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Abstract


Herein, we present molecular dynamics analyses of systems containing TiO2 interfaces with water, simulated using empirical forcefields (FF), Density-Functional Tight-Binding (DFTB), and Density-Functional Theory (DFT) methodologies. The results and observed differences between the methodologies are discussed, with the aim of assessing the suitability of each methodology for performing molecular dynamics simulations of catalytic systems. Generally, well-parameterised forcefield MD outperforms the other methodologies—albeit, at the expense of neglecting certain qualitative behaviours entirely. DFTB represents an attractive compromise method, and has the potential to revolutionise the field of molecular dynamics in the near future due to advances in generating parameters.
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1. Introduction


Choosing a suitable simulation methodology is the perennial problem of the computational chemist. Classical molecular mechanics (MM) and molecular dynamics (MD) provide simple, resource-efficient methods for calculating the properties of large systems, but often neglect or grossly simplify electronic behaviours. On the other hand, Density-Functional Theory (DFT) is a very common methodology for simulating electronic properties, but scales quite poorly with increasing system size [1]. Somewhere in between is the Density-Functional Tight-Binding (DFTB) methodology, which approximates DFT using pre-calculated parameters [2], allowing for better scaling with system size at the cost of losing some theoretical rigour.



Considering further some problematic shortcomings of molecular-simulation methods, there has been a good deal of activity in recent years to correct systematic errors inherent in traditional Kohn–Sham DFT. These include, inter alia, DFT + U [3,4] and RPBE [5,6]. These respective approaches allow for more detailed and accurate simulations in reactive systems (or those with the potential to do so, subject to reaction-energy barriers), such as reducing the electron-delocalisation problem in crystals and enhancing adsorbed-water interaction energies with surfaces.



Often, the choice of methodology is linked to the nature of the system. For some systems, there is little to be gained by including electronic interactions; for others, these interactions can be effectively approximated using parameterised or empirical adjustments to classical methods [7]. Conversely, the behaviour and properties of some systems can change considerably when a different methodology is applied; for example, the adsorption of water molecules on TiO2 surfaces. Theoretical calculations are often in quantitative disagreement with each other, and sometimes in qualitative disagreement with experimental evidence. Theoretical methods tend to favour dissociative or mixed molecular/dissociative adsorption on non-defective TiO2 surfaces [8,9,10], while experimental evidence favours molecular adsorption on the surface; however, more recent studies have also pointed towards mixed modes of adsorption, dependent on many factors [11,12,13].



In other instances, the choice of methodology is determined by the properties one wishes to observe. Many dynamical properties, such as the vibrational density of states (VDOS), require at least on the order of 103 data points in order to be considered a high-quality metric; others, such as the mean-squared displacement (MSD), should be calculated over at least a minimum time span to ensure that the system is in equilibrium and the observed behaviour is actually representative. Other properties of interest, such as the electronic band structure and density of states (DOS), require the inclusion of electronic interactions and thus constrain the size and length of the simulation, precluding (or at the very least, inhibiting) the effective calculation of the other properties mentioned above.



Bearing these above points in mind, in the present work we present a series of comparative analyses from molecular-dynamics simulation aimed at assessing the suitability of several simulation methodologies, namely, empirical forcefields (FF), Density-Functional Theory (DFT) and Tight-Binding DFT (or DFTB), as applied to various representative properties of the TiO2/H2O interface. These systems are of special interest to researchers in the field of surface science, as TiO2 is a promising candidate for the photoelectrochemical (PEC) catalysis of water for the production of hydrogen fuel. TiO2 is an n-type semiconductor with band gaps in the range of 3.00–3.5 eV [14], making it a wide band gap semiconductor. Much research has been carried out with the aim of better understanding TiO2 photo-catalysis and making it economically viable as a PEC catalyst for the production of hydrogen and methanol, as well as the removal of organic contaminants in wastewater [15,16]. TiO2 is considered to be one of the very few materials suitable for industrial applications due to its favourable combination of (relatively) efficient photo-activity, environmental stability, and low cost of production [17]. Popular approaches towards increasing the catalytic activity of TiO2 include the synthesis of novel or low-dimensional nanoscale catalysts, and doping or coupling with other materials [18,19].



Several other publications have explored various aspects of TiO2 photocatalysis in recent years, including doped catalysts, morphology control, coupling with co-catalysts and novel synthetic procedures [20]. Other theoretical studies have focused in detail on the effects of photoexcitation and applied electric fields on TiO2/H2O systems [21,22]; although highly interesting and relevant for comparisons to physically realistic systems, these methods were not employed in this study. Instead, comparable systems of anatase- and rutile-structured TiO2 surfaces were chosen in order to establish a reasonable benchmark between methodologies. These systems are outlined in Table 1 and Table 2.



Both the anatase (101) and rutile (110) surfaces are photoactive, and are the most stable bare surface of their respective crystals. As a result, they are typically the dominant surface plane (by area) observed in both nano- and macro-scale examples of TiO2, as well as being highly reactive [16]. However, as mentioned above, the surface science of TiO2 is often not well-understood. Difficulties in controlling the minutiae of surface structure, water coverage, and sample purity have also hampered experimental investigations [23].




2. Methodology


For as straightforward as possible ease of comparison, we attempted to ensure that the simulation settings employed were equivalent throughout all the simulations presented in this article. To that end, all simulations were equilibrated to, or very close to, 300 K and 1 bar pressure in the NVT ensemble for FF, DFT and DFTB, before respective production runs were performed in the NVE ensemble for the purposes of data-gathering. The simulation time-step varied according to the methodology employed, but was in the range of 0.25 to 1 fs to capture accurately the vibrational properties of water molecules.



2.1. Forcefield MD


Forcefield-based MD with empirical potentials was performed using two distinct methodologies: reactive and non-reactive potentials. Classical (i.e., non-reactive) molecular dynamics simulations were performed using the DL_POLY Classic software package [24] using the TiO2 parameters from Matsui and Akaogi [25] and the SCP/fw water model from Wu et al. [26]. Reactive MD was performed using LAMMPS software [27], employing the ReaxFF forcefield from refs. [28,29] in conjunction with the SPC/fw water model. As described above, all simulations were equilibrated to 300 K and 1 bar in the NVT ensemble before the data gathering was performed in the NVE ensemble. The simulation timestep was 0.25 fs, with coordinates and velocities were saved every 4 fs.



Three simulation cells were used for these studies: one cell contained 826 water molecules as a ‘neat-water reference’, and was used as a reference to compute values for bulk water, whilst the others consisted of a rutile structured (110) surface slab of TiO2 immersed in water, and an anatase structured (101) surface slab of TiO2, owing to these faces exhibiting greater PEC activity for each polymorph [17,18,19]. Both titania-water cells were orthogonal and contained equal numbers of TiO2 formula units and water molecules, as described in Table 1.




2.2. DFTB-MD


Two calculations were performed using the SCC-DFTB methodology [30]; these were on solvated surface slabs of anatase (101) and rutile (110). The details of the simulations are given in Table 2.



The anatase slab was generated from a unit cell sourced from the Materials Project database [31], transformed using the ASE [32] and pymatgen [33] python packages, then solvated using a bespoke Monte Carlo random insertion algorithm. The rutile (110) surface was generated from a unit cell also sourced from the Materials Project, and the same transformation/solvation procedure was applied. All simulations were performed using the DFTB+ software package [34]. In all cases, the mat-sci-0.3 parameter set [35] was used for the Slater–Koster files. This parameter set was designed to model the adsorption of phosphonic acids on rutile and anatase surfaces, and thus contained parameters for all relevant interactions contained in these simulations. Charge mixing was performed using the Bryoden–Eyert [36] scheme, as provided in the software, and the ELSI-library ELSA solver [37] was used to efficiently perform parallel charge-mixing and matrix-solvation. The SCC convergence threshold was set to 10−4 qe.



Shortly after the thermostat was disconnected from the system for NVE production simulation, the equilibrium temperature of the DFTB anatase (101) and rutile (110) systems steadily rose to 400 K and 350 K, respectively. The causative mechanism of this heating is currently unknown; it is unlikely to be an inherent flaw in the DFTB methodology, as the system energy remained constant. Furthermore, other authors have successfully employed these techniques without reporting a temperature increase [1,35,38]. It is known that poor SCC convergence may cause unintended temperature increases in DFTB-MD, which necessitates the application of correction and approximation terms during the calculation [39]. This is of particular relevance to the present work, as SCC convergence is difficult to achieve in larger MD systems. The authors have addressed this in a prior work, which details the DFTB simulation of a very large TiO2/H2O system [40]. Other potential causes of this heating may include parameter set artifacts or an insufficient equilibration phase, although the authors have no reasons to believe that either is the case.



Although this heating effect is unfortunate, as it limits the potential for a comparison to experimental results and the results of other simulations, it was found that the NVE ensemble was preserved, and thus the trajectories could be considered valid. Further investigation into the thermostat implementation in DFTB+ and its interaction with various charge solvers should be conducted to investigate any undesirable dependence on hardware or other computational specifics, although temperature control in DFTB [34,35,36,37] is known to be especially challenging in practice.




2.3. DFT-MD


The computational cost and relatively low numerical stability associated with DFT constrains its use to quite small systems and short trajectories. These constraints limit the quantity of data obtainable from a given simulation, but compensate with the accuracy and detail contained in the data. Only a rutile (110) system was studied using DFT-MD, using the same rutile system as for DFTB; see the system properties outlined in Table 2.



For this system, the average water molecule density was approximately 0.65 g cm−3, due to the small system size and to allow for the formation of water layers during the trajectory. The VASP (version 5.3.5) software package was used to perform the simulations, using the recommended pseudo-potentials for H, O, and Ti. The PBE functionals [41] were used for all atomic types in the system; no distinction was made between solid oxygen atoms and oxygen atoms belonging to water molecules. The PAW energy cut-off was set to 550 eV, and a Hubbard U correction of 4.0 eV was applied to the Ti atoms, using the scheme by Dudarev et al. [42].



In terms of rough comparative timings, per MD step, for systems of a similar size, one DFT step was 12.24 CPU seconds, one DFTB step was 3.8 CPU seconds, while one classical-MD step was 0.01 CPU seconds.





3. Results and Discussion


3.1. Water Layering


The formation of water layers on surfaces of TiO2 is a phenomenon that has been well-documented by both experimental and theoretical studies [43,44]. Detailed discussions of the nature and behaviour of these layers in molecular dynamics simulations have been presented by authors in previous publications [45,46,47]; thus, we only give a high-level treatment of the subject here for comparative purposes.




3.2. Forcefield MD


Using forcefield MD, both the anatase (101) and rutile (110) surfaces exhibited notable layering effects. The first layer was typically formed within 5 Å of the surface, with a second (and third, in the case of rutile) layer forming within 10 Å. A graph of water molecule density as a function of position along the z axis for both surfaces using classical MD is given in Figure 1a, and for the rutile (110) surface using ReaxFF in Figure 1b. The density was calculated by subdividing the cell into slices of 0.1 Å along the z axis and averaging the number of molecules in each slice over a period of 250 ps.



It is notable that the surfaces have quite different layering schemes; the rutile (110) surface features a very tightly bound first layer (denoted as 1AL, graphed in red) and pronounced second and third layers (2AL and 3AL, graphed in blue and orange respectively), whereas anatase (101) was observed to form only two layers. Rutile (110) also formed layers under ReaxFF, but these were slightly less dense. The existence and classification of a third water layer at the rutile (110) surface is somewhat contentious; some studies, such as ref. [34], have reported a distinct third layer, whereas others [48] consider it to be part of the second layer. Furthermore, the prevalence of the third layer seems to vary according to the layer identification methodology employed (see ref. [46] for further details). To avoid becoming embroiled in this debate, we use the term “inner layer” to denote water molecules in the layer immediately adjacent to the surface, and “outer layer” to denote those in layers further away. Figure 2 shows the colour-coded layers at either surface, as simulated using classical MD.




3.3. DFTB-MD


Figure 3 shows the molar (i.e., not mass-weighted) density of water oxygen and hydrogen atoms at the anatase (101) and rutile (110) surfaces, respectively. The density profiles for the rutile (110) interfacial system (Figure 3b) show two definite, narrow oxygen density peaks at either surface, similar to Figure 1a, above, and corresponding to inner and outer layers. The hydrogen density is also arranged into two peaks; however, these are much broader than the oxygen peaks. The inner hydrogen density peak is bifurcated, with one sub-peak at the same position as the oxygen peak and the other, smaller sub-peak slightly further away from the surface. This suggests that adsorbed water molecules have an O H bond roughly parallel to the slab surface. Conversely, the anatase (101) density profile (Figure 3a) is less structured, showing only one peak adjacent to either side of the surface slab and a gradual drop in density thereafter.




3.4. DFT


Due to the small size and limited duration of these trajectories, it is quite difficult to assess the extent of layer formation. Figure 4 shows the density of water molecules along the z axis of the rutile/water system.



This density profile is in good agreement with Figure 1a and Figure 3, albeit with a lower overall density. Pronounced first and second layers formed; the density of the first layer at the rutile interface is approximately four times greater than the density in the middle of the space between slab surfaces. A second layer can also be clearly observed, with near-zero density observed between the first and second layer, which speaks to strong physico-chemical adsorption at the surface.




3.5. Hydrogen Bonding


Hydrogen bonding has a significant influence on the structure, dynamics, and reactivity of water molecules in the vicinity of a metal–oxide interface. Hydrogen bonding is also a property that is notably difficult to predict accurately using atomistic simulations, and many software implementations use explicit parameters to better reflect experimental properties. None of the simulations presented in this paper used explicit hydrogen bond terms, in order to assess the performance of the methodology independently of the performance of the hydrogen bond term. For the purposes of this paper, hydrogen bonding is defined using the Luzar–Chandler criteria [49].




3.6. Forcefield MD


Figure 5 shows the average number of hydrogen bonds per molecule in the inner and outer layers, as well as the bulk, for the forcefield MD systems. It was found that, on average, water molecules in the inner layer typically had between 1.0 and 3.1 hydrogen bonds, depending on the surface; the very “spiky” shape of the distributions is due to the small sample size of inner layer molecules (31 molecules for anatase (101) and 16 for rutile (110)) and the low mobility of the molecules, causing the average number of hydrogen bonds to not change much over the simulation. As the 1AL at both interfaces is immediately adjacent to the TiO2 surface, it is not unexpected that molecules in the 1AL have approximately half the average number of hydrogen bonds as those further away from the surface.



The hydrogen bonding régime observed at the rutile (110) service using ReaxFF was notably different from that observed using classical MD; see Figure 6. In this system, bulk water molecules had between 1.6 and 3.1 hydrogen bonds, and the distribution was not close to normal, as in the classical systems. Conversely, both layers had narrow, almost normal distributions centred on 2.8 and 3.9 hydrogen bonds for the inner and outer layer, respectively. The difference between classical and reactive MD is very apparent in this case, and it is likely that the change in the number of hydrogen bonds per molecule in the layers is due to the dissociation of water molecules close to the surface, creating a more “flexible” environment conducive to the formation of energetically favourable hydrogen bonds.



Figure 7 shows the distributions of hydrogen bond lengths in the interfacial systems. In both systems, the mode bond length was approximately 1.65 Å in both the layers and the bulk; however, in the layers the distribution was much narrower, i.e., there was less variance in the bond length. The inner and outer layer distributions were nearly identical (Figure 8), which suggests that this was not solely a result of increased density. Using ReaxFF, the mode bond length for inner layer molecules was also approximately 1.65 Å; however, the bulk and the outer layers had slightly longer bonds at the mode, being approximately 1.75 Å and 1.85 Å, respectively.




3.7. DFTB


Hydrogen bonding in the systems modelled using DFTB was dominated by the low water density of the systems, and their predilection to dissociate at TiO2 surfaces. Figure 9 shows the distribution of average hydrogen bond numbers in the nanoparticle, anatase (101) and rutile (110) systems.



The average number of hydrogen bonds per molecule was less than two at the interfacial systems, and there was no apparent difference between molecules close to the surface (i.e., layered molecules) and those further away. This is a notable deviation from the behaviour in the larger, classical MD system, where only the inner layer molecules had fewer than two hydrogen bonds and bulk-like molecules had approximately 3.5, and also the reactive MD system, where layered molecules had between three and four hydrogen bonds. Similar to Figure 5, the notably “spiky” shape of the interfacial distributions was an artefact of the small sample size and short trajectory in these systems.



Figure 10 shows that the average length of hydrogen bonds also varies between the systems. In particular, the nanoparticle system, anatase (101) system and bulk water all had similar hydrogen bond length distributions, which were quite broad with a slight peak at approximately 2.1 Å. In contrast, the rutile (110) distribution had a sharp peak at slightly less than 2.0 Å and a slowly decaying right tail. This suggests that the inter-molecular structure in at least a subsection of this system (e.g., close to the surface) was relatively constrained compared to the other systems, which supports the hypothesis that the layering effect was much stronger in this system. These average bond lengths were still between 0.45 and 0.15 Å higher than those observed in the forcefield systems, respectively.




3.8. DFT


Using DFT methods, the distinction between intramolecular O-H bonds and intermolecular hydrogen bonds can become somewhat muddled, and there is instead a continuum of possible bond régimes as the electron density of the system rearranges itself. Thus, the geometric considerations imposed by the Luzar–Chandler conditions are important to distinguish between stretched O-H bonds (which are energetically unstable) and actual hydrogen bonds, which increase the stability of the system.



Figure 11 shows the distribution of average hydrogen bond numbers for all water molecules in the DFT system; c.f. Figure 5, above, which show the distribution for layered molecules. Unlike the “spiky” distributions in the previous figures, Figure 11 shows two distinct distributions: a small peak between 2.00 and 2.30 hydrogen bonds, possibly corresponding to a subset of molecules which adopt a stable 2 H-bond configuration for a significant proportion of the trajectory, and a single, irregular peak at 2.75 hydrogen bonds per molecule. The latter distribution is left-skewed and lies between 1.75 and 3.00 hydrogen bonds per molecule, which reflects the small size and lower density of this system.



Figure 12 shows the distribution of acceptor–hydrogen bond lengths averaged over the 2 ps trajectory. As can be seen from the Figure, the distribution was approximately normal, with a right tail. The peak hydrogen bond length occurred at 1.6 Å, similar to the forcefield system and shorter than DFTB. This was despite the fact that the starting geometry, density and simulation settings of the DFT and DFTB systems were identical, highlighting the differences between these two related methodologies.




3.9. Vibrational Spectra


The computation of the vibrational density of states (VDOS) for particles in a molecular dynamics simulation is a long-standing analysis method, and the spectra thus obtained can be compared to the experimentally observed IR spectrum of equivalent systems. In these simulations, the VDOS is calculated from atomic velocity data via Fourier transform, as per the Wiener–Khinchin Theorem.




3.10. Forcefield MD


A detailed analysis of the features contained in the VDOS of water molecules in these systems was presented in our previous publication; thus, only a brief overview is given here. The hydrogen atom VDOS for the anatase (101) and rutile (110) classical-MD systems are shown in Figure 13 and Figure 14.



All of the calculated spectra exhibited some shared features: the presence of poorly defined translational/rotational modes up to 1000 cm−1, the presence of the bending mode at approximately 1500 cm−1, and the presence of two stretching modes quite close together at approximately 3600 cm−1. In the layered regions, the intensities of the translational/rotational modes and bending mode were suppressed relative to the stretching modes, and there was some slight shifting in frequency relative to the bulk water spectrum. These effects decreased in magnitude in the outer layer. Figure 15 shows the corresponding hydrogen atom VDOS for the rutile (110) ReaxFF system. Notably, the rotational/librational region of the spectrum was significantly enhanced compared to the spectra in Figure 13 and Figure 14, and there was a marked broadening of all peaks. The spectra corresponding to the inner and outer layers showed pronounced deviations from the bulk, to a much greater degree than in the classical systems, highlighting the effects of molecular dissociation at this level of theory.




3.11. DFTB


Due to the small system size, it was possible to run reasonable trajectories of the anatase (101) and rutile (110) surface slabs using the DFTB methodology, although these were still significantly shorter than those obtained from the forcefield MD simulations. Figure 16 shows the hydrogen atom VDOS for the two systems, using the DFTB methodology.



The most obvious difference between the VDOS obtained from DFTB simulations and classical MD is the appearance of a mode at approximately 2000 cm−1 in both systems, which replaced the bending mode, which is usually at approximately 1600 cm−1. Compared to the classical systems, the intensity of the stretching peaks (approximately 3600 cm−1) was somewhat reduced relative to the translational/rotational range (∼100–500 cm−1) and bending mode. The high intensity of the translational/rotational modes was largely an artefact of the short trajectory length, and would be expected to reduce to levels similar to classical-MD VDOS if calculated over a comparable period, i.e., 50 ps. Another noticeable difference was the appearance of a peak at approximately 1200 cm−1, which was plausibly present as a shoulder in the hydrogen VDOS of the rutile (110) system calculated with ReaxFF (cf. Figure 15). This peak did not correspond to any calculated or observed water molecule or hydroxyl vibrational mode.




3.12. DFT


The computational expense of DFT was most apparent when attempting to calculate ensemble properties such as the VDOS. Although the rutile (110) system size was quite small compared to the forcefield MD systems, it was only possible to run a very short trajectory. The VDOS for this system is presented in Figure 17, and was calculated using the vaspkit software [50].



This spectrum was markedly different from the previous spectra: the librational band was much more significant than the bending mode at ~1500 cm−1, and the stretching modes had almost entirely disappeared into a very broad range of low intensity peaks between approximately 2250 and 3750 cm−1. The low density of the system and short trajectory length (necessitated by the computational demands of DFT-MD) are likely causes of this discrepancy, and serve as a reminder that the absolute in theoretical rigour is not always preferable over reasonable system size and trajectory length.





4. Conclusions


In this work, we have presented various analyses of systems containing TiO2 interfaces with water, simulated using multiple popular techniques. The observed properties of these systems were discussed, and the suitability of using each technique was outlined in the context of these results.



Generally, forcefield MD presents the best combination of scalability and accuracy of experimental results for dynamical properties, but entirely neglects the physical reality of dissociation and chemical reaction. Forcefield-MD methods are also highly dependent on the parametrisation quality and intended usage of the forcefield; for example, the reaxFF forcefield allowed for the dissociation of water molecules in solution, but resulted in a less precise VDOS than a classical pairwise potential. These methods are therefore best employed when the behaviour of the system is well understood and statistical properties are of greater interest than precise mechanism, although of course exceptions exist.



Although typically more accurate and rigorous than forcefield methods, DFT generally scales too poorly to be of much use when calculating dynamic properties, except for very small systems. Even for such systems, the results obtained may not be in sufficient quantity to sufficiently sample the phase space of the system; Figure 11, Figure 12 and Figure 17 in the present work have appreciably lower granularity and confidence than the other Figures obtained from forcefield MD and DFTB-MD. Conversely, DFT is the only method studied in the current work that allows for the accurate modelling of the mechanism of adsorption of H2O on the TiO2 surface, which is indubitably valuable for studies which are concerned with those details.



DFTB gives reasonably accurate results, with much better scalability than DFT, but like forcefield MD is dependent on the quality of the parameter set. This makes DFTB something of a compromise solution, albeit a very powerful one. DFTB-MD scales on the order of 102–103 times slower than the equivalent forcefield MD simulation, depending on the choice of algorithm and the speed of SCC convergence. This is still much faster than typical AIMD/DFT-MD methods, and the interactions between atoms in the DFTB simulation are typically calculated on a pairwise basis, which allows for a much better resource scaling with system size. However, the use of this method is stymied by the relatively poor availability of parameter sets, and the generation of new, high-quality parameter sets is non-trivial. Advances in fitting and generating new parameter sets, such as efforts by van den Bossche [51], are likely to improve the DFTB technique rapidly in the near future.



The recommendation of one method over the other is fraught with difficulty and conditionality, bearing in mind the desired simulation accuracy, both qualitatively and in terms of (semi-) quantitative agreement, and, naturally, the level of system size and computational expense. Considering solvent-surface systems, in general, for longer-time simulations of more realistic nanoscale systems and surfaces featuring defects where it is desired to probe vibrational and solvent-phonon-coupling properties, then the use of empirical potentials is unrivalled. In contrast, for detailed electronic-structure calculations of band-gap characteristics, or solvent/surface-defect mid-gap states, then DFT (with the appropriate treatment of dispersion interactions) is superior—with the caveat of unrealistically small system sizes sometimes leading to possible questions as to accuracy. In any event, DFTB+ is ideally placed for longer-time and larger-system simulations (with thousands of atoms) at more nanoscale dimensions and for more realistic dopant concentrations below 0.1–0.2% that cannot be achieved with DFT, e.g., to see solvent and dopant effects in systems approaching the nanoscale with potential surface defects, such as vacancies.



In general, given the much better size-scaling properties compared to DFT, DFTB is gaining in importance and applicability for titania-water systems for modelling at the nanoscale, e.g., as nanoparticles interacting with water. In particular, our recent DFTB study of a solvated anatase nanoparticle has shown the clear potential in DFTB to model qualitatively reasonable trends at the genuine nanoscale [40], and shows promise for comparisons with experimental data of comparable length-scales, with nanoscale imperfections that are so important in governing PEC activity [17], for instance.
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Figure 1. (a): Density of water molecule centres-of-mass along the z axis in the FF ‘classical’ systems. (b): Density of water O and H atoms along the z axis in the rutile (110) system with ReaxFF. 
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Figure 2. (a): Colour-coded water layers at the anatase (101) interface. (b): Colour-coded water layers at the rutile (110) interface. 
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Figure 3. (a): Density of water O and H atoms modelled using DFTB at the anatase (101) surface. (b): Density of water O and H atoms modelled using DFTB at the rutile (110) surface. 
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Figure 4. Density of water oxygen atoms at the rutile (110) interface modelled with DFT-MD. 
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Figure 5. (a): Hydrogen-bond number distribution for anatase (101) modelled using classical MD. (b): Hydrogen-bond number distribution for rutile (110) modelled using classical MD. 
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Figure 6. Hydrogen-bond number distribution for rutile (110) system modelled using ReaxFF. 
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Figure 7. Hydrogen-bond length distribution for (a) anatase (101) and (b) rutile (110) using classical MD. 
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Figure 8. Hydrogen-bond-length distribution for rutile (110) system modelled using ReaxFF. 
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Figure 9. Hydrogen-bond-number distribution for the rutile (110) system modelled using DFTB. 
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Figure 10. Hydrogen-bond-length distribution for the rutile (110) system modelled using DFTB. 






Figure 10. Hydrogen-bond-length distribution for the rutile (110) system modelled using DFTB.



[image: Crystals 13 01122 g010]







[image: Crystals 13 01122 g011] 





Figure 11. Hydrogen bond number distribution for the rutile (110) system modelled using DFT. 
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Figure 12. Hydrogen-bond-length distribution for the rutile (110) system modelled using DFT. 
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Figure 13. Hydrogen-atom VDOS for the anatase (101) system modelled with classical MD. 
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Figure 14. Hydrogen-atom VDOS for the rutile (101) system modelled with classical MD. 
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Figure 15. Hydrogen-atom VDOS for the rutile (101) system modelled with ReaxFF. 
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Figure 16. Hydrogen-atom VDOS for the systems modelled using DFTB. 
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Figure 17. Hydrogen atom VDOS for the rutile (110) system modelled using DFT. 
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Table 1. Simulation cell parameters for the FF-MD calculations.
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	System
	NTiO2
	NH2O
	a (Å)
	b (Å)
	c (Å)





	Non-reactive
	
	
	
	
	



	Rutile
	448
	2000
	26.50
	40.96
	69.87



	Anatase
	448
	2000
	23.62
	45.38
	69.45



	Reactive
	
	
	
	
	



	Rutile
	448
	2000
	26.50
	40.96
	69.87










 





Table 2. Simulation cell parameters for the DFTB-MD calculations.
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	System
	NTiO2
	NH2O
	a (Å)
	b (Å)
	c (Å)





	Anatase
	28
	65
	11.41
	10.47
	39.26



	Rutile
	32
	45
	9.307
	11.04
	25.04
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