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ABSTRACT: Oxide−water interfaces are ubiquitous, with many applications in industry and
the environment, yet there is a great deal of controversy over their properties and microscopic
structure. This controversy stems, in part, from the unique H-bond networks formed at
different surface terminations and mineral compositions. Density functional theory simulations
of these interfaces require an accurate description of both the oxide mineral and water in
diverse H-bond environments. Thus, herein we simulate the Al2O3(001)−H2O interface using
the PBE, PBE-TS, RPBE, SCAN, and HSE06-TS functionals to determine how calculated
interfacial properties depend on the choice of functional. We find that the structure of the first
few layers of water at the surface is determined by electron correlation in a way that cannot be
approximated using semiemipirical van der Waals corrections. Of the functionals investigated,
we find that SCAN yields the most accurate interfacial structure, dynamics, and sum frequency
generation spectrum. Furthermore, SCAN leads to a reduction in the order of the 2D H-bond
network of water at the alumina surface predicted by GGA functionals, leading to a significant decrease in the anisotropy of the
diffusion coefficient at the surface. We emphasize the importance of using a functional which accurately describes electron
correlation for more complex oxides, such as transition-metal oxides, where electron correlation may play an even greater role in
determining the structure and dynamics of the oxide−water interface.

Oxide−water interfaces are ubiquitous in physics,
chemistry, and environmental science and have

applications in climate science,1 ocean chemistry,2 catalysis,3,4

and gas-sensing.5 As oxide minerals are nearly always covered
by H2O or hydroxyl groups in ambient conditions, these
processes are driven by the structure and dynamics of the
interfacial H-bond network. The role of the H-bond network is
considered essential in describing the change in dissolution
rate of silica with the addition of ions,6,7 and the frustration of
confined water can drive charge-transfer processes in layered
oxides.8

Theoretical models are often necessary to understand the
characteristics of H-bond networks, yet an accurate description
of H-bond interactions remains elusive because of their
complexity and dynamic nature. While techniques such as X-
ray reflectivity (XRR)9 can measure average atomic positions
and sum frequency generation (SFG)10 can probe the
interfacial vibrational spectrum, they are limited when it
comes to revealing the atomistic details of H-bond networks.
The low charge density of H makes it essentially invisible to X-
rays; inelastic neutron scattering suffers from poor statistics at
interfaces, and inferring H-bond structure from the vibrational
spectrum is difficult with little a priori knowledge of the
interfacial structure. Thus, theory and simulation are necessary
for a complete understanding of the interfacial H-bond
network.

Density functional theory (DFT) is the only theoretical
method that is both efficient and accurate enough to describe
H-bond interactions in bulk-like systems with hundreds of
atoms. Yet researchers have struggled to develop functionals
which yield accurate H-bond interactions. Functionals based
on the generalized gradient approximation (GGA), such as
PBE11,12 and BLYP,13,14 have been well-established standards
for years, but they ultimately fail for oxide−water interfaces.
The PBE functional is notorious for overstructuring water,15

and while BLYP significantly improves the structure of water,15

it does not perform well for solids.16 Indeed, this is a common
problem among GGA functionals: they are either biased
toward free-atom energies or work well for densely packed
solids, but do not perform well for both.17 Instead, one might
hope that a meta-GGA functional would have a broader range
of accuracy and therefore be more applicable for oxide−water
interfaces. The recently developed SCAN meta-GGA func-
tional18 is designed to reproduce a number of exact constraints
and appropriate norms and as a consequence yields an
excellent description of the properties of liquid water19 as well
as accurate structures and energies of a diverse array of
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systems.20 Therefore, SCAN may be the most promising meta-
GGA functional for oxide−water interfaces.
We have evaluated the ability of DFT to yield accurate

structures and dynamics of oxide−water interfaces by
comparing the performance of several functionals at the
alumina−water interface. Previous work has shown surprising
results at the alumina surface,21 where the RPBE functional
fails to yield accurate interfacial structures despite the fact that
it yields an accurate model of liquid water. In addition, it has
been shown that the choice of functional strongly impacts the
SFG peak positions and intensities at the air−water interface,
especially the intensity and low-frequency tail of the O−H
stretching peak.22

We expand upon this work by studying GGA, meta-GGA,
and hybrid functionals in order to determine how different
aspects of density functionals impact both the structure and
dynamics of the alumina−water interface. Alumina has a
relatively low dissolution rate23 and generally large pKa’s for
surface OH groups (aluminols),24 yielding stable surface
structures which change little over the course of an experiment.
We choose to study the (001) surface as it has a relatively
simple, well-characterized structure: it is atomically flat and is
completely hydroxylated by a single species of OH group.25−27

Alumina is a relatively simple oxide, unlike transition-metal
oxides, and so does not require any semiempirical corrections
(e.g., Hubbard U or exact exchange). Finally, at a positively
charged or near-neutral interface, although the intensity of the
spectrum can change greatly with the addition of anions which
compensate the surface charge, the overall shape of the SFG
spectrum changes little.28 Thus, while surface charge can
strongly impact water orientation and thereby the contribution
of the diffuse layer to the SFG spectrum,29 at a near-neutral
SFG spectra we are confident that the relevant features of the
spectrum can be accurately modeled using AIMD simulations,
which are limited in size and can show the contribution of only
the first few nanometers of interfacial water to the SFG
spectrum.28 Alumina is therefore an ideal test system for ab
initio methods, and despite the relative simplicity of the
Al2O3(001)−H2O interface, many of its properties are not fully
understood. There is still some disagreement in the origin of
the features of the SFG spectrum,30,31 namely, the molecular
origin of the two main O−H stretching peaks, and it is still not
clear why the vibrational relaxation rate differs between surface
terminations.32 Therefore, while alumina is a relatively simple
bulk material with a stable, neutral surface at pH 6, there are
still open questions regarding many of its properties.
We modeled the Al2O3(001)−H2O interface using an O-

terminated six-layer Al2O3 slab
33 cleaved from the ideal crystal

using Materials Studio v7.0.34 We passivated both surfaces with
H atoms as dissociative adsorption of H2O is favored on the
(001) surface.25,26,35 We expanded the unit cell of the alumina
surface to get final dimensions of (8.243 × 9.518 × 20.0 Å3),
corresponding to a surface with 12 aluminols (∼15/nm2).
To overcome sampling problems associated with DFT-MD,

we ran five independent simulations. The cells were initialized
using PACKMOL36 with a 10 nm vacuum gap and were
equilibrated using classical MD (CMD) with ClayFF37 in
LAMMPS.38 We ran CMD in the NVT ensemble at 423 K for
1 ns, reduced the gap to 2 nm over 1 ns, reduced the
temperature to 300 K for 1 ns, and finally equilibrated the
system at 300 K for 1 ns. This procedure ensures the H2O
molecules had the freedom to find their equilibrium
orientation at each alumina interface. We chose a gap of 2

nm as CMD simulations show that the oscillations in the
density profile are damped within ∼1 nm for a wide range of
oxide−water interfaces.39−41 The final cell has a z-axis length
of 35.0 Å, and we placed 52 H2O molecules in the gap in order
to achieve water densities of 0.998 g/cm3, as calculated from
the volume of the cell occupied by the H2O molecules.
After equilibration all subsequent calculations were

performed using DFT. We employed the following functionals:
PBE, PBE with van der Waals (vdW) corrections using the
Tkatchenko−Scheffler method (PBE-TS),42 RPBE, SCAN,
and HSE06-TS.43 Both PBE-TS and RPBE improve the
structure of water compared to PBE,44,45 while HSE06-TS
yields a highly accurate description of liquid water.46 For all
functionals except SCAN we use plane-wave-based DFT in
VASP (v.5.4.4)46−49 using the projector-augmented wave50,51

method and Born−Oppenheimer MD (BOMD). We attemp-
ted BOMD with SCAN but found that even with a 1000 eV
cutoff and a convergence criterion of 1 × 10−5 there persisted a
non-negligible drift in the energy. Thus, for SCAN we used
Car−Parrinello MD (CPMD) as implemented in Quantum
Espresso (v.6.2.1) using HSCV norm-conserving pseudopo-
tentials,52 a cutoff of 90 Ry, and an electron mass of 100 au.
For all nonhybrid simulations, we first relaxed the initial
structures, ran NVT simulations until the average energy
stopped changing, and then ran simulations in the NVE
ensemble. The GGA and SCAN simulations were run for 27.5
and 20 ps, respectively. Because of the great expense of hybrid
functional calculations, only one HSE06-TS simulation was run
in the NVT ensemble for 3.5 ps in order to extract structural
averages. Finally, the vSFG experimental parameters are
included in the Supporting Information, as they have been
described elsewhere.32

We find that SCAN yields significant improvements in the
structure of the Al2O3(001)−H2O interface, even compared to
HSE06-TS, and is the only functional to yield the correct
position of the first water layer at the oxide surface. We
compare average O and Al positions to XRR data in Table 1,

which shows that, compared to the GGA and HSE06-TS
functionals, SCAN improves the position of the first layer of
water by moving it ∼0.2 and 0.1 Å closer to the surface,
respectively. The positions of the oxide atoms do not change
much for each functional, with the only notable change being
that the O and Al atoms in the surface layer move ∼0.1 Å into
the bulk for both SCAN and HSE06-TS compared to the GGA
functionals and experiment. Note that RPBE, which yields an
accurate structure for bulk water, is the least accurate
functional when it comes to the position of H2O at the
surface. Thus, it appears that the effects of electron correlation

Table 1. Average Atomic Positions (Å) along Surface
Normal

atom exptl53 PBE PBE-TS RPBE SCAN HSE06-TS

O−H2O 8.15 8.38 8.34 8.53 8.12 8.24
O1 5.69 5.72 5.70 5.77 5.50 5.60
Al1 4.74 4.81 4.80 4.85 4.63 4.69
Al2 4.37 4.51 4.51 4.57 4.35 4.42
O2 3.54 3.55 3.53 3.57 3.42 3.47
Al3 2.72 2.69 2.67 2.71 2.62 2.64
Al4 2.17 2.19 2.17 2.20 2.08 2.14
O3 1.32 1.34 1.33 1.35 1.30 1.31
Al5 0.51 0.49 0.48 0.48 0.50 0.46
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beyond semiempirical functionals and vdW corrections are
important for studying H2O at oxide surfaces.
The improvement in position of the first H2O layer achieved

with SCAN is due to significant changes in the H-bond
strength and thereby H-bond structure in the first water layer.
To investigate the changes in structure further, we list the
number of H-bonds NH donated from surface groups (s−s),
from surface to water (s−w), and from water to surface (w−s)
in Table 2, as well as the length of the H-bonds from surface to

water (s−w) and from water to surface (w−s). When moving
from PBE/PBE-TS to SCAN/HSE06-TS, there is an increase
in (w−s) and (s−w) H-bonding, with a corresponding
decrease in the number of (s−s) H-bonds. However, despite
the fact that SCAN moves H2O molecules closer to the surface
and increases the number of surface water H-bonds, the surface
water H-bonds actually increase in length [both RH(s−w) and
RH(w−s)]. This strange behavior can be understood by
measuring the orientations of surface H2O molecules as shown
in the angular distribution function (ADF) of the O−H bonds
of the H2O molecules in Figure 1. The PBE and to a lesser
extent the PBE-TS functionals tend to overstructure water in
the first layer at the alumina surface, yielding H2O molecules in
a rigid, 2D H-bond network with H-bonds either parallel or
perpendicular to the surface plane. This 2D H-bond network
yields sharp peaks in the ADF and inefficient H-bonding
between H2O and aluminols. The SCAN, RPBE, and HSE06-
TS functionals all weaken the H-bonds compared to PBE,19

causing the H2O molecules to break some H-bonds and rotate
away from the surface normal, yielding broader distributions in
the ADF and allowing H2O molecules to move closer to the
surface in the case of SCAN and HSE06-TS.
The breaking of the ordered, 2D H-bond network at the

interface with more accurate functionals has profound

consequences for interfacial water dynamics. Even though
the simulations are short, we can still estimate the impact of
the H-bond network by calculating the diffusion coefficient, D,
of the H2O molecules within the first water layer at the
interface. While the absolute values are not very useful, it is
instructive to compare the components of D in different
dimensions, by calculating the slope of the mean squared
displacement of each H2O molecule along each component of
the displacement. We list the ratio of each component of D to
the total D for each functional in Table 3. The PBE and PBE-

TS functionals yield very small relative D’s in the z-direction
because of the 2D nature of the H-bond network in the first
layer. While SCAN and HSE06-TS both predict a smaller out-
of-plane D versus in-plane D, the out-of-plane D is significantly
larger than for other functionals. Thus, it appears that
accounting for the effects of electron correlation, beyond
semiempirical functionals and vdW corrections, is essential for
yielding both accurate structure and dynamics of water at oxide
surfaces.
On the basis of the broad applicability of SCAN and on its

performance for water, we expect SCAN to improve the H-
bond vibrational dynamics as well as the H-bond structure at
the interface,19,20 and so we calculate the SFG spectrum using
a bond polarizability model31 with the DFT-MD trajectories.
We do not include a nonresonant contribution as the measured
spectra are normalized by the nonresonant vSFG signal
generated by a gold-coated α-Al2O3(0001) prism (Supporting
Information). We plot the spectra for the SSP polarization,
which primarily measures the χyyz component of the nonlinear
susceptibility, for each functional compared to the exper-
imental results in Figure 2. The spectrum consists of two main
peaks, at ∼3200 and ∼3400 cm−1, with the former arising

Table 2. Interface H-Bond Data

NH(s−s) NH(s−w) NH(w−s)
RH(s−w)

(Å)
RH(w−s)

(Å)

PBE 3.81 3.31 2.9 1.88 1.68
PBE-TS 3.82 3.88 3.15 1.86 1.68
RPBE 5.46 2.88 2.72 1.96 1.74
SCAN 3.60 3.74 3.23 1.96 1.70
HSE06-TS 3.92 3.49 3.1 1.85 1.72

Figure 1. Angular distribution functions of the H2O molecules in the first layer at the Al2O3(001) interface. The inset shows a snapshot of the PBE-
TS and SCAN simulations, where we see that there are fewer in-plane water−water H-bonds when using SCAN as compared to PBE-TS.

Table 3. Diffusion Coefficient Components Relative to
Total

functional x y z

PBE 0.35 0.61 0.04
PBE-TS 0.57 0.32 0.11
RPBE 0.27 0.34 0.40
SCAN 0.37 0.37 0.26
HSE06-TS 0.44 0.42 0.14
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mainly from interfacial H2O while the latter has a strong
contribution from in-plane aluminols (Supporting Informa-
tion). This contrasts previous work ascribing the 3200/3400
cm−1 peaks to ice-/liquid-like bands, respectively.54 Our
assignments agree with previous DFT-MD simulations,55

while experiments cannot directly distinguish the different
OH groups at the interface.56,57 As we go from more to less
structured water while moving from PBE to SCAN, the 3200
cm−1 peak decreases in intensity. This is consistent with
changes in the intensity of the 3400 cm−1 band seen with
different functionals at the air-water interface. Adding
dispersion corrections results in less structured water, resulting
in a decreased contribution to the 3400 cm−1 from water
beyond the first layer.22 The RPBE functional is blue-shifted
with respect to experiment, with greater weight at higher
frequencies not present in the experimental spectrum. The
SCAN spectrum has a shape similar to RPBE but is red-shifted
to more accurate frequencies.
Finally, to understand the origin of the SFG spectral features

and how they are affected by the choice of functional, we
calculate the vibrational spectrum of the interface as
represented by the vibrational density of states (VDOS) of
the surface H2O molecules and aluminols for each functional.
While we can decompose the SFG spectrum in terms of
different molecules, we cannot determine the molecular
orientations from SFG alone, and so in Figure 3 we decompose
the aluminol VDOS in terms of in-plane and out-of-plane
contributions. From Figure 3 we see that the ∼3200 cm−1 peak
in the SFG spectrum arises primarily from H2O modes while
the ∼3400 cm−1 peak has a strong contribution from in-plane
aluminols. Note that while both RPBE and SCAN lead to a
blue-shift in the surface modes compared to PBE and PBE-TS,
RBPE overcorrects the vibrational modes of H2O, vastly
overestimating the weight of the VDOS at higher frequencies.
Here we see the importance of a general functional with wide
applicability for oxide interfaces: the presence of both
constrained H-bonds on the oxide surface and H-bonds in
liquid water precludes essentially any GGA functional from
accurately describing the alumina−water interface. Any
correction which weakens the PBE H-bonds, thereby
improving the structure of water, will lead to a much smaller
blue-shift in the surface modes, as the intrasurface H-bond
lengths are constrained by the oxide lattice. Thus, while
empirical corrections to GGA functionals can yield improved
interfacial structures, such corrections are not guaranteed to

yield the accurate relative frequencies of the H2O and aluminol
modes and can even overcorrect and yield qualitatively
incorrect spectra.
In conclusion, we find that an accurate model of electron

correlation is essential for simulating water at an oxide surface
terminated with hydroxyl groups, even for a relatively simple
oxide such as alumina. The structure of the water at the
interface is determined by intermolecular interactions which
cannot be approximated using semiempirical methods such as
TS-vdW corrections or even including exact exchange. These
interactions can often lead to counterintuitive results, such as
H2O molecules moving closer to the interface while also
lengthening water−surface H-bonds. We also find that the use
of SCAN is important for the dynamics at the interface, with
SCAN being the only functional investigated to yield the
proper widths and intensities of the peaks in the SFG
spectrum. While the RPBE functional improves the widths of
the peaks and leads to a blue-shift in the VDOS, it overcorrects
and results in erroneously large amplitudes at higher
frequencies in the SFG spectrum. Thus, at oxide−water
interfaces it is not enough that the functional simply yields an
accurate structure of water. It must also accurately represent
the oxide interface and interactions between the solid and the
liquid. Hence, the functional must have broad applicability
over a wide range of structures and molecular orientations. We
find that the SCAN functional is the only one tested which
possesses such a broad applicability and is therefore able to
yield accurate structures and dynamics at the Al2O3(001)−
H2O interface. In addition, SCAN improves the interfacial
structure compared to the much more expensive hybrid
functional HSE06-TS, thereby offering a more accurate and
cheaper alternative to the current best performing functional
for the Al2O3(001)−H2O interface. This study highlights the
importance of proper functional choice for all aqueous
interfaces, and in particular for water at the surface of complex
oxides such as the isostructural hematite, which shows marked
differences in interfacial structure,33 and perovskites where
strong electron correlation may play an even greater role in
determining the structure and dynamics of adsorbed water.58

Figure 2. Calculated SFG spectra for the Al2O3(001)−H2O interface
for each functional for SSP polarization compared to the experimental
spectra. The gray line depicts the experimental spectrum.

Figure 3. VDOS of the surface H2O and aluminol groups, with the
solid, dot-dashed, dashed, and dotted lines depicting the VDOS of the
H2O molecules projected along the surface plane, H2O molecules
projected along the surface normal, aluminols projected along the
surface plane, and the aluminols projected along the surface normal,
respectively.
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