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The water—surface interaction is a research target of great importance for a broad spectrum of techno-
logical applications and fundamental scientific disciplines. In the present study, a comparative analysis
is performed to clarify the structural and diffusion properties of water on a number of oxide surfaces.
Based on the molecular dynamics (MD) simulation method, the water—surface interaction mechanism
was investigated for the oxide materials TiO2 (anatase), AloOs (corundum), and FeoO3 (hematite). A
comparison of the water-TiO2 interaction with the water—Al>O3 and water—Fe2O3 systems demonstrates
the specificity of the adsorption and layer formation on the atomic/molecular level scale. The obtained
MD analysis data point to a considerable enhancement of water—TiO» surface adsorption and a relatively
high density distribution profile near the surface. The novel data on water structure and diffusion on
oxide surfaces are discussed from the point of view of possible material innovation and design.

B3 uMoneiicTBre BOJIBI ¢ TIOBEPXHOCTHIO SBJSIETCS OHOM M3 H MOONiee B KHBIX 3 J1 U JJIS IIHPOKOTO
CHEKTP TEXHOJOTHYECKUX MPWIOXKEHHA W C TOYKHM 3peHHs (PYHA MEHT JIbHBIX H YYHBIX JUCLHUIUTHH.
B H crodmieil p 60Te MpOBEIEH Cp BHUTENBHBIA H JIU3 CTPYKTYPHBIX U OU((Y3HOHHBIX CBOCTB BOIbI
H TIOBEPXHOCTH OKCHAHBIX M TepH J0B. OCOOCHHOCTH B3 MMOJEICTBHS BOABI C MOBEPXHOCTHIO OBLIH
HCCIIEIOB HBI ¢ MOMOIII0O MeToa MoJekyispHoi auH Muku (M) g TiO2 ( 1 T 3), AloO3 (kopyHi)
u Fe2Ogs (rem tut). Ocobennoctu B3 umoneiicteus B cucteM X Bog —Ti02, Bog —Al2Os u Box —FeaOs
JIEMOHCTPHPYIOT CYIIECTBEHHOE P 3JIMYHE B MPOTEK HUU JICOPOLIMOHHBIX MPOIECCOB U (POPMUPOB HUU
PETYIIpHBIX CIIOUCTHIX OOp 30B HHUM H TOM PHO-MOJIEKY/ISIpHOM ypoBHe. Cp BHUTEIBHBI H JIM3 MPO-
IIECCOB MPU B3 MMOJIEHCTBUU BOJ —IOBEPXHOCTh YK 3bIB €T H 3H YUTEIBHYIO JICOPOIMOHHYIO CIIOCO0-
HocTh ToBepxHOcTH TiO2, T KXe H Oojee IJIOTHOE p cOpelesieHHe MOJEKYa BOObI BOIM3U Hee.
OO6cyXxJl eTcsl BO3MOXKHOCTh MTPUMEHEHHUs MOMydeHHbIX MJI-T HHBIX TPU CO3 HHHM HOBBIX OKCHIHBIX M -
TEpU JIOB C Y4 CTHEM BOIOHBIX U IPYTHX KHAKHX COCHUHEHHUH.

PACS: 83.10.Rs; 31.15.xv; 87.10.Tf; 87.15.ap; 47.11.Mn; 61.20.Ja; 61.43.Bn

INTRODUCTION

The interaction of water with surfaces is a topic of great interest in both material and life
sciences taking into account a surprisingly broad technological application of the phenomena.
Understanding the water—surface interaction mechanism is critically important for chemical
and pharmaceutical industries, as well as for the fabrication of new materials and drugs [1-3].
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The water—surface interaction is also a long-studied subject in a wide variety of fundamental
scientific disciplines [4].

The oxide surface is a special target of research, and the interaction mechanism between
water and oxide materials has been a subject of intense study in recent years. In this regard,
one has to mention the following three oxide materails: TiO, (anatase), AloO3 (corundum),
and Fe,Ogs (hematite). In surface chemistry, much of research on water—titanium oxides
(TiO2’s) has been motivated by the relatively high efficiency of TiO- in the photocatalytic
decomposition of water. The water—TiO» interaction is potentially important as a solar energy
conversion process. The photocatalytic properties of these materials in aqueous media have
been studied since the the mid-1970s [1]. These studies have inspired, in particular, work on
well-characterized single crystals of oxides.

Titanium dioxide (TiO,, anatase) surfaces have been of the most interest concerning
the photochemical degradation of organic compounds such as bactericides and hydrophobic
coatings [2]. The TiOs—water reactions show a considerable potential in the field of solar
energy conversion by means of the photocatalytic splitting of water (the Fujishima—Honda
reaction in [3]).

Aluminum oxide (Al2O3, corundum) has attracted particular interest due to its widespread
use as catalyst and catalyst support. On these surfaces, exposure of dehydroxylated alumma to
water vapor leads partly to rehydroxylation (for sample temperatures above 320 K) and partly
to coordination of water molecules to exposed aluminum ions [5]. Water can be adsorbed in
multilayer states by hydrogen bonding to the first-layer OH or HoO groups, under favorable
conditions of temperature and pressure.

Adsorption of water on iron oxide (FesOg, hematite) surfaces is important in the oxidative
corrosion and passivation of steels [6,7]. Doped iron oxides are also prormising materials for
the production of electrochemical solar energy conversion cells which split HoO (e.g., [8-11]).
Similarly, Kurtz and Henrich use UPS to show that HoO is adsorbed dissociatively on an
a-FeoO3 (hematite) surface at room temperature, with dissociation occurring more readily (at
a lower exposure) on a surface with a high defect density than on an annealed surface [12].

To the best of our knowledge, little literature or experimental data is available on the
water—TiOs, water—Al>O3, and water-Fe,O3 interaction mechanism on the atomic or molec-
ular level. In the present paper, using the MD simulation method, we perform a comparative
analysis of the water—surface interaction process for these oxide materials. We aimed at ana-
lyzing the structural and diffusion properties of water on oxide surfaces at similar simulation
and thermodynamical conditions.

1. METHOD

A classical molecular dynamics study was performed using the DL_POLY_2.19 [13]
general-purpose code. The NVT ensemble at 77 = 300 K in conjunction with a Nosé-
Hoover thermostat with the direct Coulombic summation and the Verlet leapfrog scheme
were employed. The integration time step of the dynamical equations of motion was 1 fs.
All simulations were periodic in three dimensions.

For the oxide surfaces, the force fields as reported by Kavathekar et al. [14] and Guillot
et al. [15] were used. For the TiOs surface, the potential parameters were developed by
Matsui and Akaogi [16]. For the AloO3 and Fe,Oj3 surfaces, the potential parameteres were
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developed by Guillot and Sator [15]. The Van der Waals (VdW) interaction between water
and oxide surfaces was represented by the Lennard—Jones (1j) potential. The cross-interaction
parameters for oxide surfaces and water models are summarized in Tables 1 and 2. The
water bond angles and lengths were not constrained; thus, an SPC rigid body model was
used. A parallel Shake algorithm expressed in terms of the Replicated Data strategy for
constraining the rigid and other chemical bonds was used [13]. The MD simulations were
realized at moderate temperatures of 250-375 K with a step of 25 K. For each simulation
set, the MD calculations were ranged between 50,000—-100,000 time steps of the integration
of the equations of motion.

The LJ potential parameter in Table 2 for the Ti-OW pair seems to be large: &;; =
7.72528 kcal/mol — compared with others. Such a large €;; value for the Ti-OW pair was
pointed out in other studies, too (see, for example, [17]). Nevertheless, our MD calculation
results (as described below) exhibit a less or no dependence on the VAW interaction parameters
of Table 2. For example, performing the test calculations with the following several values:
€5 = 7.72528; 7.72528/10; 7.72528/100 kcal/mol — we got similar results. All the VdW

Table 1. The parameters of the Buckingham potential for TiO2, Al2 O3, Fe2O3: A;j exp (—7ij/pij) —
Cis /75

l—j Asij, keal - mol ™! p, A Cij, keal - mol~! A®
Ti-Ti 717647.4 0.154 121.067
Ti—Ori 391049.1 0.194 290.331
O1i—Or; 271716.3 0.234 696.888
Al-Al 658112.9 0.219 1379.831
Al-Oa) 433092.1 0.172 797.385
0a1—Oai 208071.2 0.265 1962.278
Fe-Fe 184952.2 0.228 981.139
Fe—Ore 196511.7 0.190 0.0
Ore—OFe 208071.2 0.265 1962.278

Table 2. The parameters of the Lennard-Jones potential for TiO2, Al2O3, Fe2O3; and water:
0iq5 /75 + €i(03 /1) = (035/745)°]

l—3j €ij» kcal - mol ™! Oij, A
Ti-OW 7.72528 2.3431
Al-OW 0.11000 3.5000
Fe-OW 0.05350 3.6500
Ori—-OW 0.22784 3.1306
OA-OW 0.15543 3.5532
Or.—OW 0.15543 3.5532
OW-OW 0.15543 3.5532

Note. Atomic charges:
q(Ti) = 2.196¢, ¢(Ori) = —1.098¢;
q(Al) = ¢q(Fe) = 1.418e, q(Oa1) = g(Or) = —0.945¢;
q(OW) = —0.82¢, ¢(HW) = 0.41e.
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interaction parameters shown in Tables 1 and 2 were slightly varied in their reasonable
ranges; however, the final results do not exhibit any substantial difference here. Also, the
results that we obtained using potentials other than the LJ (e.g., the Buckingham potential)
for the water—oxide surface interaction were close to each other.

For each oxide surface, we have simulated various water densities (from low- to high-
density phases) in the range of p = 0.1—-1.0 g/cm®. The MD simulation results of the
water—surface interaction which are summarized below are shown for: (1) p = 0.3 g/cm?
(343 water molecules), (2) p = 0.5 g/cm?® (512 water molecules), and (3) p = 0.8 g/cm?
(729 water molecules).

The bulk TiO, is defined by the lattice vectors of the following length: ag = by = 3.785 A,
co = 9.514 A, bulk Al,O3 — by ag = by = 4.754 A, ¢y = 12.990 A, and bulk Fe;03 —
by ap = by = 5.038 A, ¢y = 13.772 A, respectively.

For the TiOy surface, we have simulated 192 molecules (2304 atoms); for the AlyO3
surface — 98 molecules (2940 atoms); and for FeoO3 — 72 molecules (2160 atoms).

Table 3. The geometry details and molecular composition of the simulated water—oxide surface
models

Surface X, A Y, A Z,A System size

TiO2 30.280 | 30.280 | 61.203 | (TiO2)2304(H20)1029
Al20O3 33.278 | 33.278 | 58.641 | (Al203)2940(H20)1020
F6203 30.228 30.228 60.205 (F€203)2160(H20)1029

The corresponding system sizes and molecular composition for p = 0.3 g/cm? are specified
in Table 3.

2. RESULTS AND DISCUSSIONS

2.1. Oxide Surfaces. First, we have investigated the structural peculiarities of the oxides
TiOs, Al;O3, and Fe,Og based on their radial distribution functions (RDFs). The surface
temperature variations in the interval of 250-375 K had no visible effect because here the
structure of the oxide materials was stable. In Figs. 1, RDFs g(r) are calculated for the final
relaxed states of the oxide surfaces as follows: (top) anatase—anatase, (middle) corundum-—
corundum, and (bottom) hematite—hematite.

The RDFs are presented for the following atomic pairs: Ti-Ti and Ti—-O; Al-Al and
Al-O; Fe—Fe and Fe—O (top left and right; middle left and right; and bottom left and right,
respectively).

From Figs. 1 we see that the Ti-Ti and Ti-O interactions (top left and right) are much
stronger because here the RDF amplitudes are large. In other words, the RDFs of the atomic
pairs of the TiOy material are much more ordered with respect to the AloO3 and FeyOgs
systems. The RDFs of the Ti-Ti and Ti—O atomic pairs have sharp and separate peaks; for
the Al-Al, Al-O (middle: left and right), Fe-Fe, and Fe-O (bottom: left and right) atomic
pairs, the RDF peaks look relatively smoother. Thus, comparing the structural RDF data,
we have clearly a more oredered TiO2 system (top: left and right). For the atomic pairs
Ti-O, Al-0, and Fe-O with the opposite charges, we observe their strong interactions; such
behavior agrees with the results reported in literature earlier [18-20].
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Fig. 1. The radial distribution functions (RDFs) of the surface—surface atomic pair interactions. Top:
titanium—titanium (Ti-Ti) and titanium—oxygen (Ti—Ori); middle: aluminum-aluminum (Al-Al) and
aluminum-oxygen (Al-Oaj); bottom: iron—iron (Fe-Fe) and iron—oxygen (Fe-Org.) (left and right,
respectively)

2.2. Oxide Surfaces—Water Interactions. Figures 2 and 3 demonstrate the RDFs of the
surface—water interactions at three water densities mentioned above:
anatase—water (top), corundum—water (middle), and hematite—water (bottom).

In Figs. 2, the RDF behavior is presented for the following atomic pairs: Ti-OW, Al-OW,
and Fe-OW (top, middle, and bottom, respectively).

From Figs.2 (top) it is seen that the Ti-OW atomic pair RDF has large amplitudes
characterizing the strong interatomic bonding of these atoms. The first RDF peak value of
the Ti-OW pair is around 2, which is an order of magnitude higher than that of the AI-OW
and Fe—OW ones. For the Ti-OW pair, the first RDF peak is seen at 7 ~ 2 A, indicating a
close-contact water—surface bonding; for the AI-OW and Fe-OW pairs (middle and bottom,
left), the first RDF peak is located at r ~ 3 A.

The next water layer (that is, the second RDF peak) for the Ti-OW pair can be seen at
r ~ 4 A with zero between the first and second peaks. For the AI-OW and Fe—~OW pairs, the
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second RDF peak is observed at r ~ 5 A the RDF distributions between the first and second
peaks are nonzero unlike those of the Ti-OW ones.

In Figs.3, RDF graphs are shown for the Ti-HW (top), AI-HW (middle), and Fe-HW
(bottom) atomic pairs at three water densities, respectively.

The Ti—-HW pair RDF (top) becomes weaker than that of the Ti-OW pair above. For the
Al-HW and Fe-HW (middle and bottom) pairs, the structural RDF has a slightly larger first
peak.

For the water—surface interactions, the structural RDFs correlate with surface peculiarities.
A comparison of Figs.2 and 3 with Figs. 1 is straightforward.

2.3. Water—Water Interactions. Next, we analyse the water—water interaction influenced
by the presence of oxide surfaces at three water densities. Figures 4 and 5 represent water—
water structural RDFs for the surfaces TiOy (top), Al;Os (middle), and FeoO3 (bottom). In
Figs.4 and 5, the RDFs are shown for the oxygen—oxygen (OW-OW) and hydrogen—hydrogen
(HW-HW) atomic pairs, respectively.

From Figs.4 it is seen that in the presence of the TiOs surface, the first RDF peak of
the OW—OW pair splits slightly into two ones at 3—4 A. Further, with increasing the water
density, the first RDF peak of TiO, is modified (top, from left to right); thus, we can observe
another two or three small but clear RDF peaks at » =5 and 7-8 A.

The first RDF peaks of Al;O3 (middle, from left to right) and Fe,O3 (bottom, from left
to right) look rather broad in comparison with the one of OW-OW of TiOy. The secondary
OW-OW RDF peaks for the AlO3 and FeoOgs systems are weaker and located further than
the TiO5 one.

In Figs. 5, the RDF of the HW-HW pair of the TiOs system (top, from left to right) has
two clear peaks at 2—4 A in the case of a low water density. For the Al,O3 and Fe,Og3
systems (middle and bottom, from left to right), the first RDF peaks for HW-HW are quite
negligible. Thus, considering the water—water structural RDFs, we conclude that the structure
formation here is mostly determined by the presence of the anatase surface. The water—water
interaction is strongly influenced by the TiO2 surface, which modifies the g(r) behavior in
comparison with that of Al,O3 and FeoOgs ones.

2.4. Configuration Snapshots and Density Distribution Profiles. In Figs.6, 3D con-
figuration snapshots are displayed in the low water density case for the water—anatase (top),
water—corundum (middle), and water—hematite (bottom) systems. The left and right snap-
shots correspond, respectively, to the initial and final relaxed states of the dynamics of water
interaction with the oxide surfaces.

At a low density, water adsorption clearly dominates over the diffusion process and is
more effective on the anatase (TiO2) surface. Compared to the TiO, oxide surface, the
other two ones, AloO3 and FeoOg, exhibit relatively weak adsorption capabilities. The TiO2
surface structure remains well-ordered during all the dynamical changes. In contrast with
TiOs, the volume and surface oscillations of the Al,O3 and FeoO3 oxides are notably larger.
Although all the dynamical interaction processes take place around room temperature, AloO3
and Fe,O3 undergo significant modifications and behave like amorphic materials. Hence, the
oxide structure variations affect the water density distribution near the surfaces.

In Figs.7, plots of the density of water molecules as a function of the perpendicular
distance from the surface are presented for TiOs (top), AloO3 (middle), and FeoO3 (bot-
tom), respectively, for three water densities. All the water Z-density profiles in Figs.7 are
normalized to the bulk solution density.
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Fig. 6. Configuration snapshots of water on oxide surfaces in the intial (left) and final relaxed (right)

states (top: water—anatase (H2O-TiO2); middle:

hematite (H2O-Fe203))

water—corundum (H2O-Al203); bottom: water—
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Figures 7 (top, left to right) show that the water-TiO2 system has well-defined adsoprtion
layers, formed as a result of the presence of an oxide surface. The Z-density amplitudes of
these adsorption layers correlate with the water densities up to the dense water phases.

The results of Figs.7 show that the density of water molecules on the anatase surface is
several orders of magnitude higher than on other surfaces. The water density distribution on
the TiO2 surface relative to the bulk density is considerably higher and well-layered. For
example, for low water densities, the first water layer on the anatase surface is about 28
units; while on the corundum and hematite surfaces, about 2.5-3 units. The second layer on
the anatase surface is about 18 units; on corundum, it is about 4; and on hematite, about 5
units. The adsorbance properties of surfaces change zigzag-like with the distanse between
water molecules and the corresponding surface. This distance is 1.2 A for anatase; 1.1 A for
corundum; and 1.8 A for hematite.

2.5. Diffusion Coefficients. At three water densities, data on the diffusion coefficient
D(T) for bulk water are presented for all oxide surfaces in Figs.8. For the TiOs surface
(left and middle) at low water densities, strong water adsorption takes place and it dominates
over the diffusional mobility of the water molecules. For the water—AlyO3 and water—Fe2Og
systems, the D(T') law is quite similar.
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Fig. 8. (Color on-line) The temperature dependence of the diffusion coefficient of water on the oxide sur-
faces (green: water—anatase (HoO-TiOz2); pink: water—corundum (H20-Al203); blue: water—hematite
(H20-Fe203))
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With increasing the water density, strong water—TiO» interaction results in a greater diffu-
sion coefficient than the one for the water—AlsO3 and water—Fe2O3 systems. The diffusional
mobility of water molecules becomes relatively large for the TiOy surface (right).

The diffusion coefficient D(T") behavior is in good agreement with the structural RDFs and
Z-density profiles described above. The TiO2 surface reveals an extreme adsoprtion ability, so
here we have a considerable enhancement of bulk water adsorption. Strong water adsorption,
together with the well-structured TiOs surface, results in the presence of well-defined layered
water formations.

CONCLUSION

Using the molecular dynamics simulation method for three oxide systems (TiO2, Al2O3
and Fe;O3), the structural, dynamical, and diffusion properties of water have been analyzed
in its low- and high-density phases. First, the peculiarities of the oxide structures have
been investigated, and the structural data have been found to be in good agreement with
previously reported results in the literature. For the water—oxide surfaces, the RDF of the
Ti—OW atomic pair interactions has the largest amplitude characterizing the strong interatomic
bonding of these atoms. The first RDF peak for the Ti-OW pair is around 2, which is an order
of magnitude higher than the one of the AI-OW and Fe—-OW pairs (0.2). For water—water
interaction, we observe enhanced structure formation influenced by the anatase (TiO,) surface,
which is expressed in the RDF ¢(r) behavior. In the presence of the TiOs surface, the first
peak of the RDF of the OW—OW pair splits slightly into two ones at 3—4 A; another two or
three smaller but clear RDF peaks are observed at » = 5 and 7-8 A. For the HW-HW npair,
the RDF of the water-TiO5 system has two clear peaks at 2—4 A, while for the Al,O5 and
Fe,03 systems, the first RDF peaks of the HW-HW system are quite negligible. The plot of
the density of water molecules was built as a function of the perpendicular distance from the
surface and compared for the TiO2, Al2O3, and FeoO3 surfaces. For the water—TiO2 system,
the density profile plot reveals the formation of well-defined adsoprtion layers. The water
density on the TiO, surface is relatively large: several orders of magnitude higher than on
other oxide surfaces. The diffusion coefficients of the bulk water D(T") have been calculated
and compared for all oxide surfaces. The D(T) diffusion coefficient law has been found to
be in good agreement with the structural RDFs and Z-density profiles near the oxide surfaces.
At low water densities, strong adsorption on the TiOy surface dominates over the diffusional
mobilitiy of the water molecules. At high water densities, the TiO, surface has an extreme
adsoprtion ability; so, we observed a considerable enhancement of water diffusion in a bulk
solution.

With a view to the possible modification and design of oxide materials, our MD simulation
results agree well with several observations being widely discussed in today’s literature and
applied research. First, the paper [21] on noncrystal (liquid and amorphous) oxides should
be mentioned. There is the issue of the affinity of the FeoO3 and Al;Oj3 structures: pecu-
liarities have been discussed that are similar to those in our observation reported above. An
experimental investigation of the interaction of water and methanol with an anatase surface
was performed in [22]. In particular, for water, three desorption states were observed in
temperature-programmed desorption (TPD) spectra at 160, 190, and 250 K. The three des-
orption peaks were assigned to multilayer water, water adsorbed to 2-fold-coordinated O,
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and water adsorbed to 5-fold-coordinated Ti, respectively. In [23] the studies report on
hydroxylation and water adsorption on «a-FesO3(0001) near the ambient conditions using
ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) that provides quantitative in-
formation on the in situ chemical composition of surfaces in equilibrium with water vapor
in the Torr pressure range. The experiments were performed at pressures (p(H2O) < 2 Torr)
and temperatures (1T = 277—647 K), covering a relative humidity range of up to 34%.
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