocarrier lifetime. Besides, polaron formation induces
photoelectrons to migrate from deep to shallow surface sites,
and the migration rate accelerates with increasing py,. Our
results show the critical role of nonequilibrium polaron
dynamics in photocarrier recombination. Since the existence
of V, is a double-edged sword for photoelectrochemical
reactions, our findings suggest that controlling V, local
aggregation, instead of dispersion, on the TiO,(110) surface
would improve the performance of photocatalysis by
promoting photoelectron migration without deteriorating
their lifetime.

B METHODS

The ab initio nonadiabatic molecular dynamics (NAMD) are
performed based on the mixed quantum-classical fewest
switched surface hopping (FSSH) method implemented within
the time-dependent Kohn—Sham (TDKS) density functional
theory®™ (Note S1). The classical pathway approximation is
adopted in our computational framework; i.e., ionic dynamics
are beforehand evolved along adiabatic PES with a ground-
state electronic structure, and then carrier relaxation is
simulated based on the nonadiabatic couplings (NAC)
between KS orbitals.

The static and ab initio molecular dynamic (AIMD)
calculations are performed based on the spin-polarized and
Hubbard-corrected density functional theory (DFT+U) as
implemented in the Vienna ab initio simulation package
(VASP)."” The Perdew-Burke-Ernzerholf (PBE)***’ exchange-
correlation functionals and projector-augmented wave (PAW)
pseudopotentials are adopted in all simulations. After geometry
optimization at 0 K, 10-ps long AIMD trajectories under a
certain temperature (e.g, T = 100 K) are obtained in the
microcanonical ensemble, where the effects of thermal phonon
excitation are included. The energies of KS orbitals and NAC
are calculated along the AIMD trajectory with a time step of 1
fs. Then, the relaxation of photoexcited electrons is simulated
based on the FSSH algorithm by randomly selecting 600 initial
geometries from the initial 2 ps AIMD trajectory. Detailed
calculation parameters are shown in Note S2.
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