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Abstract: The distribution of individual water molecules’ self-diffusivities in adsorbed layers at
TiO2 surfaces anatase (101) and rutile (110) have been determined at 300 K for inner and outer
adsorbed layers, via classical molecular-dynamics methods. The layered-water structure has been
identified and classified in layers making use of local order parameters, which proved to be an equally
valid method of “self-ordering” molecules in layers. Significant distinctness was observed between
anatase and rutile in disturbing these molecular distributions, more specifically in the adsorbed outer
layer. Anatase (101) presented significantly higher values of self-diffusivity, presumably due to its
“corrugated” structure that allows more hydrogen bonding interaction with adsorbed molecules
beyond the first hydration layer. On the contrary, rutile (110) has adsorbed water molecules more
securely “trapped” in the region between Ob atoms, resulting in less mobile adsorbed layers.

Keywords: molecular dynamics; self-diffusion; interfacial structures mobility; water molecules

1. Introduction

Since Fujishima and Honda stated the possibility of producing hydrogen and oxygen
gas from water splitting when exposing titanium dioxide (TiO2, known popularly as titania)
to light irradiation [1], and, attributed to its non-toxicity and natural abundance, TiO2 has
been widely investigated for various promising renewable energy applications using photo-
electrochemical dissociation [2–4]. Unfortunately, even after almost a half-century of studies
in the area of photoelectrochemical (PEC) water splitting, the fundamental physics and
chemistry behind it remains poorly understood [1], as well as the ideal and most efficient
semiconductors not yet found.

From the naturally occurring TiO2 polymorphs, the far more important facets are
rutile (110) and anatase (101) [5,6]—where anatase demonstrates superior photocatalytic
activity [7] and the (101) surface happens to be the predominant and that one with the
lowest-energy surface of anatase TiO2 [8], owing to its metastable nature, commonly seen in
nanomaterials, whilst rutile presents greater thermodynamic stability phase in bulk [9,10].
Their properties and behavior are crucial to understanding TiO2/water interfaces, the
structure and “self-ordering” of water at various metal-oxide surfaces; specifically intrinsic
surfaces and water molecules in the interfacial and confined region, as well fine-tuning
catalytic applications [11].

Molecular dynamics, amongst various other approaches, is considered a valuable and
effective tool to characterize the vibrational and dynamical behavior of water molecules on
TiO2 surfaces such rutile (110) and anatase (101) [12,13]. In particular, adsorption forms
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of water on anatase (101) have been studied in much detail using ab initio MD (AIMD) to
understand the liberational motion of adsorbed water more thoroughly [13,14]. In recent
years, as the system has been quickly developed, studies of modern models’ potentials [15]
and clustering of water layers [16,17] at TiO2 interfaces using DFT-based ab initio molecular
dynamics (AIMD) have been reported. Although in terms of analysing layered diffusion in
small systems this can be significantly more challenging than MD, as it calculates layered
water diffusion from the small system sizes available to AIMD. When we look at molecular
absorption in MD, however, we see most published works, in fact, state that this absorption
is more energetically favourable at both low and monolayer coverage, even though there is
still a limited understanding of TiO2/water interfaces overall.

There have been apparently more studies on rutile (110)−water interfaces regarding
the confinement of water molecules and their mobility. Ion adsorption of rutile (110) was
reported by Zhang et al. [18], whereas the electric double layer structure has recently been
probed by Predota et al. [19]. Many other theoretical studies have been systematically
investigated on this surface, such as the nature of layered water structure [20] ionic ad-
sorptions [21] viscosity and self-diffusion of the water layers{Formatting Citation} and
dielectric properties of the interface. As one of the particular interest areas of study of
the authors, diffusivity was reported to increase further away from the surface going to-
ward bulk-like values [22] which is in accordance with the experimental measurements of
Mamontov et al. [23,24].

In this study, we present results, obtained rigorously from equilibrium classical molec-
ular dynamics simulations at 298 K of self-diffusivity of inner and outer layers of both
anatase (101) and rutile (110). This is a directly observable property that provides a sig-
nificant comparison between the dynamics of the semiconductor and its adsorbed layers,
allowing the studies of interactions between them and providing interesting insights re-
garding mobility and water break-up events. Furthermore, we provide the distribution
of self-diffusivities of individual water molecules in the inner and outer layers at TiO2
surfaces to highlight the complex nature of distinct molecular behaviour from immobile
adsorbed water molecules to more mobile and flimsy bounded water. A vital point for the
analysis of structural and dynamical properties of interfacial water, such as self-diffusivity,
is to assure simulation times will have a long and adequate length, as well as favorable
statistics when utilizing well-tested empirical potentials [25]. This is, in fact, one of the main
concerns of the authors here, as suitable simulation length will allow properly convergence
for both surfaces and the achievement of meaningful insights with regard to layered water
molecules diffusivity.

Here, we explore self-diffusion, which is a dynamical property of central importance
for electrochemical applications in water/metal-oxide interfaces. In detail, we describe the
probability distribution of self-diffusion of individual water molecules in adsorbed layers,
as well as the distinct differences between anatase and rutile in disturbing and shifting
these molecular distributions. The present statistical and individual-molecule analysis
has been explored in previous work using MD simulations for the polarized and rigid
water model TIP4P-2005 by some of the authors [26] and, it apparently continues to be a
rather overlooked field of study in molecular fluids’ transport properties. To the best of the
authors’ knowledge, individual self-diffusivities (from mean squared displacements) were
previously investigated in the context of heterogeneous molecular behaviour regarding
hydration layers around proteins [27], and in water adsorption at single-molecule to fully
surface coverage [16,28], although no residence times of water molecules in different
layers were analysed in detail. The present study elucidates water dynamics in a single-
molecule point of view, and it gives a better understanding of the structural and dynamical
properties changes of individual water molecules at interfaces rather important in solar-
energy conversion applications applying a distinct layering ordering method based in a
combined hydrogen-bonding analysis and local order parameters (LOPs).
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2. Computational Details

We have carried out equilibrium classical molecular dynamics simulations on systems
containing models of TiO2 anatase (101) and rutile (110) surfaces based on the Leapfrog
Verlet algorithm [29]. 2000 water molecules were accommodated in supercells containing
448 TiO2 units of each model under orthogonal periodic boundary conditions. These cells
were expanded in the z-direction perpendicular to the surface such that the bulk density
was ~1 g/cm3. The particle-mesh Ewald (SPME) summation [30] was employed to evaluate
long-range electrostatics, with a cutoff distance of 9 Å, as listed in [31]. All analyses were
performed over 300 ps intervals of a 1 ns trajectory, considering the first 50 ps of each sub-
interval for layers identification where a minimum length of MSD and statistical sampling
level was defined in order to ensure formation of the Fickian regime in the region [32]. The
single point charge, flexible water SPC/fw model [33] was chosen to represent water here
due to its capability in reproducing liquid water structure appropriately, and, especially
diffusivity, and dielectric properties in various temperature and density conditions [33]. The
SPC/fw water model was also preferred because of its considerably superior estimation of
self-diffusivities [34] and freezing point for water [35] facing the SPC model. All simulations
were performed in the microcanonical NVE ensemble using the DL-POLY Classic software
package [36] after thermal equilibration in the NVT ensemble for a period of 100 ps, using
the Nosé-Hoover thermostat at initial conditions of 298 K. A time step of 0.25 fs was chosen
to avoid thermal and pressure accumulation in NVE production simulations. The cell
dimensions and other simulation parameters are described in Table 1, and snapshots of
equilibrated interfacial structures are shown in Figure 1.

Table 1. Details of the systems used in this work.

Surface x, y, z (Å) NTiO2 NH2O T (K)

Anatase (101) [31] 26.495, 40.956, 69.873 448 2000 298 K

Rutile (110) [31] 23.624, 45.381, 69.450 448 2000 298 K

Bulk water 30.00, 30.00, 30.00 0 826 298 K
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Figure 1. Structure of TiO2 surfaces in the z-direction (a) rutile (110) and (b) anatase (101). Where Ob
is a bridging oxygen, O3c a three-coordinated surface oxygen, Ti5c a penta-coordinated surface Ti
atom, and Ti6c a hexa-coordinated Ti atom.

Due to its suitable performance for titania [37–41], the systems were described by
Matsui and Akaogi’s [42] empirical potential for TiO2 which involves Buckingham-type
interactions with parameters reported by Bandura et al. [43] and Predota et al. [20] Using
these potentials has resulted in valuable insights regarding vibrational density of states,
as well as hydrogen-bonding properties on TiO2–water interfaces [34]. Reactive force-
fields were also considered as a valid and good option for this work and, were in fact,
adopted before for water–TiO2 interfaces analysis [44]. However, the authors are not
focusing on water splitting or OH dissociation, but are rather interested in water mobility
within adsorbed layers itself. The non-dissociative Matsui–Akaogi model proved to be
a more appropriate choice as it allows both applicability and reliability to large-scale
simulations [38,40], especially when associated with a flexible water model which it is
expected to provide realistic description of water interactions with the surface.

In order to meaningfully define transient sub-phases such as layers in the simulation,
we employed a method combining hydrogen-bonding analysis and local order parameters
(LOPs) techniques commonly used in nucleation studies [45,46]. This method was first
proposed in an earlier paper by some of the authors [47] as an efficient tool for interface
analysis and is used effectively here to illustrate the difference in the chemical and physical
properties of water molecules in various environments close to the interface and in the
condensed bulk phase.

Hydrogen bond analysis was carried out using the method of Luzar and Chandler [48]
which considers the geometric relationship between donor and acceptor atoms. For a donor
molecule D-H and an acceptor atom A, the Luzar-Chandler conditions define a hydrogen
bond as occurring when the following conditions are satisfied:

rD−A ≤ 3.5 A
◦

and DHA ≤ 30◦ (1)

Using these criteria, water molecules in the bulk phase have an average of 3.5 hy-
drogen bonds, whereas water molecules in interfacial layers have either 2 or 4 hydrogen
bonds on average, depending on their proximity to the interface. Order parameters pro-
vide a means to quantify the “regularity” of a system for comparative purposes, e.g., to
distinguish between different phases of a material [49]. LOPs represent the regularity of
the environment around a particular molecule, taking into account the relative positions of
first and second neighbors within a certain cut-off radius.
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The LOPs are derived from Steinhardt classification parameters [46], which are defined
below:

qlm(i) =
1

Nneigh(i)

Nneigh(i)

∑
j=1

Ylm
(
θij, ϕij

)
(2)

Here, i is a particle (i.e., water molecule) in the system, j are the neighbors of i (please
note that in this study, neighbors are those within the 3.5 Å cut-off radius of the centre
of mass of particle i), and Ylm(θij, ϕij) are spherical harmonics of order l and degree m,
with θij and ϕij representing the azimuthal and altitudinal angle between particle i and j,
respectively [47]. From this definition, the LOP terms are defined as:

〈qlm(i)〉 =
1

Nneigh(i) + 1

Nneigh(i)

∑
j=0

qlm(j) (3)

where the j = 0 term in the sum represents the Stenhardt classification parameter of particle
i itself. These 〈qlm〉 terms are then summed over degrees m and normalized to yield the lth
order local order parameter:

〈ql(i)〉 =
[

4π

2l + 1

l

∑
m=−l

|〈qlm(i)〉|2
]1/2

(4)

The self-diffusion constant of water along xy plane (parallel to the surfaces) and
z-direction (perpendicular thereto) at either surface was obtained from the Einstein rela-
tionship as the limiting slope from the mean-square displacement (MSD) [29,32]:

Di =
1
2

lim
t→∞

〈 |ri(t)− r(0)|2〉
t

(5)

where ri(t) represents the position of particle, i at time t. Following the technique used in
an earlier paper by some of the authors [26], the MSD for each individual molecule contained
in the first hydration layers of both anatase (101) and rutile (110) was determined—so as to
study shifts in the probability distributions of the molecular self-diffusivities and mobility
in the fully hydrated surface that is crucial for the photoinduced transfer at the water-TiO2
interface [50] and further away the surface.

The MSDs and diffusivity of adsorbed layers were computed throughout independent
subsections of the trajectory (1 ns) following a strict filtration process. Analysis was carried
out over 300 ps sub-intervals of an overall 1 ns trajectory. Layered molecules were identified
by computing the average fourth-order LOP (<q4>) and number of hydrogen bonds (nH)
for each water molecule in the system over the first 50 ps of the 300 ps sub-interval. These
values were then used to construct a sample set of <q4> values, which we readily verified
followed a two-tailed normal distribution, and from which the mean (µ) and standard
deviation (σ) were calculated. Z-testing was used to identify molecules belonging to layers
with 95% confidence, corresponding to | <q4(i)> −µ | ≥ 1.96σ. Molecules identified in
this way were assigned to the inner layer if they had nH ≤ 2.5 on average over the first
50 ps of the 300 ps analysis interval, and the outer layer otherwise. The MSDs of these sets
of molecules were then calculated over various 300 ps sub-intervals to obtain reliable data
for the calculation of self-diffusivity.

3. Results and Discussions
3.1. Dynamic Interfacial Structure and Layers Identification

To better comprehend the underlying adsorption on the surfaces, it is de rigueur to
examine the density profiles along the surface. As reported in previous work of the authors
O’Carroll and English [47], and also shown in Figure 2, the water density profile in the
direction perpendicular to the surface plane (z) of the interfaces of both anatase (101) and
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rutile (110) exhibit the surface adsorption occurring in layers at given distances from the
surface (∆z). In any event, the layer itself can be identified by each space between two
minima. Initially, it is possible to see an ordering effect where random water molecules
are subjected to a layering transformation upon contact with the interface. These results
agree well with literature, where the water close to the surface has a considerably ordered
structure [28,31,47,51] and also explains why considerable high density is seen at the surface
where water molecules seem to be packed in a differ manner than in bulk water [52]. In the
interface region, rutile (110) shows two to three distinct-shaped peaks, whereas anatase
(101) shows only two. This can be explained by the fact that in the anatase (101) surface
water molecules remain in-between the O2c atoms, strongly hydrogen-bonded to them,
whilst weakly bonded to the Ti5c surface atoms. On the other hand, the same does not occur
for rutile, as water molecules occupy the spaces in between the Ti5c, owing to markedly
restricted ridges and insufficient inter-ridge volume for the adsorption to take place [37].
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It is important to note that the first distinct water molecule layer disseminating from
the surface and limited by the second minima (∆z = ~1.2 Å for anatase (101)) is, in fact, the
“boundary” between the adsorbed monolayer and further layers from the surface—often
referred as ‘ML’ or ‘1L’), followed by a second layer ‘2L’ (~2.4 < ∆z < ~3.9 Å) not connecting
directly with the surface. After this distance, it is possible to see the density layers becoming
less clear, showing a third less-distinct layer ‘3L’ (~3.9 < ∆z < ~5.2 Å); occurring then a
transition to the bulk density just above 10 Å. The authors even consider the idea of an
electrostatic force in the vicinity of the surface being responsible for the formation of layers
simply by the proximity to the surface, as reported by O’Carroll et al. [31]. In any event,
this confirms that water close to the surface presents greater density and a highly ordered
structure reaching out to about 10 Å and then going towards a random orientation where
the properties are closer to those of liquid bulk water, as reported in [51,52].

In this study, we will focus on water mobility arrangements between layers in the
region (0 < ∆z < ~3.9 Å) which we will call: inner Helmholtz layer IHL and outer Helmholtz
layer OHL. In practice, the IHL would still be the edge between the adsorbed monolayer
(1L) physically having slightly less than 2.0 hydrogen bonds on average at either surface.
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The OHL and subsequent layers that are not in any direct contact with the surface; however,
they present the average hydrogen bond numbers for the bulk region, as showed in
Figure S1 in the supporting material.

3.2. Diffusivity and Mobility of Adsorbed Water Layers

In order to quantify the dynamics of water molecules and estimate the diffusive
properties of water at the water-TiO2 interface, we calculated the water self-diffusion
coefficient (D) from the center-of-mass mean squared displacements [32] over a 1 ns tra-
jectory by means of the Einstein relationship for both anatase (101) and rutile (110) first
and second adsorbed layer, as well as the bulk region. In Table 2, it is possible to see the
self-diffusivities of the defined density layers IHL and OHL in the xy plane (parallel to
the surfaces) and z-direction (perpendicular thereto) at either surface for longer 300 ps
intervals. The self-diffusivity of bulk water was also calculated for reference, and it was
found to be ~2.26 × 10−9 m2 s−1, whereas the experimental bulk-water value is reported
to be 2.3 × 10−9 m2 s−1 in the literature [53].

Table 2. Self-diffusivities [×10−9 m2 s−1] (x, y, z) in adsorbed layer (IHL) and second layer (OHL)
from each surface. The total self-diffusivity is given by the sum of the different laboratory directions.

Surface IHL OHL

Rutile (110) 0.025, 0.027, 0.020 0.512, 0.545, 0.327

Anatase (101) 0.514, 0.522, 0.322 0.731, 0.720, 0.541

It was observed that the diffusion constants of the interfacial water differ from the bulk
region by one order of magnitude, showing markedly lower values. Similar behaviour can
be seen in Table S1 for self-diffusivities of anatase (101) in shorter 50 ps sub-intervals. This is
an expected behavior since the first adsorbed layer is characterized by a certain confinement
due to the interaction with the TiO2 surface, in which case is bonded to surface oxygen
O2c/Ob atoms via coordination to unsaturated surface Ti4c/Ti5c atoms and Hw [54,55].
(cf. Figure 1) The comparison of normalized probability distributions for molecular self-
diffusivities in the IHL and OHL for both anatase (101) and rutile (110) for the first 50 ps of
the 300 ps sub-intervals are shown in Figure S2 (cf. Supplementary information), where
some difference in the widths and the positions of the maxima is evident. The plots in
Figure S2 are normalized such that the area under the curve represents the total number
of water molecules present in the adsorbed layers. At first glance, we can see the high
ordering effect in the IHL of both anatase (101) and rutile (110) considering the markedly
inferior diffusivity values, whereas in the OHL water molecules are definitely less ordered,
allowing a greater mobility. It is valid to say then the water molecules show inhomogeneous
diffusive properties within distinct adsorbed layers: firmly adsorbed and sluggish in the
IHL—especially in the rutile (110) surface, relatively mobile in OHL, and most mobile in
the bulk region, which agrees well with experimental and theoretical results [51,56].

The OHL self-diffusion for both anatase (101) and rutile (110) leads to broader distribu-
tions, which reflects the tendency of diffusivity going towards bulk-values with increasing
distance from the surface reported by Predotal et al. [22] Furthermore, when comparing
the OHL of each surface, it is seen that rutile (110) shows considerably higher diffusivities
values than anatase (101), which are reasonably close to the bulk region (cf. Table S2 in
Supplementary Information). However, when we examine the residence time of rutile (110)
IHL—specifically those molecules near Ti5c—we see considerably small x, y, z components
of the MSDs. The authors believe the great values of diffusivity in rutile (110) could be due
incomplete binding or motion that was later negated due to the short 50 ps intervals; since
the rutile (110) structure would suggest a rather opposite tendency regard OHL and, also
considering its surface plane formed by Ti5c rather than the bridging oxygen atoms Ob [37].
The mean square displacement of both surfaces for shorter 50 ps intervals illustrating these
findings can be seen in Figure S3 in the supporting material.
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As expected, anatase (101) IHL presents wider distribution than rutile (110) IHL, due
to anatase-(101)’s triple-peaked and accessible structure that facilitates the formation of
water hydrogen bonded in and beyond the adsorbed layer. Naturally, this greater level of
mobility, or self-diffusion, in the adsorbed layer of anatase-(101), would result in increased
photoactivity and water splitting rates, which it is the case for anatase-(101) [7] if compared
with rutile (110). Surprisingly, it was not possible to identify molecules for diffusivity in
the IHL of rutile (110) for all each first 50 ps of the sub-intervals. As rutile (110) molecules
would just hop in and out very quickly it would be extremely difficult to ID them as
their velocity autocorrelation goes to 0 nearly straight away, as illustrated in Figure S4
(cf. supporting material). This would suggest that the length of intervals might have been
unfortunately not long enough to provide reliable results for self-diffusion of rutile (110).
However, the probability distributions of rutile (110) showed that for all sub-intervals
studied in this work, the water molecules in contact with the surface are relatively sluggish
in the IHL (cf. Figure 3a and Figure S5 in the supporting material).

In attempt to correctly analyse self-diffusion in long enough sub-intervals and, consid-
ering all efforts to maintain the 90%-or-better occupancy filter used in this study, 300 ps
sub-intervals of both anatase (101) and rutile (110) were carefully chosen to continue the
analysis. Looking at long 300 ps MSD sub-intervals now, we see that rutile (110) leads to
the narrowest distributions, which also shifts to lower values of the diffusion coefficient
(cf. Figure 3). The findings can be tentatively explained by structural studies of anisotropic
water orientations as the presence of bridging oxygen ‘route’ in rutile (110) impede diffu-
sion motion of this layer along the surface. This, however, is not the case for anatase (101)
surface (cf. Figure 4), where more similarity to bulk-like liquid conditions can be observed
(cf. Figure 5) and were previously reported in the literature [39].
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Figure 3. Probability distribution of self-diffusion coefficients of each individual water molecule
averaged over 300 ps sub-intervals for rutile (110) (a) IHL (b) OHL. Diffusivities of the x, y, z
directions are shown in blue, red and green dashed lines, respectively. The total diffusivity of
individual molecules is represented by the solid black line. Note that these molecules are distinct
from the average with 95% confidence. The MSD plotted in the graph refers to one individual water
molecule present in both IHL and OHL, respectively. The self-diffusivity experimental value for
bulk-water (2.3 × 10−9 m2 s−1) is represented by the grey dotted line.
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Figure 4. Probability distribution of self-diffusion coefficients of each individual water molecule
averaged over a 300 ps sub-interval for anatase (101) (a) IHL (b) OHL. Note that these molecules are
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red and green dashed lines, respectively. The total diffusivity of individual molecules is represented
by the solid black line.
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It is once more seen that both OHL of anatase (101) and rutile (110) present relatively
higher diffusivity than IHL in direct contact with the surface of TiO2. The IHL of rutile
(110) shows the sharpest distribution at ~0.015 × 10−9 m2 s−1. As the distributions start
broadening for both anatase (101) and rutile (110) OHL, it is possible to see the diffusivity
rising and reaching values similar to those found in the bulk region due to the distance
from the surfaces, as reported in the previous analysis of the first 50 ps of each sub-interval,
also suggesting a smaller ordering effect in this case. These results likewise agree well
with previous MD simulations for water in contact with rutile (110) carried out by Predota
et al., and multi-layer water absorption studies by Mamontov et al. [23] describing the
self-diffusivity of water increasing further away from the surface.

Looking closely at rutile (110) OHL (cf. Figure 3b), we see that the longer interval
of 300 ps allowed better convergence as the self-diffusion now seems to be considerably
smaller than the previous diffusivity presented for the first 50 ps of each 300 ps sub-
interval. The wide self-diffusivity probability distribution of OHL showed in Figure S2
(cf. Supplementary information) shifted to a considerably narrower distribution as can
been see in Figure 3b, coming from values ~0.98 × 10−9 m2 s−1 to ~0.12 × 10−9 m2 s−1. If
we then compare the OHL from rutile (110) and anatase (101) shown in Figures 3b and 4b,
respectively, it is possible to see that rutile (110) now presents a markedly narrower proba-
bility distribution than anatase (101).

Similarly, rutile (110) surface IHL shows significantly low self-diffusion values, proba-
bly due to its atomistic construction (cf. Figure 1b) as adsorbed molecules are held very
tightly and organized in the region close Ob atoms, against to the more disarranged anatase
(101) (cf. Figure 1a), as previously reported by English [41]. This, of course, makes ru-
tile (110) less accessible to water molecules, allowing less hydrogen-bonding interactions
between constrained water molecules and water molecules beyond the IHL. It is inter-
esting to see in a similar manner individual water molecules diffusivity following the
same tendency of averaged adsorbed water molecules reported in the literature [39]. This,
nevertheless, can be related to hydrogen bonding patterns found in these distinct TiO2
surfaces. Anatase (101) was reported to have 2.0 hydrogen bonds formed with water
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molecules beyond the adsorbed layer, whereas rutile (101) presented roughly one per ad-
sorbed water molecule—that means half of anatase (101) hydrogen bonds. This discrepancy
stems from the less accessible architecture of the rutile (110) surface, resulting in lower
diffusivity values due to the presence of bridging oxygen ridges along the surface, also
observed in [39].

Another fundamental difference between IHL and further layers is basically 2.0 nH,
considering this layer’s proximity to the TiO2 surface, whereas OHL presents nH greater
than the bulk. The hydrogen bonds for the studied surfaces here seem to agree well with
experiments showing that bulk water has around 3.5 hydrogen bonds at 300 K [57]. (See
Figure S2 in the Supplementary Information.)

We also suggest that the diffusivity values in the IHL show rather anisotropic char-
acteristics as a result of the preferential motion along the ridges in the structure [41]
(cf. Figures 1 and 6), which can somehow be confirmed by the similarity of self-diffusion
values between both IHL of the surfaces for longer MSD sub-intervals presented in this
study. Looking at anatase (101) IHL specifically, it is seen that diffusivity in the direction
perpendicular to the rows of Ob is about 2 times higher than in the direction parallel to
them, and 1 time higher than diffusivity away from the surface (cf. Table 2). This suggests a
strong preference for the water molecules to move over or between the closely packed rows
of Ob in anatase (101) rather than along them, contrary to intuition. However, for rutile
(110) IHL, and considering particularly small diffusivity here, molecules would tend to be
more mobile along the channel of Ti5c (cf. Figure 3). It is worth noting that these values
reflect the diffusivities of individual adsorbed water molecules identified in the IHL and
OHL following an occupancy filter of 95% confidence.

Crystals 2022, 12, x FOR PEER REVIEW  11  of  16 
 

 

interesting to see in a similar manner individual water molecules diffusivity following the 

same tendency of averaged adsorbed water molecules reported in the literature [39]. This, 

nevertheless, can be related  to hydrogen bonding patterns found  in  these distinct TiO2 

surfaces. Anatase (101) was reported to have 2.0 hydrogen bonds formed with water mol‐

ecules beyond  the adsorbed  layer, whereas  rutile  (101) presented  roughly one per ad‐

sorbed water molecule—that means half of anatase (101) hydrogen bonds. This discrep‐

ancy stems  from  the  less accessible architecture of  the  rutile  (110)  surface,  resulting  in 

lower diffusivity values due to the presence of bridging oxygen ridges along the surface, 

also observed in [39]. 

Another fundamental difference between IHL and further layers is basically 2.0  𝑛𝐻, 

considering this layer’s proximity to the TiO2 surface, whereas OHL presents  𝑛𝐻  greater 
than the bulk. The hydrogen bonds for the studied surfaces here seem to agree well with 

experiments showing that bulk water has around 3.5 hydrogen bonds at 300 K [57]. (See 

Figure S2 in the Supplementary Information.) 

We also suggest that the diffusivity values in the IHL show rather anisotropic char‐

acteristics as a result of the preferential motion along the ridges in the structure [41] (cf. 

Figures 1 and 6), which can somehow be confirmed by the similarity of self‐diffusion val‐

ues between both  IHL of  the  surfaces  for  longer MSD  sub‐intervals presented  in  this 

study. Looking at anatase (101) IHL specifically, it is seen that diffusivity in the direction 

perpendicular to the rows of Ob is about 2 times higher than in the direction parallel to 

them, and 1 time higher than diffusivity away from the surface (cf. Table 2). This suggests 

a strong preference for the water molecules to move over or between the closely packed 

rows of Ob in anatase (101) rather than along them, contrary to intuition. However, for 

rutile (110) IHL, and considering particularly small diffusivity here, molecules would tend 

to be more mobile along  the channel of Ti5c  (cf. Figure 3).  It  is worth noting  that  these 

values reflect  the diffusivities of  individual adsorbed water molecules  identified  in  the 

IHL and OHL following an occupancy filter of 95% confidence. 

   

   

Figure 6. Cont.



Crystals 2022, 12, 398 12 of 16Crystals 2022, 12, x FOR PEER REVIEW  12  of  16 
 

 

   

Figure 6. Snapshots of TiO2/water interfacial structures of anatase (101) at (a) 0, (b) 50, (c) 100, (d) 

150, (e) 200 and (f) 300 ps, respectively. Titanium atoms are shown in light blue, TiO2 oxygen atoms 

in red, water hydrogen in white, and water oxygen in red for IHL, and dark blue for IHL. 

In Figure 6, it is possible to see snapshots of anatase (101) interface that shows this 

preferential motion of individual molecules not only the IHL, but also in the OHL. This 

anisotropic preference is also reflected in the coherency spectrum between the vibrational 

density of states of the IHL and Ob atoms at the rutile (110) [31]. To make an important 

clarification, the average LOP and number of hydrogen bonds over the chosen sub‐inter‐

val is considered when determining whether a molecule is in the IHL or OHL; thus, mol‐

ecules may migrate during the overall analysis period. In any event, we see that the dif‐

fusivities values increase as the distance from the surfaces also increases, likely to reach 

bulk‐like values howsoever (cf. Figure S5 in Supplementary Information), which proves 

that the layers identification method used in this study is successful and it can be poten‐

tially used for different types of analysis. Similar results were reported in previous mo‐

lecular dynamics simulations for water in contact with rutile (110) and anatase (101) car‐

ried out by English [41] describing the self‐diffusivity of water increasing further away 

from the surface. In contrast to the much less mobile and confined first IHL water mole‐

cules at rutile (110), the results agree well with the preliminary conclusion that accessible 

surface structure of anatase (101) in conjunction with the higher hydrogen‐bond interac‐

tion of IHL and OHL water molecules promotes greater mobility and self‐diffusivity in 

the monolayer for anatase (101) [39]. 

When  it comes  to  inter‐layer mobility,  focusing especially on exchange events be‐

tween the IHL and OHL density layers, this higher hydrogen bond interaction at anatase 

(101) is only maximized when joined by a considerably more mobile IHL or OHL layer 

for longer sub‐intervals (cf. Table 2), affording a greater probability of such exchanges to 

take place [41] (cf. Figure 4b). The dissociative adsorption of individual water molecules 

on anatase (101) and (b) rutile (110) surface at either IHL and OHL is illustrated in Figure 

S6a in the Supplementary Information. It is seen how hydrogen bonds between both water 

molecules’ hydrogen atoms Hw and the two neighboring Ob surface atoms of anatase (101) 

are arranged in the surface. This is, perhaps, one of the reasons anatase (101) presents this 

‘triple‐peak’ characteristic, moving slowly in the IHL, but quickly in the OHL at the water‐

TiO2 contact. 

On a 300 ps time scale, the computed squared displacement of molecules identified 

in the first adsorbed layers of anatase (101) for longer sub‐intervals is showed in Figure 5. 

Anatase (101) continues to exhibit expected behaviour for IHL and OHL mobility; not dif‐

fering much of the diffusion seen in shorter 50 ps intervals (cf. Figure S3a in Supplemen‐

tary information) and moving relatively more in the OHL. Although one can argue some 

individual molecules  identified  in  the  IHL  apparently  present  high  diffusivity  or  are 

Figure 6. Snapshots of TiO2/water interfacial structures of anatase (101) at (a) 0, (b) 50, (c) 100,
(d) 150, (e) 200 and (f) 300 ps, respectively. Titanium atoms are shown in light blue, TiO2 oxygen
atoms in red, water hydrogen in white, and water oxygen in red for IHL, and dark blue for IHL.

In Figure 6, it is possible to see snapshots of anatase (101) interface that shows this
preferential motion of individual molecules not only the IHL, but also in the OHL. This
anisotropic preference is also reflected in the coherency spectrum between the vibrational
density of states of the IHL and Ob atoms at the rutile (110) [31]. To make an important
clarification, the average LOP and number of hydrogen bonds over the chosen sub-interval
is considered when determining whether a molecule is in the IHL or OHL; thus, molecules
may migrate during the overall analysis period. In any event, we see that the diffusivities
values increase as the distance from the surfaces also increases, likely to reach bulk-like
values howsoever (cf. Figure S5 in Supplementary Information), which proves that the
layers identification method used in this study is successful and it can be potentially
used for different types of analysis. Similar results were reported in previous molecular
dynamics simulations for water in contact with rutile (110) and anatase (101) carried out
by English [41] describing the self-diffusivity of water increasing further away from the
surface. In contrast to the much less mobile and confined first IHL water molecules at
rutile (110), the results agree well with the preliminary conclusion that accessible surface
structure of anatase (101) in conjunction with the higher hydrogen-bond interaction of IHL
and OHL water molecules promotes greater mobility and self-diffusivity in the monolayer
for anatase (101) [39].

When it comes to inter-layer mobility, focusing especially on exchange events between
the IHL and OHL density layers, this higher hydrogen bond interaction at anatase (101)
is only maximized when joined by a considerably more mobile IHL or OHL layer for
longer sub-intervals (cf. Table 2), affording a greater probability of such exchanges to take
place [41] (cf. Figure 4b). The dissociative adsorption of individual water molecules on
anatase (101) and (b) rutile (110) surface at either IHL and OHL is illustrated in Figure S6a
in the Supplementary Information. It is seen how hydrogen bonds between both water
molecules’ hydrogen atoms Hw and the two neighboring Ob surface atoms of anatase (101)
are arranged in the surface. This is, perhaps, one of the reasons anatase (101) presents
this ‘triple-peak’ characteristic, moving slowly in the IHL, but quickly in the OHL at the
water-TiO2 contact.

On a 300 ps time scale, the computed squared displacement of molecules identified
in the first adsorbed layers of anatase (101) for longer sub-intervals is showed in Figure 5.
Anatase (101) continues to exhibit expected behaviour for IHL and OHL mobility; not
differing much of the diffusion seen in shorter 50 ps intervals (cf. Figure S3a in Supple-
mentary information) and moving relatively more in the OHL. Although one can argue
some individual molecules identified in the IHL apparently present high diffusivity or are
somehow too far from the interface, such as molecule II26,—see snapshots taken at different
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times over the trajectory in Figure 6; the authors clarify that molecules may migrate during
the overall analysis period and after some period of time might drift relatively far from
where they are expected to be. However, the LOP-based layer definition method can assure
these are “layer-like” for most of the course of the simulation via significance testing. The
authors believe that individual-molecule analysis has been a relatively overlooked field
of study in the vast universe of transport properties, as the importance of heterogeneity
in molecular characteristics at these layered interfaces has been somehow neglected up to
this point. In any event, this study shows the importance of mobility analysis of individual
molecules sampled regions, making sure to keep the minimum MSD length for convergence
and proper investigation of self-diffusivity.

4. Conclusions

The interfacial structures and mobility of water on the TiO2 rutile (110) and anatase
(101) surfaces have been investigated in this study. The presented results show that this
interaction of water with these surfaces has distinct effects at the diverse adsorbed layers
of water−TiO2 interface. As one might expect, anatase (101) exhibited water diffusivity
values appreciably greater within the OHL over 300 ps sub-intervals, which could also be
noticed in shorter length of MSD for 50 ps intervals. This is believed to be the reason of
anatase (101)’s greater photo-activity when compared with rutile (110), since it provides an
easier access of water molecules to the anatase (101) surface, and it makes the photo-excited
holes at surface interact considerably more, as previously reported in [40]. Interesting high
values of individual water molecules self-diffusivities at rutile (110) surface were observed
at OHL in specific shorter 50 ps intervals; values even greater than those found for anatase
(101) OHL. These findings were somewhat unexpected for this surface structure, as the
presence of bridging oxygen in rutile (110) would reduce diffusion motion of this layer
along the surface when compared with anatase (101). However, when considering longer
300 ps intervals, rutile (110) OHL presented diffusivities values lower than anatase (101)
OHL in all sub-intervals, presumably due to now complete binding or motion that was
later negated due to the short 50 ps intervals. These results agree well with literature [41],
considering rutile (110) surface plane formed by Ti5c rather than the bridging oxygen
atoms Ob.

By way of outlook for future challenges and given the presence of chemically adsorbed
water at both interfaces at 298 K as often observed experimentally [2], this shows the impor-
tance of understanding both the structural and dynamic behavior of water–TiO2 interfaces.
Indeed, being able to provide further insight into mechanistic coupling of water molecules
with metal-oxide surfaces is important, including the overlap of lattice phonon modes with
water molecules’ acoustic and optic translational modes; [38–41,58] in this respect, know-
ing this also enhances the ability for the more accurate modelling of photo- excited-state
thermal coupling to optimize photoelectrochemical water-splitting. In this lattice-water
thermal the coupling of water molecules’ diffusive motion, including hydrogen-bond re-
arrangements [41], serves to the boost photocatalytic activity. In this sense, this provides
further understanding of the mobility using methods of identification capable to manage
physico-chemical abnormality of these surfaces’ topographies more precisely, especially in
non-equilibrium layer phases found in the interface region of liquid water [2,30,59], which
have extreme importance in energy conversion and in the nanoscale phenomena.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12030398/s1, Table S1: Self-diffusivities [×10−9 m2 s−1]
(x,y,z) in adsorbed layer (IHL) and second layer (OHL) from each surface over the first 50 ps of
300 ps sub-intervals. Note that the sum of the different laboratory directions gives the total self-
diffusivity. That of bulk water is ~2.23 × 10−9 m2 s−1 whilst the experimental bulk-water value is
2.3 × 10−9 m2 s−1; Table S2: Self-diffusion D (m2/s) for anatase (101) and rutile (110) at different
50 ps sub-intervals from 100 to 300 ps; Figure S1: Average hydrogen bonds of different adsorbed
layers; Figure S2: Probability distribution of self-diffusion coefficients of each individual water
molecule in the OHL averaged over a 50 ps sub-interval (450 to 500 ps) for (a) rutile, (b) anatase

https://www.mdpi.com/article/10.3390/cryst12030398/s1
https://www.mdpi.com/article/10.3390/cryst12030398/s1
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diffusivities of the x, y, z directions are shown in blue, red and green dashed lines, respectively.
The total diffusivity of individual molecules is represented by the solid black line. Although this
sub-interval showed rather unexpected results in the OHL, the other intervals presented distributions
similar to those in the 300 ps sub-intervals; Figure S3: Mean square displacement (MSD) of water
molecules in different layers at the water-TiO2 (a) anatase (101) and (b) rutile (110) interface for the
interval of 350 and 400 ps. The self-diffusivity experimental bulk-water value of 2.3 × 10−9 m2 s−1

is represented by the grey dotted line for reference; Figure S4: Velocity auto-correlation function of
adsorbed layers of rutile (110); Figure S5: Probability distribution of self-diffusion coefficients of each
individual water molecule averaged over 50 ps sub-intervals for rutile (110) IHL. Water molecules
are considerably sluggish in the IHL for all 50 ps sub-intervals; Figure S6: Dissociative adsorption of
water on (a) anatase (101) and (b) rutile (110) surface considering full monolayer coverage. The water
molecule on left-side panels consequently split to OH− that adsorbs on Ti5c and H+ adsorbing on
O2c/Ob (right-side panels). Titanium atoms are shown in light blue, water hydrogen in white, and
oxygen atoms from both TiO2 and water in red. The dashed blue lines represent hydrogen bonds.
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