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Abstract 

By interplay between first principles molecular dynamics and non-adiabatic molecular 

dynamics simulations based on the decoherence-induced surface-hopping approach, we investigate 

and quantify the mechanisms through which different electron polaron hopping regimes in the 

reduced anatase TiO2(101) surface influence recombination of photogenerated charge carriers, also 

in the presence of adsorbed water (H2O) molecules. The simulations reveal that fast hopping regimes 

promote ultrafast recombination of photogenerated charge-carriers. Conversely, charge 

recombination is delayed in the presence of slower polaron hopping and even more so if the polaron 

is pinned at one Ti-site, as typical following adsorption of H2O on the anatase(101) surface. These 

trends are related to the observed enhancement of the space and energy overlap between conduction 

band minimum and polaron band gap states, and the ensuing non-adiabatic couplings (NAC) 

strengths, during a polaronic hop. We expect these insights on the beneficial role of polaron diffusion 

pinning for the extended lifetime of photoexcitations in TiO2 to sustain ongoing developments of 

photocatalytic strategies based on this substrate.  
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TiO2 is a well-known photocatalyst that has found wide applications across many different 

fields[1-3]. Polarons, quasi-particles defined as trapped electrons (holes) coupled with the 

surrounding lattice distortion, invariably contribute to the physical properties and chemical 

reactivity of TiO2 systems[4-6]. Different polaron behaviors have been found in the anatase and rutile 

TiO2 phases, and related to the small, yet non-negligible, structural variations in the two 

polymorphs[7]. Point-defects such as oxygen vacancies and adsorbed or substitutional hydrogen on 

the rutile TiO2(110) surface result in shallow donors and tend to form small polarons, experimentally 

located at about 1 eV below the conduction band minimum (CBM)[8].  

Water (H2O) dissociation and excess trapped electrons are observed in aqueous (101) interfaces 

in anatase TiO2, with the behavior of the excess electrons being strongly dependent on the exposed 

surface, environment and electron donor properties[9]. Interstitial Ti atoms tend to diffuse from deep 

subsurface layers towards the surface as water or methanol is adsorbed on the TiO2(110) surface, 

resulting in the enhancement of photo-absorption in reduced TiO2 samples[10]. In anatase TiO2, 

adsorption of H2O can promote effective proton-diffusion by reducing the polaron-proton coupling, 

consistent with the experimental results[11]. Since the electronic properties and reactivity of polarons 

are strongly influenced by the crystal lattice and the presence of adsorbed species, further 

development of TiO2-based systems requires investigation and understanding of the response of this 

quasi-particle to surface functionalization. 

Photoexcited processes in solid-state systems are extremely challenging for simulation-based 

characterization because of the high computational costs needed for a description of the non-

adiabatic process[12-14]. Surface hopping has increased in popularity because of the favorable 

compromises between accuracy of the results and computational cost[15, 16], which has been 

extensively applied to study photoexcited processes thanks to the robust accuracy and low 

computational cost of the methods and approximation used. For example, its application to MAPbI3 

has shown that the iodine anion vacancy leads to minor changes in the charge-carrier lifetime, which 

in turn is beneficial for the photocatalytic performance of the materials by comparison to neutral 

iodine and iodine cation vacancies[17]. Synergy of ion migration and charge carrier recombination 

has been found in MAPbI3, with the iodide vacancy demonstrated to be the non-radiative charge 

recombination center[18]. Localization of impurity-phonon modes in differently doped rutile TiO2 is 

the main factor that determines the electron-hole (e-h) recombination[19]. The approach has also been 

used to investigate the effects of polarons on charge-transfer -Fe2O3. The simulations uncover that 

the neighboring Fe-Fe distance is the main driving force for the electron polaron hopping, which 

occurs by the adiabatic charge-transfer mechanism in this material[20].  

The polaron usually diffuses at the room-temperature between the different sites. Thus it is 

vital to know how the polaron diffusion affect the carrier life and related properties. The simulation 

of TiO2 brookite indicate that hole migration presents a small polaron character with band-like 

diffusion, and subsequent re-trapping. In contrast, hole polaron diffusions in anatase and TiO2-B is 

found to take place via combination of short hops and re-trapping events[21]. The dynamics of small 
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polarons induced by photoexcitation at different temperatures in rutile TiO2 have also been 

investigated, uncovering that polaron migration between Ti atoms is strongly correlated with 

quenching through an electron-hole recombination[22]. Although the motion of polarons is closely 

related to the photo-excited properties, the influence of different polaron hopping regimes on charge 

carrier recombination is yet to be studied systematically and understood quantitatively. 

To start filling this gap, here we investigate and quantify the mechanisms through which 

different polaron hopping regimes can influence charge-recombination in defective TiO2 systems, 

specifically the anatase TiO2(101) surface with one oxygen vacancy (VO) used to introduce two Ti3+ 

ions which, once coupled with the Ti-O polyhedrons, form two electron-polarons. More specifically, 

we explore and quantify the mechanisms through which the electron polaron mobility in anatase 

TiO2(101), and the ensuing time-dependent changes in real-space and energy overlap between band-

edges and polaron gap states as well as non-adiabatic couplings (NACs), affect the rate of 

recombination for photogenerated charge carries, also in the presence of adsorbed water (H2O) 

molecules. Combination of first principles molecular dynamics (FPMD) and Non-adiabatic 

Molecular Dynamics (NAMD) simulations based on the decoherence-induced surface-hopping 

(DISH) approach reveal a direct and strong correlation between the rate of polaron mobility and 

excited state charge recombination, with processes capable of pinning polarons (e.g. H2O adsorption) 

shown to significantly enhance the lifetime of photogenerated charge-carriers. 

 

Computational methods 

The first-principles molecular dynamics (FPMD) and electronic structure simulations of TiO2 

were performed using Density Functional Theory within the Perdew-Burke-Ernzerhof 

parameterization of the generalized gradient approximation (GGA), as implemented in the Vienna 

Ab initio Simulation Package (VASP) code[23]. The projector augmented wave (PAW) method was 

employed to describe electron-ion interactions[24]. For Brillouin zone (BZ) sampling, we used a grid 

of 3×3×1 k-points. The plane-wave basis cut-off was 400 eV. The convergence thresholds for total 

energies and atomic forces were 1×10-4 eV and 1×10-2 eV/Å, respectively. The anatase TiO2(101) 

slab was constructed with three Ti-O layers and a 15 Å vacuum buffer to prevent interactions 

between adjacent surfaces. Spin-polarized local density approximation calculations were carried out 

with (isotropic) Hubbard corrections PBE+Ueff
 [24, 25] on the Ti d electrons (Ueff = 3.9 eV). The DFT-

D3 method with Becke-Jonson damping was used for the description of van der Waals interactions[26, 

27]. The systems are brought to 400 K by heating for 1 ps and then 5 ps trajectories with 1fs time 

step are generated in MD simulations. Non-adiabatic Molecular Dynamics (NAMD) calculations 

were performed using the decoherence-induced surface-hopping (DISH) approach[28], as 

implemented in the PYXAID package[15, 16].  

 

 

The initial oxygen vacancy was introduced at the subsurface as discussed in the previous 
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works[29, 30].  Figure 1(a) shows the crystal structure of the (101) surface of anatase TiO2 with one 

Vo (Vo-TiO2). The polaron distribution and hopping regimes are analyzed on the basis of 5 ps MD 

simulations. The colored tetrahedrons mark the trapping sites (Ti5c-L1, Ti5c-L2, Ti5c-L3, Ti5c-L4) of 

the polaron during the MD simulations. At the start of the MD trajectory, the two polarons are 

located at the Ti5c-L1 and Ti5c-L3 sites, as shown in Figure 1(b) at 1 fs. The movies of polaron 

hopping are displayed in the Supporting Information, whereas one polaron is found to be restricted 

at the surface Ti5c-L1 site throughout the MD trajectory, the other is observed to hop twice in 5 ps. 

Figure 1 (b) presents some typical point from the overall MD trajectory. The calculated diffusion 

path for this second subsurface polaron is Ti5c-L3Ti5c-L2Ti5c-L4. This path can in turn be 

separated into two regimes depending on the short (intensive hopping) or long (mild hopping) time-

delay between separated polaron hopping events. As shown in the upper panel of Figure 1(b), in the 

first, mild hopping stage the polaron transfers around Ti5c-L3 and Ti5c-L2 over 400 fs - 500 fs to 

finally hop to Ti5c-L2 in 1060 fs - 1100 fs. The polaron then quickly hops back and forth (two hops 

with ~20 fs residence time, see the movies see the movies in supporting information ) between Ti5c-

L2 and Ti5c-L4 in 2065 fs -2139 fs, to eventually end at the Ti5c-L4 site. The charge densities on 

other Ti atoms exhibits the delocalization characteristic of polaron. 

 

Figure 1. (a) Crystal structure of the anatase TiO2 (101) surface. Blue and pink balls represent Ti 

and O atoms, respectively. The green, dark blue, purple, and red tetrahedrons mark the Ti5c-L1, Ti5c-

L2, Ti5c-L3, and Ti5c-L4 polaron location in the MD simulations. (b) Time-evolution of the polaron 

charge-density (yellow color) at 1 fs, 420 fs, 1100 fs, 2000 fs, 2068 fs, and 2200 fs.  

 

Lifetime is primarily used to characterize the time-scale of charge recombination, which in turn 

is primarily governed by the non-adiabatic couplings (NACs), 𝑑𝑗𝑘 = ⟨𝜑𝑗|
𝜕

𝜕𝑡
|𝜑𝑘⟩ =

⟨𝜑𝑗|∇𝑅𝐻|𝜑𝑘⟩

𝜖𝑘−𝜖𝑗
𝑅̇. 

NACs depends on the energy difference between the two non-adiabatically coupled electronic states 

(𝜖𝑘 − 𝜖𝑗), the electron-phonon coupling matrix element ⟨𝜑𝑗|∇𝑅𝐻|𝜑𝑘⟩, and the nuclear velocity Ṙ.  

To explore the influence of polaron motion on the charge carrier recombination in photoexcited 

processes for the studied system, Figure 2 compares the time evolution of the polaron location, 
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single-particle band-energies, and NACs in both the mild and intense polaron hopping. Figure 2(a)-

(b) reports the previously discussed different regimes of polaron hopping: the mild (1020 fs - 1120 

fs) and intense (2050 fs - 2150 fs) one. The results from the full 5 ps MD trajectory are showed in 

Figure S1. As seen in Figure 2(c), the mild polaron hopping regime results in no major oscillations 

of the CBM, polaron gap states and VBM, which indicates weak interaction between these electronic 

states.  

However, as shown in Figure 2(d), huge energy oscillations for the CBM, VBM and polaron 

gap states appear in the intense polaron hopping regime. The energy resonance of these bands 

illustrates strong coupling, especially between the CBM and the polaron gap states. The strength of 

the NAC mainly relates to the phonon excitation and electron-phonon coupling. Larger NAC values 

usually indicate shorter lifetimes for charge carriers. The maximum NAC between the CBM and the 

polaron gap states for the mild hopping regime in Figure 2(e) is about 15 meV. Substantially larger 

NAC strengths of up to nearly 200 meV and -300 meV are conversely found in the intense polaron 

hopping regime (Figure 2(f)). The observed sudden spikes in the NAC values are testament to the 

significant electron-phonon coupling in the period of intense polaron hopping.  

Based on these results, it can be predicted that the lifetime for the photoexcited electron in the 

intense polaron hopping regime will be much smaller than for the mild polaron hopping stage. This 

in turn suggest that activated polaron motion will promote the recombination of charge carriers. In 

addition, the oxygen atoms nearby the subsurface vacancy slightly moves towards the defect point 

during 1753 fs - 2065 fs. However, this kind of oxygen displacement mainly influences the phonon 

excitation properties. 

 

Figure 2. (a) The polaron location, (c) band-energy, and (e) NAC of the mild polaron hopping stage 

from 1020 fs to 1120 fs. (b) The polaron location, (d) band-energy, and (f) NAC of the intense 

polaron hopping stage from 2050 fs to 2150 fs. 
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The carrier recombination lifetime, τ, is calculated by fitting the short-time linear 

approximation to the exponential decay, f(t)=exp(−t/τ)≈1−t/τ. Smaller lifetimes usually indicate 

faster charge recombination. As shown in Figure 3(a), we calculated the lifetime of the photoexcited 

electron relaxing from the CBM to the polaron gap state for different regimes of polaron hopping. 

We find that the electron relaxation behavior can be divided into several regimes: (i) 0 fs - 400 fs 

and 4100 fs - 5000 fs, with a lifetime of 1=352.2 ps and 1’=321.5 ps corresponding to the polaron 

restricted at the Ti site. (ii) 4000 fs- 1200 fs, with a lifetime of 2=85.8 ps in the presence of mild 

polaron hopping. (iii) 2065 fs – 2727 fs, with a lifetime of 3=1.6 ps in the presence of intense 

polaron hopping with a polaron residence time of about 20 fs. It should be noted that one polaron 

prefers to stay at the surface and the other stays at the subsurface[31]. The initial distribution of the 

polaron may slightly affect the lifetime of the polarons. Otherwise, a delay region of the lifetime is 

found after hopping action is finished, which may relate to the variations of surrounding lattice 

structures.  In order to know whether the number of the TiO2 layers affect the conclusions observed 

here, another first-principles molecular dynamics were also carried out for 4 ps at 400 K. As shown 

in Figure S2 and S3, the results also indicated that the polaron hopping could observed between 

Ti5c-L3’ and Ti5c-L2’ in the first 1000 fs and then finally hops from Ti5c-L3’ to Ti6c-L4’ in 1550 fs - 

1600 fs. The polaron hopping decrease the carrier lifetime, as found in the three-layer TiO2. Further 

the water coverage and the functional may also affect the polaron hoping, while the finding of the 

polaron hopping should not be affected [7, 9, 32, 33]. To know the extent of this effect, some further 

works should be carried out. In order to determine whether the simulation time of 5 ps is longer 

enough, another simulations were carried out for 7ps. The corresponding result is shown in Fig. S4, 

and the same trend was shown for 5 ps and 7 ps. 

Figure 3(b) gives enlarged pictures of the boundaries between the three regimes. Clearly, the 

kind of polaron hopping does influence the lifetime of the photoexcited electron. While intense 

polaron hopping leads to fast decay of the electron from CBM to polaron gap state, mild polaron 

hopping result in longer lifetimes. The lifetime for the restricted polaron is nearly four and two 

hundred times longer than for the mild and intense hopping polarons, respectively.  

To identify the reason behind such a huge difference in the lifetime depending on the polaron 

hopping regime, we turn to the overlap between energy bands (Figure 3(c)). It can be seen that the 

overlap between the CBM and the polaron gap state is much larger during a polaron hop and 

accompanied by instantaneous increase of the NAC-strength. Especially, for the fast, intense polaron 

hopping regime (2068 fs), an extended overlap between the charge-density of the CBM and the 

polaron gap state is found. This reflects the increased NAC coupling and long quantum coherence 

time between the CBM and the polaron gap state. These results indicate that fast, intense polaron 

hopping is associated with stronger NACs and large charge density overlaps, resulting in accelerated 

charge carrier recombination.  
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Figure 3. (a) Time-evolution of the photoexcited electron relaxation from the CBM to the polaron 

gap state. Blue line segments are the polaron hopping regimes. Panel (b) reports a close up around 

the different regimes with different lifetimes (τ1-4, τ1’). (c) Time-evolution of the charge density of 

the CBM (upper panels) and polaron gap state (lower panels) (yellow color). The pink and blue balls 

stand for the O and Ti atoms. 

 

Since the polaron hopping behavior mainly relates to the strength of phonon-electron coupling 

and lifetime of charge carriers, we calculated the distortion of the TiO polyhedrons to characterize 

the lattice vibrations that can be recognized as phonon coupling with the excess electrons at the 

special sites. Figure 4 (a) reports the distortion (𝜁) of the Ti-O bond lengths for the Ti5c-L1, Ti5c-L2, 

Ti5c-L3, and Ti5c-L4 sites, calculated as 𝜁 = (∑ |𝑑𝑖 − 𝑑𝑚𝑒𝑎𝑛|)/5
𝑛
𝑖=1 . dmean is the average bond length 

of Ti-O in prinstine anatase TiO2, n is the coordination number of the Ti atoms. The results are 

smoothed as the bold curve shows in Figure 4(a).  

The distortion of the restricted polaron at the Ti5c-L1 site remains almost unchanged throughout 

the 5 ps MD trajectory. The distortion of Ti5c-L3 changes minimally too during the MD trajectory, 

even when the polaron hops to Ti5c-L2. However, the distortion of the Ti5c-L2 site is clearly 

enhanced around 1200 fs, to eventually recover the original values at around 2000 fs, when the 

distortion for the Ti5c-L4 site changes abruptly due to the polaron hopping to this site. The gradual 

variation of the locate structure for Ti5c-L2 may contribute to the extended lifetime observed in 

Figure 3(a) and the observed mild polaron hopping from Ti5c-L3 to Ti5c-L2. The suddenly increased 

distortion for Ti5c-L4 around 2000 fs agrees well with the corresponding intense hopping behavior, 

and the resultant drop of lifetime for photogenerated charge-carriers. The distortion of Ti5c-L4 then 
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keeps larger values as polaron has restricted on this site. 

 

Figure 4. (a) The distortion 𝜁 of the TiO Ti5c-L1, Ti5c-L2, Ti5c-L3, Ti5c-L4 polyhedrons. The bold 

line is the smoothed curve by Fast Fourier Transformation (FFT) method with 150 pts. (b) Schematic 

representation of the influence of the polaron environment on electron-phonon coupling and 

hopping lifetimes.  

 

Our results indicate that different polaron hopping regimes, with different electron-phonon 

coupling strengths, will lead to different recombination for photoexcited polarons. Intense polaron 

hopping result in ultrafast charge recombination whereas mild polaron hopping result in slower 

charge-recombination albeit substantially faster than for the restricted polaron case. Based on these 

results, in Figure 4(b) we propose a schematic representation of the influence of the polaron 

environment on electron-phonon coupling and hopping lifetimes.  

Previous studies have shown that in photocatalytic processes on TiO2 water (H2O) molecules 

invariably drive electron polaron diffusion to the surface[10]. These results prompt for extension of 

our investigation to the role of H2O adsorption, and its documented effects on polaron diffusion, for 

the lifetime of photogenerated charge-carrier in the defective anatase (101) surfaces. Figure S5 

reports the calculated time-evolution of the polaron location, band-energies, and NACs values for 

Vo-TiO2 in the presence of one adsorbed H2O molecule (H2O-Vo-TiO2). As expected, both electron 

polarons remain at the Ti5c-L1 and Ti5c-L4 sites. Over the full (4 ps) MD trajectory, no motion of 

polarons is observed, indicating that the H2O molecule if highly effective in limiting polaron 

hopping to prevent the ultrafast and fast recombination of charge carriers in the photocatalytic 

processes. As we discussed above, and shown in Figure S6, restricted polarons have little influence 

on the electronic structure and nonadiabatic properties. 

In order to further quantify the role of the adsorbed H2O molecule for the lifetime of the 

photoexcitations, in Figure 5 we compare the dephasing times, spectral densities and normalized 

autocorrelation functions (ACFs) for Vo-TiO2 and H2O-Vo-TiO2. The lifetimes for the two systems 

are nearly the same albeit with a slightly larger value for Vo-TiO2. These results confirm small 

effects due to H2O on the non-adiabatic properties of the defective Vo-TiO2 system. The phonon 

related pure-dephasing time is calculated from the ACF of the energy gap fluctuation along the MD 

trajectory, which affects the de-coherence time. The initial value of the unnormalized ACF is the 
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squared standard deviation, which represent the average fluctuation in energy gap. In general, the 

larger initial value, slower and more asymmetric decay of the unnormalized ACF lead to faster 

dephasing. As shown in Figures 5(b) and (c), pure the dephasing times for Vo-TiO2 (5.04 fs) and 

H2O-Vo-TiO2 (4.74 fs) are rather similar. The initial value of the unnormalized ACF for Vo-TiO2 

and H2O-Vo-TiO2 is 0.0439 and 0.0496, respectively. Fourier transform of the normalized ACF gives 

the frequency of the vibrational modes which contribute to the decay of the ACF, leading to the 

phonon influence spectrum shown in Figure 5(d). The similarity between the phonon modes 

calculated for Vo-TiO2 and H2O-Vo-TiO2 is indicative of comparable electron-vibrational 

interactions in two systems. These phonon modes are consistent with the results observed 

experimentally[34, 35]. The calculated very contained differences for Vo-TiO2 and H2O-Vo-TiO2 

reiterate that adsorption of H2O mainly act to restrict polaron motion, which is beneficial for the 

photocatalytic processes owing to the ensuing increase of the lifetime for photogenerated charge-

carrier (Figure 3). 

 

Figure 5. (a) Lifetime, (b) pure-dephasing time, (c) unnormalized autocorrelation function, (d) 

spectral density of Vo-TiO2 and H2O-Vo-TiO2. Insert pictures of (a) are corresponding atomic 

structures and polarons (yellow color). The pink and blue balls stand for the O and Ti atoms. The 

hydrogen and oxygen atoms of water were shown in white and red colors. 

 

In conclusion, we have investigated the mechanisms through which polaron hopping affects 

non-adiabatic properties in defective anatase TiO2(101). The simulations uncover clear relationships 

between the rate of polaron hopping and the oscillations in band-energies as well as in the non-

adiabatic couplings (NACs). Specifically, we find fast (intense) hopping regimes to promote 

ultrafast recombination of photogenerated charge-carriers. In contrast, charge recombination is 
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progressively slowed in the presence of slower (mild) polaron hopping and even more so if the 

polaron hopping is absent and the polaron resides at just one Ti-atom for long-timescales. The 

simulations reveal the details through which the space and energy overlap between conduction band 

minimum and polaron band gap states, and the ensuing NAC-strengths, are increased during a 

polaronic hop. It is found that the distortion of the TiO polyhedrons along the MD trajectory is a 

key factor for the charge recombination rate, with the intense and mild polaron hopping regimes 

being characterized by abrupt and gradual increases in the TiO distortion, respectively. Consistent 

with the result that polarons of restricted mobility are beneficial to prevent charge recombination, 

the simulations confirm that adsorbed H2O molecules, and their polaron-pinning effect, are also 

effective in extending the lifetime of photogenerated charge carriers in anatase TiO2(101). We expect 

these insights on the interplay between polaron hopping and surface functionalization for the 

relaxation of photoexcitations at the anatase (101) surface to provide a valuable and timely 

contribution to ongoing developments in the field of TiO2-based photocatalysis.  
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